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restricting too. Often, the most groundbreaking scientific solutions lie somewhere in between disciplines and is 

overlooked because of these boundaries. To understand something as fundamental as the origins of life, 

current research focuses on bridging the gap between prebiotic chemistry and synthetic biology. To apply 

something as meaningful as intelligent pacemakers, the seemingly random behavior of the heart du ring a heart 

attack is described in terms of chaos theory. 

This thesis presents a multi-disciplinary approach to improve teleoperation systems for medical purposes 

(remote surgery), hereby combining the fields of medicine, human physiology and control of teleoperation 

systems. In my opinion, such a strategy is required to accelerate the implementation of medical robots in our 

hospitals. As surgery becomes increasingly complex, technology plays a critica! role in the search of new 

solutions. Certainly, there are exciting times ahead of us!. 
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THESIS 0UTLINE 



A telesurgical system consists of multiple interconnected elements, as indicated left: on one side, the surgeon 

handles the master, on the other side the slave is in contact with the environment. The master and the slave 

exchange information via a communication channel. lf haptic feedback is included (bilateral teleoperation), the 

interaction force between the slave and the patient is measured and fed back to the surgeon. This enhances 

the feeling of telepresence of the surgeon: the surgeon obtains a more genuine perception of interacting with 

the patient directly. 

The requirements of such a telesurgical system are twofold : stability is a prerequisite and a certain amount of 

performance is required for successful task completion. This thesis analyzes bath aspects. 

To design a high-performance telesurgical system, performance objectives are required that predict the 

performance of the surgeon while executing a task (task performance), i.e. a system that scores "high" on a 

performance objective should result to "high" task performance when a surgeon is using the system. 

Numerous indications exist that the correlation between current performance objectives and task performance 

does not exist or is subdominant and is very dependent on the task that is carried out. The absence of such a 

correlation degrades any optimization attempt that is founded on that specific performance objective. 

This emphasizes the need to better understand how task performance can be predicted, quantified and 

translated into performance objectives. To this end, this thesis proposes human and task centered 

performance objectives. Performance objectives are defined following a quantitative description of the surgical 

task and embody the finite human abilities during human-machine interaction. These performance objectives 

are motivated by an extensive literature study presented in the introduction and the first three chapters (Part 

1). The introduction presents background on manual and robotic minimally invasive surgery and vitreoretinal 

eye surgery and the role of haptic feedback. Part 1 describes how surgeons complete their tasks (Chapter 1), 

elaborates on the restrictions posed by finite human abilities (Chapter 2) and presents the formulation of tissue 

properties of tissues that are encountered during surgery (Chapter 3). Hereafter, Chapter 4 introduces the 

fundamentals of bilateral teleoperation, whereas Chapter 5 discusses current and new performance objectives 

(Part 2). These results are combined with experimental data in a paper, presented in Part 3: Human and Task 

Centered Performance Objectives for Bilateral Telesurgical Systems: Theory and Experiments. 

Second, the design of control elements (the communication channel) with respect to stability of a bilateral 

teleoperation system is discussed. Currently, the effect of one of these control elements to the stability of the 

complete bilateral teleoperation system is poorly understood a priori, inherently resulting to an iterative loop

shaping procedure when designing these control elements. In this light, this thesis presents a numerical tool 

that visualizes stability in terms of a 3D stability diagram, which subsequently can be visualized on a Bode 

diagram for a single control element, hereby introducing conservatism. Aided with this visualization, control 

elements can be shaped such that stability for the bilateral teleoperation system is satisfied. Chapter 6 lists 

current stability and passivity criteria that optionally include a range of human or environment dynamics, 

presented in Chapter 2 and Chapter 3, respectively. The mapping methodology is presented in a paper (Part 3): 

Stability-Based Loop-Shaping in Bilateral Teleoperation Systems Through a Frequency Domain Mapping 

Methodology. 



PART 1: HUMAN/TASK 

1 What do surgeons do? 2 What are they able to do? 3 What do they encounter? 

The first three chapters focus on the human operator and the task environment. Chapter 1 describes surgical tasks in 

terms of what the surgeon should perceive and control to complete these tasks successfully. In addition to existing 

literature, experiments are conducted on the PRECEYS robot to identify the behavior of surgeons. Chapter 2 

concentrates on human abilities, differentiated similarly in perception and contra!. This Chapter also lists current 

approaches in the dynamic modeling of the arm of the human operator. In addition, the correlation is investigated 

whether the human dynamica! model is task-dependent and/or subject-dependent. Finally, Chapter 3 handles the 

characterization and modeling of tissues and tissue combinations. An elaborate study on the environment stiffness is 

provided of tissues encountered during MIS. Finally, current tissue models are evaluated on their ability to successfully 

describe tool-tissue interaction . 

PART 2: CONTROL 

4 How to describe teleoperation systems? 5 What does the surgeon want? 6 How can we guarantee safety 

stable behavior? 

The second part translates part 1 into performance objectives and applies the range of dynamics of the human and the 

environment in stability criteria . First, Chapter 4 introduces the fundaments of bilateral control, including two-port 

networks and several control architectures currently available in literature. In Chapter 5, current performance 

objectives are assessed qualitatively and a new set of performance objectives are proposed. Chapter 6 handles passive 

and active stability criteria for all and for a bounded range of environments. In addition to the existing bounded 

passivity criterion, a bounded environment Nyquist stability criterion is formulated. 

PART 3: APPLICATION 

Pl Do the newly derived performance objectives more accurately re/leet task performance? P2 How can we 

design contra/ elements based on stability intuitively? 

The third part focuses on the application of Chapter 5 and Chapter 6. First, the performance objectives proposed in 

Chapter 5 are experimentally validated through the use of two experiments (Paper 1). These experiments represent 

tasks commonly encountered du ring surgery: the positioning of an instrument and the detection of stiffness d ifferences 

through palpation. This enables a task-based comparison of the current and the proposed performance objectives. 

Secondly, a numerical method is presented that enables the loop-shaping of individual contra! elements (Paper 2). This 

methodology visualizes the stability criterion onto a 3D visualization and (introducing conservatism) a Bode diagram for 

an individual control element. As a result, a very detailed level of understanding of the relation between a single contra! 

element and stability can be provided. This control element can then be shaped such that stability is guaranteed for the 

entire bilateral teleoperation system. The Bode mapping methodology can be applied to any control element within any 

control architecture for any type of master or slave dynamics and all stability criteria that can be evaluated per 

frequency. 
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1 NTRODUCTION 



Figure 1.1 The use of non-robotic MIS du ring a hysterectomy (the remaval of the uterus). 

This section explores manual and robotic Minimally lnvasive Surgery (MIS) and VitreoRetinal Eye Surgery (VRES) 

and the use of haptic feedback. 

1.1. MANUAL MINIMALLY INVASIVE SURGERY 

In contrast to open surgery, MIS is performed using only small incisions. These incisions are covered by 

laparoscopie instruments. This allows the stomach to be inflated with gas to increase the working volume, as 

indicated in Figure 1.1, where the use of manual MIS during a hysterectomy (the removal of the uterus) is 

displayed. 

1.1.1. BENEFITS 

Smaller incisions reduce wound trauma and recovery time. Primarily, MIS is beneficia! to the patient, but also to 

the ever-increasing casts of our healthcare system due to shorter hospita! stays. Perhaps the strongest 

argument in favor of MIS is provided by Patti, see Table 1.1 [1]. This experiment involved 168 patients over 8 

years in which MIS has been associated with shorter hospita! stays, a larger percentage patients with good or 

excellent release of dysphagia (difficulty in swallowing) and less postoperative gastroesophoageal reflux (acid 

which escapes the stomach upwards) . Reflux was observed for 60% of all patients after thoracoscopic (open) 

surgery and only 17% after laparoscopie surgery (MIS). 

In addition, MIS can be a solution for patients that prove to be bad candidates for open surgery. Kovac showed 

that for laparoscopie vagina! hysterectomy, 42 out of 49 patients (91%) that could not undergo open surgery 

due to serious pelvic complications, were helped with an MIS procedure [2]. 
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Laparoscopie Thoracoscopic 

Hospita/ stay [hrs} 48 72 

Delayed release of dysphagia [%} 7 15 

Postoperative re/lux{%} 17 60 

Table 1.1. Positive effects of laparoscopie surgery over thoracoscopic (open) surgery according 

to Patti [1]. 

1.1.1. CHALLENGES 

MIS also results in a significant decay of the surgeon's perception of depth, touch and a decrease in hand-eye 

coordination and dexterity. More concretely, the surgeon loses 3D vision, movements of the surgeon result to 

reversed movements of the instrument's tip and tremor is magnified due to long instruments [3]. lncreased 

difficulty for the surgeon exposes the patient to an increased risk of surgical complications. This has been 

identified during gallbladder removal. In MIS, the gallbladder is perforated in 30% of the cases, which in 20% 

results to the escape of gall stones into the abdomen [4]. 

There are two drawbacks of MIS that cannot be overcome [5] . Firstly, it is necessary to insert gas to inflate the 

stomach (pneumoperitoneum). There are several complications (although rare) that are associated with the use 

of carbon dioxide. Secondly, during tissue removal the width of the tissue is limited by the incision length. There 

are, however, several options that are able to destroy tissue and thereby cancelling the necessity to remove the 

tissue through the incision. 

Figure 1.2. The Da Vinci robot of Surgical lntuitive. 

1.2. ROBOTIC MINIMALLY INVASIVE SURGERY 

Currently, there is only one commercially available robotic teleoperation system capable of performing MIS 

tasks: the Da Vinci robot, shown in Figure 1.2. 
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1.2.1. BENEFITS 

The necessity for robotic MIS is a consequence of a number of drawbacks imposed by manual MIS. Namely, 

when aided with robotics, the following drawbacks of manual MIS are absent [6], [3]: inverted motion is 

compensated, dexterity is enhanced due to the addition of more degrees of freedom inside the cavity, there is 

an improved ergonomie posture available to the surgeon and tremor can be filtered . Although the lack of force 

feedback is identified as the most significant current shortcoming, current robotic systems have already proven 

to be of substantial value in MIS [7]. 

1.2.2. CHALLENGES 

Drawbacks of robotic MIS are the restricted range of instruments that can be mounted and the set-up time 

prior to surgery. Perhaps the largest disadvantage of robotic surgery is its price tag. In December 2011 health 

insurance company Achmea decided to stop reimbursing surgery that is carried out with the Da Vinci robot, 

starting from January 2012 (8). Their decision was based on the report written by the College for Health 

lnsurance (CVZ) stating that the Da Vinci is overpriced with respect to the number of prostate operations each 

year (around 1300) for which the Da Vinci robot is mainly used (9). 

Figure 1.3. The SOFIE robot of the University of Technology Eindhoven, capable of performing 

MIS tasks while providing haptic feedback. 

1.3. BILATERAL ROBOTIC MINIMALLV INVASIVE SURGERV 

A more light and stiff alternative to the Da Vinci robot is the SOFIE robot, displayed in Figure 1.3. Primarily, the 

SOFIE robot includes the ability to provide the surgeon with haptic feedback, yielding a bilateral robotic system 

(10]. Haptic feedback enables the surgeon to feel farces that are present between the slave manipulator and 

the patient. In addition the entire setup can be connected to the bed, yielding the opportunity to tilt the table 

to make use of the Trendelburg position [11]. In this position the operating table is tilted such that the feet are 

higher than the head, which simplifies certain laparoscopie operations. 
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1.3.1. BENEFITS 

During suturing, without a visual indication of force feedback, surgeons apply either too much force, breaking 

the suture, or too little force, limiting the control over suturing [12]. Consequently, if farces can be measured at 

the slave side, the interaction force with the suture can be controlled, hereby guaranteeing the maximum 

breaking force is not reached. Finally, the use of haptic feedback could allow the surgeon to improve the 

detection of tumors. Stiffness differences in tumors have been found in the liver [13], prostate [14] or breast 

[15]. 

In the presence of haptic feedback, surgeons apply less force to the tissue, lower peak farces and less damaging 

errors [16] . A second important finding is that for lower amounts of force feedback (75%), a more conscious 

response is required for force feedback to become advantageous. This statement has been underlined by Das, 

who compared several manual control modes using the JPL (Jet Propulsion Laboratory, NASA) advanced 

teleoperation system [17]. Research focused on tasks related to the Solar Maximum Satellite Repair procedure. 

Based on completion times and average exerted force/torque, force reflection significantly improved operator 

performance. Altough the application is non-medical, it shows improved task performance can be achieved 

through upscaling force feedback. 

1.3.2. CHALLENGES 

Tavakoli associates haptic feedback with a more intuitive approach [18]. According to Fitt's law, movement time 

is related to the extent of difficulty. So, task completion times should decrease in the presence of haptic 

feedback. However, practical results aften disagree. Dissection using haptic feedback did not proef to be faster 

[16] and Kazi indicates that the use of haptic feedback retards catheter insertion [19]. 

1.4. VITREO-RETINAL EYE SURGERY 

Similar to MIS, in VitreoRetinal Eye Surgery (VRES), instruments enter the eye through small incisions, in this 

case through the sclera (at the front of the eye). lnstruments associated with VRES typically have a diameter 

ranging from 0.42mm to 0.81 mm. Also, similar to results obtained in MIS procedures in Table 1.1, smaller 

openings in the sclera result to less trauma, recovery time and chance of infection. 

Also, similar to the advances in MIS, there has been a shift in the use of smaller instruments for VRES. 

Traditional 20-gauge instruments require multiple sclerotomies (incisions of the sclera) that need to be sutured, 

whereas new vitrectomy systems consist of smaller instruments (23-gauge to 25-gauge) not needing suturing 

[20]. This technique eliminates the need to suture (and the time associated with suturing), reduces pain and 

corresponds to shorter recovery times. Due to the smaller instrument, more time is needed for cutting and 

removal (smaller tube through which removal takes place). 
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Figure 1.4. The PRECEYS robot of the University of Technology Eindhoven, capable of performing 

vitreo-retinal procedures white providing haptic feedback. 

The PhD Dissertation of Meenink presents the design of PRECEYS (Figure 1.4), a robot specialized in eye-surgery 

and capable of providing haptic feedback to the surgeon (21]. His design makes use of a similar strategy as 

applied in the SOFIE robot: the insertion point around which the robot is pivoting is mechanically fixed due to 

the parallelogram-like construction . Therefore little stress is exerted on the sclera. 

Due to the complexity of VRES procedures, the profession of a VRES surgeon is aften carried out during a time 

span less than 30 years. Robotic instruments such as PRECEYES are capable of tremor filtering, sealing of 

position and force and provide improved ergonomics for the surgeon. Consequently, PRECEYES possesses the 

potential to postpone the surgeon's retirement. The benefits of sealing and tremor filtering are exceptionally 

important because farces during VRES are below the force detection threshold and movements are so small 

positioning is difficult such that tremor has a significant effect on performance. The assistance of a VRES robot 

provides a statistically significant improvement in stability and accuracy during tool positioning compared to the 

manual procedure (7]. 

SJ Page 



1.5. SUMMARY 

MIS corresponds to small incisions, in contrast to open surgery. In both VRES as MIS, a trend is detected 

towards smaller instruments and thus smaller incisions. Current teleoperation systems have already proven to 

be of substantial value in challenging procedures, both for MIS as VRES. The following table gives an overview of 

the benefits and challenges of robotic MIS and haptic feedback. 
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Table 1.2. Overview of benefits and challenges of the use of manual MIS, robotic MIS and haptic 

feedback in robotic MIS. 
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SURGEON'S 

PERSPECTIWE 



History of surgery 

The word 'surgery' originotes /rom the Latin word 

'chirurgiae', which means 'hand work'. This interestingly 

makes robotic surgery a paradox /rom a linguistic point of 

view. Urlugaledin is the first surgeon whose actions have 

been eternalized in written proof: stone tab/ets. These 

tab/ets discuss prescriptions, medica/ plants and surgery. 

Urlugaledin lived in Mesopotamia around 4000 BC. Since 

then, surgery has made many leaps forward, /rom leeches 

for blood/etting (Hirudo medicinalis) around 400 BC to 

minimally invasive surgery /rom 1990. Another significant 

leap is to aid 'hand work' with a broader use of robotics. 



Task performance can only be quali/ied successfully by those who 

perform tasks: surgeons. 



INTRODUCTION 

The goal of this chapter is to describe how surgeons perform procedures and in more detail what the surgeon 

needs to perceive and what the surgeon controls to complete surgical procedures successfully. 

This chapter describes the context needed to adequately define performance objectives (Chapter 5 and Paper 1) 

in terms of task execution and task perception. This distinction is followed because there are vast differences 

between the frequencies used for perception and the frequencies used for control. This asymmetry has been 

pointed out as early as 1964 by Goertz (22] and these abilities are discussed in more detail in Chapter 2. In 

addition to an elaborate literature study, task execution is experimentally evaluated on the PRECEYES robot. In 

addition to Minimally lnvasive Surgery (MIS), a similar approach is taken to discuss procedures associated with 

VitreoRetinal Eye Surgery (VRES) . 

1.2 Surgeon's 

task execution. 

1.3 Surgeon's 

task perception. 

Surgeon's Perspective 

indi cates t ask 

performance 

Performance Objectives 

Figure 1.1. Impact and approach of Chapter 1. 



1.1. ÎASK DESCRIPTION 

This section goes into more detail about the specific tasks that are carried out du ring MIS and VRES. 

1.1.1. MINIMALLY INVASIVE SURGERY 

Surgical procedures can be categorized in terms of complexity: excisional (tissue removal), ablative (tissue 

destruction) and reconstructive (connection of tissues) (23] . Excisional and ablative procedures are easier to 

perform and therefore, they are more easily adaptable to MIS. Also, surgical tasks can be categorized in volume: 

the total number of procedures performed using minimally invasive techniques. The 5 most commonly applied 

MIS procedures are listed in Table 1.1. MIS has been applied most to procedures of general surgery (1, 3, 4) and 

gynecology (2, 5). In total (including those not listed in Table 1.1), they take up for more than 80% of all MIS 

procedures. All of these procedures have also been performed robotically-assisted. 

1. Cholecystectomy is the removal of the gallbladder. The gallbladder is removed from the body due to 

infections, gallbladder stones or tumors. 

2. Generally, adnexa are the appendages of a body. For the uterus, the adnexa are the combination of 

Fallopian tubes and ovaries. 

3. Adhesions are accumulations of scar tissue that have grown together. Adhesiolysis aims to destroy 

adhesions. 

4. A hernia is a defect in the abdominal wall because an organ or its fascia (a connective tissue) has 

protrusions through the cavity wall that contains the organ. 

5. Hysterectomy is the removal of the uterus. This task is often combined with the removal of the adnexal 

bodies of the uterus. 

MIS Share of total 

Type of surgery Procedures (k) Share MIS (%) procedures (k) MIS(%) 

1. Cholecystectomy 1084 85% 922 42% 

2. Removal of adnexal 
350 65% 228 10% 

structures 

3. Adhesiolysis 216 72% 155 7,0% 

4. Hernia repair 820 14% 115 5,2% 

5. Hysterectomy 582 15% 87 3,9% 

Table 1.1. Number of MIS procedures in the United States during 1999, Medtech lnsight {23]. 
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Cholecystectomy (gallbladder removal) is the most common laparoscopie procedure [S] . After the stomach 

volume is increased (pneumoperitoneum) laparoscopie instruments enter the human body. The gallbladder is 

located, disconnected using staples and bath mechanica! and electrosurgical cutting. Large gallbladder stones 

are aften destroyed. Finally, the gallbladder is removed through one of the laparoscopie tubes, possibly first by 

placing the gallbladder into a plastic or nylon pouch. Other important laparoscopie tasks are mesh insertion and 

palpation. In hernia repair a mesh is entered into the human body. This mesh reinforces the damaged structure. 

Palpation is used to identify and evaluate the environment without damaging it. Palpation is used to locate a 

single tissue, to differentiate between layers of tissues, to identify arteries and to locate tumors. In addition, the 

MIS instrument can encounter a near-rigid body, such as bone, or another instrument. 

These subtasks are transformed into a more genera! set of tasks and subtasks. First, motion is either 

unconstrained (motion in free space, abbreviated UM) or constrained (instrument is in contact, abbreviated 

CM). Unconstrained motion corresponds to instrument positioning, whereas constrained motion can be divided 

into palpation tasks (compliant or rigid contact) or non-palpation tasks (tissue handling, mesh insertion or 

suturing) . The states and the transitions between these states are represented in the task diagram of Figure 1.3. 

In this diagram, an arrow between two subsets denotes all possible transitions between the individual states of 

the connected subsets as shown in Figure 1.2. 

~ 

Figure 1.2. Representation of multiple transitions between subsets of multiple states. 

Instrument 

positioning 

Unconstrained motion 
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Anterior 
Hyaloid canal 

Posterior 

Retinal detachment 

Figure 1.4. The anatomy of the eye. Parts associated with most common vitreo-retinal 

procedures are in bold: (1) membrane peeling (removal of ILM), (2) vitrectomy (removal of 

vitreous body) and (3) retina/ detachment (retina repair). 

1.1.2. VITREO-RETINAL EYE SURGERY 

The majority {80%) of surgical eye procedures are carried out at the front of the eye, the anterior part (21]. The 

remaining posterior part (VRES) is encountered less regularly, but requires more distinct skills. Common tasks 

during VRES are membrane peeling (removal of the internal limiting membrane, ILM), vitrectomy (the removal 

of the vitreous body) and retinal detachment, see Figure 1.4. 

Membrane peeling removes the membrane on the surface of the retina. There are two mem bra nes: the ILM is a 

layer covering the retina from the vitreous body, the epiretinal membrane (ERM) is scar tissue that forms on the 

retina due to vitreous detachment or is the result of diabetes. ERM disrupts the alignment of the 

photoreceptors which causes blurred vision. 

A macular hole is a full-thickness defect of retinal tissue which affects visual acuity. More information can be 

found in (24]. During the removal of macular holes, the simultaneous removal of ILM prevents removed macular 

holes from reopening. When ILM is removed, 116 out of 116 patients showed no reopening, whereas in 25% of 

the cases where ILM was not removed, macular holes reopened (25]. 

Vitrectomy is the removal of the vitreous body. The vitreous body is connected to the retina. Due to this 

connection and the viscoelastic nature of the vitreous body, any force exerted on the body also affects the 

retina. Therefore the vitreous body is often removed as a preemptive measure to prevent retinal detachment. 

In the case of retinal detachment, the retina is no longer connected to the underlying choroid. During the repair 

of retinal detachment the retina is placed in its original position. A vitrectomy is applied first, after which the 

retina is repositioned using injection. Finally a scar reaction is initiated using a cryoprobe or laserprobe, which 

seals the retina back to the choroid. 
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During cannulation, fluids are inserted in veins located at the retina. These veins are typically around 80 µm 

and the instruments with which these veins are perforated have tips of 20-50 µm [21]. 

No force feedback 75% Force feedback 150% Force feedback 

Visible Opaque Visible Opaque Visible Opaque 

Farces domain [N} 5.0 4.8 1.2 1.3 0.7 0.9 

Avg RMS force [N} 0.23 0.28 0.16 0.12 0.12 0.11 

Avg peak force [N} 2.1 2.9 0.8 0.6 0.7 0.5 

#Errors[-} 8.2 2.1 1.8 

Table 1.2. Comparison of applied fa rces using different magnitudes of force feedback. 

1.2. SURGEON'S T ASK EXECUTION 

Task execution is listed per task, indicated in Figure 1.3. How surgeons execute their tasks can be quantitatively 

described in terms of forces and movements that are used and the frequency domain in which they are applied. 

This frequency domain marks where position tracking between master and slave is important. 

1.2.1. PALPATION AND DISSECTION 

A major task for surgeon is dissection. This task can be divided into three parts: recognition of different t issues 

(palpation), instrument positioning and tissue handling. Through palpation, surgeons comprehend the 

relationship between structures of different tissues of the human body and can dissemble them when needed. 

lt is a very important surgical task in terms of effort, taking up 25-35% of a surgeon's time and ranked second in 

terms of the required effort [26] . 

Numerous advantages of the use of haptic feedback exist during dissection [16]. These findings present four 

measures to identify the extent to which a task has been successfully completed. Moreover, results from this 

paper for two cases (visible and opaque artery) are shown in Tab Ie 1.2. Palpating velocities lie between 3.8 cm/s 

and 9.0 cm/s [27] and surgeons use sinusoidal movements to palpate [28]. 

1.2.2. TISSUE HANDLING 

Grasping is one of the most frequently used tool -tissue interactions in MIS [29]. During grasping, the mean 

grasping force is 8.52 N ± 2. 77 N and the maximum gras ping force is 68.17 N. 95% of force content is below 0.92 
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Hz ± 1.09 Hz and 99.35% of force content is below 5 Hz. In addition 95% of movements (angle) content were 

below 1.98 Hz ± 0.98 Hz and 98.37% of movement content is below 5 Hz. These values are the average for 31 

surgeons that accomplish three different tasks. 

1.2.3. SUTURING 

Suturing is a very common task. lt is also a very delicate task, because suture breaks easily. Especially for fine 

suture a high degree of dexterity is needed. The farces needed to handle the suture are very dependent on the 

type of suture that is used, the mean tension for 2.0 Ti-Cron is 2.40 N, whereas for 7-0 Prolene average farces 

are only 0.36 N [12). 

Procedure 

Membrane peeling 

Cannulation 

Vessel dissection 

Average force (RMS) [mN] 

X/Y-axes Z-axis 

55 375 

25 75 

20 575 

Force range [mN] 

Z-axis 

3140 

490 

5870 

Table 1.3. Forces ossociated with several vitreo-retinal procedures measured in three directions 

[30]. 

1.2.4. VITREO-RETINAL EYE SURGERY 

Table 1.3 illustrates the farces exerted on the eye by the surgeon, measured in three degrees of freedom du ring 

several procedures (membrane peeling, cannulation and vessel dissection) [30). These procedures are carried 

out non-robotically. Other results indicate the maximum applied force is lower, approximately 2N [31). Also, for 

smaller instruments less force is required to penetrate the sclera. 

Gupta reports that roughly 75% of all farces measured during retinal microsurgery are below 7.5 mN [30) . These 

findings indicate a similar frequency domain over which farces are applied with respect to MIS. Although not 

quantified, there is a large peak under 1 Hz which corresponds to retina! manipulation. In addition, during VRES 

requires movements that needs precision up to several tens of microns. 

Riviere analyzed the frequency content of the movements of eye surgeons while maintaining an instrument in a 

certain position [32). His findings show the average RMS error equals 49 µm during holding and 133 µm during 

positioning. The maximum position error equals 497 µm during holding and 1326 µm during positioning. 

One would expect the frequency content to match the frequency range associated with tremor, because the 

surgeon applies no voluntary movements. Findings of Riviere indicate a broad peak in the 8-12 Hz tremor band, 

but most frequency content lies in the low-frequent behavior. Averaging all the movements of the surgeons 
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shows that 88. 7% of all movements is below 2 Hz. In addition, du ring retinal microsurgery the impact of 

physiological tremor is estimated at 38 µm (RMS error) (33] . 

Figure 1.5. 'Membrane peeling' experiment on a fertilized egg (left) with the PRECEYES robot 

(right) of the Eindhoven University of Technology. 

1.3. VITREO-RETINAL EVE SURGERV EXPERIMENTS 

Next to the literature study elaborated on in Section O and 1.2, this section presents results trom experiments 

carried out with the PRECEYES robotic device on fertilized eggs (Figure 1.5) [21]. Ch ick chorioallantoic 

membrane has proved to serve as an excellent test case tor surgical retinal research because it closely 

resembles the anatomical structure of human eyes [34]. Figure 1.5 shows a frame taken during one of these 

experiments (left) and the setup during these experiments (right) . 
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Figure 1.6. Degrees of Freedom (or DoFs) of the instrument, corresponding to movements of the 

master. All rotational DoFs rotate around the point of insertion: the trocar point. Picture is 

extracted from {21}. 



Three different tasks were carried out: the cutting of veins, peeling off the membrane and vitrectomy of inner 

soft tissue of the egg. During these tasks the position information in four Degrees of Freedom (DoFs) of the 

master device were stored, see Figure 1.6. 

1.3.1. POWER SPECTRAL DENSITY 

These time signa Is are represented into a Power Spectra! Density (PSD) which computes the distribution of the 

power in the frequency domain. This transformation has been made with a periodogram spectra! estimator and 

a Hann window. Appendix E provides an elaborate discussion on the chosen PSD techniques. The PSD can be 

used to approximate the frequency that bounds a particular percentage of all energy. The relative energy up to 

a certain frequency fellows from the integral of the PSD up to that particular frequency. The relative percentage 

fellows from division by the total energy. This is the accumulative PSD (or APSD), see Equation (1-1). 

(1-1) 
f.t A (fldç 

APSD(f) = ~ PSD • 100% 
J0 Apso(fldç 

In addition, the root-mean-squared amplitude can be estimated from the PSD magnitude through 

(1-2) 

in which !J.f is the frequency resolution as applied in the computation of the power spectra! density. The actual 

amplitude fora sinusoid is then governed by 

(1-3) 

Table 1.4 shows the low-frequent amplitudes and bounding frequencies / 95% and / 99% for all 4 DoFs and three 

tasks. Four of these combinations are plotted in Figure 1.7. 

Cutting Peeling Vitrectomy 

DoF A(O) f9s%[Hz] f99o/o(Hz] A(O) f9s%[Hz] /993/o(Hz] A(O) f9so/o[Hz] /993/o(Hz] 

<p [o] 51° 0.049 0.049 60° 0.14 0.29 720 0.049 0.18 

lp [o] 47° 0.049 0.12 26° 0.17 0.29 26° 0.17 0.47 

0 [o] 158° 0.049 0.049 1380 0.049 0.049 151° 0.049 0.085 

z[mm] 5.1mm 0.33 0.93 5.5mm 0.87 1.5 6.9mm 0.49 1.3 

Table 1.4. Frequencies at which the APSD = 95%, 99% lines are crossed, / 95o/., / 99%. 
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The master is coupled to the slave only a fraction of the total time. The surgeon can decouple the master from 

the slave because of ergonomics or because the master can not be moved further. Only the coupled part of the 

signal is of importance because only during coupling the surgeon actually carries out the task. During uncoupled 

movement the surgeon applies high-frequent movement to rearrange the master's position. Appendix E shows 

that all bounding frequencies / 9s% and / 99% for all DoF-task combinations are smaller for the coupled 

subintervals than for all intervals. A comparison of the information listed in Table 1.4 leads to the following 

conclusions. 

1. The bounding frequencies / 99% for translational movements are significantly larger (0.9-2.0 Hz) than 

those corresponding to angular movements (0.049-0.29 Hz). 

2. Results are very dependent on the task. Peeling is amore intense task for the surgeon. As a result, 6 out 

of 8 frequency bounds are larger for the peeling than the other two tasks. 

Cutting 

99% 

0 0.5 1 
f [Hz] 

1.5 2 

100 

90 

~ 
.::... 80 
Q 
V') 
0.. 
'<C 70 

60 

0 

Peeling 

99% 

0.5 1 
f [Hz] 

1.5 2 

------------------------------7------------------------------
100 99% 100 ~-----:---- 99% 

90 

~ ~ 80 · 
.::... 80 · .::... 
Q Q z 
V') V') 
0.. 70 0.. 60 
~ '<C 

' ' ' 60 ' ' ' ' 40 ' ' ' 50 ' ' ' ' 
0 0.5 f [Hz] 1 1.5 2 0 0.5 f [Hz] l 

1.5 2 

Figure 1. 7. APSD plots of 1/J rotation (upper) and z translation (lower) fora cutting task (left) 

and a peeling task (right) in which : - all subintervals - coupled subintervals. Solid lines 

correspond to averages and dashed lines correspond to [ 99%. 

1.3.2. VELOCITIES 

Figure 1.8 shows the distribution of angular velocity cp during a cutting task. lt also illustrates the mean velocity 

v and the bounded velocity v99% (in which v can represent both angular as translational velocities). The 
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bounded velocity is defined in si mi lar fashion as / 99%: 99% of all measured velocities are below this velocity. 

More results and background can be found in Appendix E. With the extracted data samples, the velocity follows 

from, 

(1-4) 
x(n + 1) - x(n - 1) 

v(n) = M . 

Cutting Pealing Vitrectomy 

DoF v V95% V99% v V95% V99% v V95% V99% 

<J>[o] 2.8 12 24 10 34 59 6.3 22 37 

t/J [o] 2.6 11 21 9.4 34 57 4.4 17 28 

0 [o] 4.2 15 63 19 98 292 5.1 20 50 

z [mm] 2.5 14 27 5.9 29 71 3.3 18 44 

Table 1.5. Mean velocities v and velocities that bound 95% (v95%) or 99% (v99%) of all velocity 

content. 

Comparing the velocities shown in Table 1.5 gives rise to the following conclusions. 

1. A similar difference between the several tasks exists in terms of velocity, bath angular as translational. 

During peeling velocities are larger than during cutting or vitrectomy. 

2. The angular velocity around the instrument's axis, 0, is significantly larger than the other two angular 

velocities. This is also shown by the low-frequent amplitude presented in Table 1.4: the surgeon rotates 

in 0-direction with larger magnitudes than the other two rotations. 

1.4. SURGEON'S ÎASK PERCEPTION 

This section hand les the role of force perception during the execution for the tasks introduced in Figure 1.3. 

1.4.1. INSTRUMENT POSITIONING 

During instrument positioning, no significant farces should be feit by the operator because it leads to fatigue [6]. 

Jones indeed confirms that muscle fatigue deteriorates force perception: perceived force magnitude is 

increased [35). However, a certain amount of friction ameliorates positioning capabilities. According to 

Crommetuijn, Coulomb friction between 0.15N and 0.42N is optima! [36). His findings are on a lDOF setup, 

which was operated using the wrist and fingers. 
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Figure 1.8. Analysis of ij; angular velocity (upper) and i translation velocity (lower) fora cutting 

task (left) and a peeling task (right) . Each figure shows a bar chart of the velocity distribution 

(displayed logarithmically in grey) and the accumulation of the distribution for coupled part (in 

green). Dashed lines correspond to the bounding velocity v99%, dash-dotted lines correspond to 

the mean velocity v. 

1.4.2. PALPATION 
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.,~1 
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~ 

z 
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75 

Bholat experimentally validated differences between palpating tissue directly (by hand) or indirectly (using 

either conventional or laparoscopie non-robotic instruments) (37] . Surgeons were challenged with identifying 

shape, texture and stiffness. Results show surgeons only lose the ability to detect different shapes when using 

conventional instruments, also lose the ability to discriminate between different stiffness magnitudes when 

using laparoscopie instruments and are able to detect textures in all three cases (although percentages drop for 

the indirect approach). The use of laparoscopie instruments significantly decreases shape detection. However, 

one can argue whether the goal to discriminate between 1-3 cm sized shapes such as a sphere, pyramid, cone, 

decahedron or dodecahedron is a realistic representation of a surgeon's tasks. 
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Difference detection by surgeons [%] 

Palpation type Shape Texture Stiffness 

By hand 98 98 97 

Conventional 57 90 92 

Laparoscopie 35 82 63 

Table 1.6. Comparison the effect of several tools with respect to shape, texture and stiffness 

detection. Significant decays in perception (>25%) with respect to palpation by hand are 

emphasized in red. 

In the absence of visual cues, haptic feedback restores stiffness perception (also when no visual cues are 

present) [16]. In addition, surgeons-non-surgeons are correct in stiffness discrimination in 62%-42% using only 

vision, 72%-62% using only force and 84%-82% using both vision and force [13) . These findings show that the 

addition of force feedback significantly improves the ability to detect different tissues. Note that without haptic 

feedback, not all stiffness information is lost. Expert surgeons use visual cues such as tissue deformation as a 

measure for its elasticity. Finally, force feedback enhances the ability to detect several layers (55% increase), 

but real-time image overlay has more impact (87% increase) [38]. The largest improvement is a combination of 

both (43% better than using only image overlay). 

1.4.3. TISSUE HANDLING 

Tactile feedback has a significant effect to grasping in robot-assisted surgery for novice and expert surgeons [39]. 

Tactile feedback relies solely on receptors in the skin (Chapter 2 will elaborate on this issue). In addition, in 

experiments where a subsystem was mounted on the Da Vinci robot, the use of tactile feedback resulted in a 

reduction of applied force of a factor 2 while maintaining appropriate grip [40). 

Kontarinis reports positive results regarding the use of force feedback in catheter insertion: control modes 

including force feedback led to lower mean and peak forces for catheter insertion and palpation [19). However, 

force feedback proved to retard catheter insertion. 

1.4.4. SUTURING 

Remarkably, Madhani shows disadvantageous effects of force feedback during suturing [6] . Primarily, the feel of 

free motion decreased and background forces led to more fatigue. One cause of this pessimistic view could be 

the applied control architecture. Forces at the tip were estimated, rather than measured. The greatest 

advantage of force feedback was the detection of rigid bodies, which proved to be a difficult task in the absence 

of 3D vision. 
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In the experiment of Bethea, the surgeon is shown its current tension and the desired tension in a colorbar. In 

the absence of visual hints of haptic feedback, surgeons applied toa much force (5 .2 N instead of 3.0 N), 

breaking the suture, or toa little force, thus limiting the control over suturing. Similarly, Kitagawa compared 

different types of sensory feedback to indicate the applied farces in a knot-tying task [41]. Similar to the 

approach pursued by Bethea [12], hints of haptic feedback were presented to the surgeon visually through the 

use of a continuous colorbar and auditory, via a discrete tone whenever the ideal tension was achieved. Only 

one tone is given, otherwise the continuous sound would disturb the surgeon. With visual feedback and, in a 

smaller extent, also auditory feedback, the surgeon is more able to approximate the applied force. Finally, visual 

feedback is dominant in the sense that the addition of auditory feedback does not result to improved 

performance when visual feedback is already present. To finalize, Kitagawa suggests there is more consistency 

in the distribution of applied farces du ring auditory and visual feedback assisted knotting compared to knotting 

where this feedback is absent. 

1.4.5. VITREO-RETINAL EYE SURGERY 

Farces during VRES are generally toa low to perceive. Around 75% of applied farces during vitreo-retinal 

microsurgery are below 7.5 mN. Only 19% of ophthalmologists have been able to detect these farces [30]. 

Therefore, force sealing plays a large role in VRES. However, the presence of tactile information reduces 

reaction times with a factor 2 (42]. A known drawback of position sealing is that is slows down the procedure. 

Nakano experienced significant motion sealing. Sealing down motion with a factor 40 led to a factor 5 increase 

in time the surgeon needed to perform the procedure [7]. 
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1.5. SUMMARY 

This section describes the surgeon task execution and task perception during commonly tasks in MIS and VRES. 

For MIS, the four most common MIS tasks are the removal of the bladder, the (adnexal structures of the), the 

uterus, adhesions or hernias. These tasks can be roughly subdivided into instrument positioning, palpation, 

tissue handling, suturing and a number of very specific tasks such as mesh insertion. Palpation helps to identify 

the environment; it is used for tissue location, tissue discrimination, artery identification and tumor location. 

Tissue handling can be subdivided into grasping, dissecting, cutting, removing. The most important conclusions 

regarding the task execution and task perception of MIS are listed in Table 1.8. Results for VRES are stated in 

Table 1.7. 

~ 

~ 
:::::, 
111 
(Ij r 
ni 
C 

t ... 
1 

0 
(Ij ... .. 
> 

(Ij 

~ 
0 u. 

C 
0 .. 
'iii 
0 
Q. 

Perception 

Average (maximum) farces range from 75 mN (490 Only 19% of ophthalmologists 

mN) to 375 N (5870 mN) depending on the task. consciously perceive 7.5 mN. 

75% offorces are below 7.5 mN. Haptic feedback reduces reaction times 

Farces are applied around 1 Hz. with a factor 2. 

Positional accuracy needs to be of several tens of 

microns. 

While maintaining the position of an instrument, 

eye surgeons apply an average RMS error of 49 µm 

up to 497 µmof which 88.7% lies in the 0-2 Hz 

domain. During movements, these average error 

equals 133 µm and the maximum error equals 1326 

µm. 

Experiments on eye-RHAS showed movements 

mainly below 0.5 Hz for rotations and below 1.5 Hz 

for translations. 

Mean angular velocities ranged 2-20 deg/s, mean 

translational velocities ranged 2-6 mm/s. 

Position sealing increases procedure 

time. 

Table 1. 7. Characterization of task execution (con trol) and task perception (perception) /or VRES. 
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Control 

Friction leads to fatigue. Fatigue deteriorates 

force perception and increases errors. 

A certain amount of friction (0.15N-0.42N) 

improves positioning abilities. 

Surgeons make sinusoidal movements with 

velocities from 3.8cm/s to 9 cm/s. 

Palpation forces are 1.3 N using force feedback 

and up to 5.0 N without force feedback. 

Average grasping force is 8.52 N. 

95% (99.35%) of forces are <l Hz (<5 Hz) . 

95% (98.37%) of movements are <2 Hz (<5 Hz). 

Applied forces depend on the type of suture: 

2.4 N (2.0 Ti-Cron) to 0.36 N (7-0 Prolene). 

High suture forces break suture. 

Small suture forces deteriorate control. 

Perception 

Conventional instruments deteriorate shape 

perception and stiffness discrimination. 

Haptic feedback lowers applied forces and 

number of errors. Scaled force feedback 

(>100%) improves force perception and task 

performance. 

Haptic feedback decreases applied forces (up to 

a factor 2), resulting to less damage). 

Fine sutures require more dexterity. 

In non-haptic feedback robots (1) sutures break 

and (2) too little force is applied to control 

suture optimal. 

Table 1.8. Overview of characterization of task execution in terms of task execution (con trol) 

and task perception {perception) for Minimally lnvasive Surgery {MIS) . 
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The Vitruvian Man - Leonardo da Vinci 

The drawing disp/ayed on the front page is the world

famous Vitruvian Man, created by Leonardo da Vinci in 

1487. Leonardo da Vinci was an extraordinary genius. He 

was driven to explain, among many other subjects, natura/ 

phenomena. He believed these were governed by 

mathematica/ princip/es, and more specifically in terms of 

(geometrie) proportions. This drawing displays exactly that: 

the harmonie idea/ proportions of a man. Leonardo da Vinci 

was inspired by Roman architect Vitruvius, who shared 

Leonardo's belief that human proportions are divine and 

universa/. His book studied the human body as the primary 

source of classica/ architecture. The Vitruvian Man is 

perhaps the most famous drawing of physiology . 

-
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A successful design of a teleoperation system is one that embodies 

operators bounded abilities. 

, l 

. ,. 



INTRODUCTION 

This chapter aims to describe the influence of the human operator bath in terms of conscious interaction as 

unconscious interaction. Conscious interaction is the human physiological characteristics in terms of perceptual 

and control abilities. Similarly to Chapter 1, this distinction between perception and control is proposed due to 

the asymmetry between them . Unconscious interaction is due to the dynamics of the human arm, which is in 

contact with the master. Several dynamic models are discussed that describe this interaction. In addition to 

existing literature, it is investigated whether the human impedance is pose-dependent or subject-dependent, 

bath or none. Also focus is given whether bounds on the stiffness and dam ping of the human impedance are 

linearly dependent on human interaction force. 

2.1 Human 

Control 

2.2 Human 

Perception 

2.3 Model ing 

Human Dynamics 

~~------ ---- ----- -- ---!--------------------- ----------', 
' ' 
: Conscious Unconscious : 

2.4 Passivity , 
interaction interaction 

defin es human 

Performance Objectives Stability Criteria 

Figure 2.1. Impact and approach of Chapter 2. 

The conscious element defines the human abilities, which subsequently should be embodied in performance 

objectives. The unconscious element provides bounds on the human dynamics, which can serve as a means to 

stretch stability criteria. Finally, the passivity of the human operator is discussed in terms of bath the conscious 

as the unconscious element. 
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2.1. HUMAN (ONTROL ABILITIES 

This section discusses two significant effects of human finite abilities in terms of position control. First, the 

extent to which humans are able to control the master poses a limitation for the positioning of the slave. 

Second, tremor deteriorates control. 

2.1.1. CONTROL OF POSITION 

The upper bound of force and position control bandwidth is reported to be approximately 5-10 Hz (43). Hu mans 

can counteract grasping up to 12-16 Hz. The RMS errors with which trained ophthalmologists are able to 

position an instrument is 133 µmand the instrument can be held at a position with an accuracy of 49 µm (32). 

2.1.2. TREMOR 

Elble defines tremor as any involuntary, approximately rhythmic and sinusoidal movement [44). With respect to 

control design, the fact that tremor can be represented in terms of rhythmic sinusoids yields an opportunity to 

appropriately compensate for tremor. Tremor can be physiologically described in terms of a frequency range 

dependent on the bodily part in question. In teleoperation, most important are wrist, elbow and finger tremor. 

• Wrist tremor 

• Elbow tremor 

• Finger tremor 

8-12 Hz 

3-5 Hz 

17-30 Hz 

This indicates supporting the elbow (and/or wrist) is important so only (higher) tremor frequencies are present. 

In line with eigenfrequencies of any mass-spring system, the tremor frequency increases with increasing limb 

stiffness or decreasing limb mass according to 

(2-1} 

2.2. HUMAN PERCEPTUAL ABILITIES 

The perceptual abilities of the human operator of position and force information are governed by the 

characteristics of human physiology. In this light, this section provides a literature study that aims to expose the 

fundaments that describe human physiology. In addition, this section describes the extent to which humans can 

discriminate between different positions, forces and stiffness and the assumption of the internal model 

representation. 
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2.2.1. HUMAN PHYSIOLOGY 

In the perception of farces, humans rely on bath external and internal signals [45]. External signals are 

'measured' through receptors in the skin and enable the perception of force and touch. lnternal signals are 

detected through muscles and tendons, and provide information about one's own body position or motion 

(proprioception) . These internal signa Is contribute to force perception but not touch. 

Receptor Adaption Stimulus 

name Abbreviation speed frequency Resolution Functions 

Merkel SAI : slowly Edges, 
Slow 0-10 Hz Large 

disks adapting 1 intensity. 

Ruffini SAII: slowly 
Slow 0-10 Hz Small 

Statie force, 

corpuscles adapting Il skin stretch . 

Meissner RA: rapidly Velocity, 
Rapid 20-50 Hz Large 

corpuscles adapting edges. 

Pacinian Acceleration, 
PC: PaCinian Rapid 30-400 Hz Large 

corpuscles vibration. 

Table 2.1. Overview of cutaneous receptors [46]. 

2.2.1 .1. CUTANEOUS TOUCH (EXTERNAL PERCEPTION) 

There are five receptors in the skin. The free receptors or nerve endings feel pain, whereas the other four feel 

mechanica! stimuli. Characteristics of these receptors are listed in Table 2.1. These receptors can be classified in 

slow adapting receptors and fast adapting receptors. The slow adapting class (SAI and SAII) detects primarily 

slowly varying stimuli corresponding with the detection of roughness and form. The rapid stimuli (RA) al low the 

perception of very fine textures and local movements at the skin - master interface [46]. The Pacinian (PC) 

corpuscles detect external events that are transmitted in the high frequency domain. These stimuli are 

especially important during human-machine interaction [47]. Therefore, PC corpuscles are aften regarded as 

the dominating receptors during teleoperation [48] . The 'anion' skin surrounding capsule of the PC (see Figure 

2.2) works as a high-pass filter, which makes the PC stimuli sensitive to frequencies between 30Hz up to 300 Hz 

[49] . 

Brooks argues that force signals should be presented at a frequency not less than 20-30 Hz for successful 

teleoperation [50]. In addition, force signals cannot be received properly by hand for frequencies higher than 

320 Hz. This corresponds with the prior statement of the PC corpuscles, the dominating receptor. 
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Meissner 

corpuscles 

RA 

Pa ei n ia n ~ 

corpuscles ~ 

PC 
Ruffini's 

corpuscles 

SAII 

Merkel's 

disks 

SAI 

Free nerve 

endings 

Figure 2.2. The location of cutaneous receptors in the skin. 

2.2.1.2. PROPRIOCEPTIVE PERCEPTION (INTERNAL PERCEPTION) 

Proprioception provides an alternative method to determine position and force. Changes due to muscular 

activity are measured through nerve endings in the muscles (PC and SAII) and Golgi tendon organs. Body motion 

results to pressure differences applied to these receptors [46). As a result, internal signals provide estimates of 

position and force. The transmission of proprioceptive information is limited to 20 Hz [48). 

In addition, Srinivasan and La Motte argue there is third indication for force: the indentation of the finger flesh 

[51). 

2.2.2. WEBER FRACTION 

The perceptual range of forces and movements can be described in absolute sense (e.g. the minimum 

detectable force) or in relative sense (its resolution). The latter is described by the Weber fraction, or the Just 

Noticeable Difference (JND). The Weber fraction, c, governs the necessary difference in stimulus intensity (Llu) 

that leads to a noticeable variation. Ernst Weber concluded that this difference is proportional to the absolute 

initial magnitude of the stimulus (u) . 

(2-2} 
Llu 

c=
u 

So, if the initial force is 1 N and the Weber fraction equals c = 0.1, the observed force difference should be 

larger than 0.1 N to be noticeable to the human. The Weber fractions for position, velocity, force and stiffness 

are shown in Table 2.2. Two important distinct properties in stiffness discrimination are contrast thresholds and 

difference thresholds. To determine the contrast stiffness threshold, a varying stiffness (with a certain variation) 

is applied on top of a background stiffness (the mean intensity). The contrast stiffness threshold results trom 

the amplitude of its variance, normalized by the level of intensity. 
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Position u = 10mm 

Position u = 40mm 

Position u = 80mm 

Velocity 

Force 

Stiffness 

Stiffness through 

PHANToM device 

Stiffness contrast through 

PHANToM device 

JND finger [%] 

8.1 

4.6 

2.8 

7-10 for 2.5-lON 

19-22 

14-25 

7-14 

JND fore arm [%] 

8 

8 

8 

8 

7-10 for 0.5-200 N 

15-27 for 0-0.6 N 

23 

Table 2.2. Several JND's for finger and fore arm {28}, {52], {53}, {54], {55]. 

Especially during palpation, the perception of stiffness differences is extremely important. To determine the 

perceived stiffness, a human needs to combine force and displacement signals . This combination reduces 

perceptual resolution, as shown by the larger Weber fraction for stiffness discrimination in Table 2.2 [35), [28] . 

Other important findings of Table 2.2 are that generally, a larger error occurs in position sensing for more 

distant joints (such as finger compared to (fore) arm) and the Weber fraction for position discrimination is 

dependent on the initial position for the finger (therefore not following Weber's law). 

Force perception decreases through the use of an exoskeleton [56]. Especially for small farces (4N), Weber 

fractions are higher (0 .5). Higher force levels corresponded to smaller Weber fractions of 0.06, which 

approximates the natural human Weber fraction . In contrast, stiffness discrimination through the PHANToM 

master did not prove to decrease the Weber fraction [28] . 

Stiffness can be detected either passively (environment moving with respect to the tool) or actively (tool 

moving with respect to the environment) . La Motte concludes that active touch is preferable over passive touch, 

the use of stylus does not deteriorate the extent to which difference in softness can be discriminated and 

tapping increases the ability of softness discrim ination [57] . 

2.2.3. DETECTION THRESHOLDS 

The detection threshold is the minimum amount of absolute stimulus intensity a human observes. These 

detection thresholds are presented in Table 2.3. 

27 1 Page 



Detection threshold 

Force [35] 60mN 

Force (surgeon) [30] 7.5 mN 

Wrist 2· 

Elbow 2 0 

Angle [54] 
Shou/der (side) 0.8 ° 

Shou/der (front) 0.8 ° 

Table 2.3. Detection thresholds. 

2.2.4. INTERNAL MODEL 

The lnternal Model Representation (IM/R) is the assumption that the human operator controls an object using 

both feedforward as feedback [58], [59]. Feedback is dominating in the low-frequency domain, and cannot 

contribute to precise control for high frequencies due to the time necessary for the neural feedback signals to 

travel from the receptors to the spina! cord and back to the muscle, typically 30-40 ms [58]. For higher 

frequencies the activation of muscles is likely to be governed by feedforward signals. This requires the human 

operator to have knowledge of the dynamics of the system. In addition, the human operator can also use its 

lnternal Model Representation to discriminate between dynamics that are presented through the tool and the 

environment. 

2.3. M0DELING THE HUMAN OPERATOR 

The dynamics of the human operator is known to be highly variable [60], [61]. However these dynamics lie 

within a certain dynamica! range. Therefore taking into account this known range of human dynamica! 

properties provides opportunities rather than restrictions. For example, if a teleoperation system is required to 

be stable for only a bounded range of human dynamics, this could decrease the conservativeness of stability 

criteria. An example is the work of Woo, in which the human dynamica! range is successfully implemented in 

stability analysis [62]. Therefore, this section approximates a range of dynamica! properties and determines 

whether this range is dependent on the human operator, on the pose, on bath or none. 

2.3.1. SECOND ORDER LTI MODEL 

There have been many attempts to measure the human impedance. The aforementioned variety of this 

impedance is a result of differences in human operators, postures and types of interaction. Most attempts 
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choose simplicity over inclusion of these variables into one model and aim to fit experimental results to a 

second order model with mass Mh, damping Bh and stiffness Kh. 

(2-3) 

Numerous parameters for this second order model are presented in Table 2.4. In addition, the eigenfrequency 

wh = g and the exogenous human input F;; is provided. 
✓~ 

Model Model parameters 

Mh Kh Bh Wh F;; 
Grip Author Range 

[g] [N/m] [Ns/m] [Hz] [N] 

20.5 750 5.5 30 2.5 

Hasser [63] nomina/ 18.5 1500 9.0 45 7.5 

~ 
u 17 2100 11 .0 56 12.5 C 
~ 

Kazerooni [64] max 4100 176 35 1.0 33 

Kosuge [65] nomina/ 1160 243 17 2.3 >>0 

min 0 0.2 0.0011 0.23 

Çavu~og/u [66] nomina/ 0.08 1.51 0.033 0.69 

"ü max 0.1 2 00 00 

C 
a, 

min 130 460 4.3 8.9 9 0. 

Kuchenbecker[67] nomina/ 140 538 5.0 9.8 9 

max 160 750 6.0 12 9 

Tsuji [68] nomina/ 3250 300 20 1.5 

"'C min 950 53 2.19 0.98 0 
C 
111 

:::c Woo [62] mean 1529 248 15.4 2.0 10 

max 2280 552 45.2 3.2 20 

Table 2.4. Literature overview of human limb mode/s and their parameters fora second order 

model (Equation (2-3)) using a pinch, pencil or handheld grip. 
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A dynamic range is found with parameters that can be estimated independently from each ether so that 

perturbing one parameter does not affect the remaining parameters. These parameters are the eigenfrequency 

wh, damping ratio Sh and relative mass Mh. 

(2-4) 

In which Sh = ~, Mh = Mhwh = -J MhKh. The relative mass is favored over the absolute mass because 
2 MhKh 

transfer functions with identical relative mass have similar magnitudes around their eigenfrequency rather than 

similar magnitudes in the high frequent domain. The range shown in Table 2.5 successfully describes all 

encountered human models (excluding the range proposed by Çavu~oglu). Finally, a third order model is 

proposed by Speich [69). 
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Figure 2.3.a Fitsfrom literature: - Hasser, 

- Kazerooni, - Kosuge, 

- Kuchenbecker, - Tsuji, Woo, 

- lower bound according to Çavu~oglu, 

--- total upper/lower bounds. 
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Figure 2.3.b Ranges: --- from literature, 

- estimated impedance range (Table 2.5). 

Figure 2.3. Bode diagram displaying second order transfer functions for human impedance. 
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Parameter Minimum Maximum 

Damping ratio[-] 0.2 1 

Eigenfrequency [Hz] 0.6 70 

Relative mass [kgs] 4 30 

Table 2.5. Estimated impedance range that captures dynamics found in literature . 

2.3.2. HUMAN APPLIED FORCE DEPENDENCY 

An interesting addition is a more detailed model that takes into account the human applied force Fh (the third 

cause for variation) in estimating the damping and stiffness parameters. lt can be partly included into the 

second order model. The applied human force Fh highly correlates to the amount of damping and stiffness 

present in the human dynamics according to Equation (2-5) and (2-6) [62]. 

(2-5} 

(2-6} 

lndeed, more energy is absorbed (a higher damping) through a more firm grip. Other findings indicate a similar 

relationship [63], [70] . In the findings of Woo, two very important issues are left unaddressed. 

1. Is it possible to fit the minimum and maximum stiffness/damping successfully? 

2. Is the human impedance a subject-property, a pose-property, both or none? 

In this case, 'successfully' means the proposed fit yields a high coefficient of determination . The coefficient of 

determination R2 equals 

(2-7) 
2 55error R =l----

55total ' 

in which 55 is the total sum of squares, 

N ; N; 

(2-8} 55total = L (Yi - y)2, 55error = L (Yi - fi)2 · 
i=l i=l 

A correlation of determination of R2 = 1 corresponds with a perfect fit. A correlation of determination of 

R2 = 0 means the applied fit is not better than taking the mean of the set. Per pose-subject combination, the 

relations depicted in Equation (2-5) and (2-6) can be approximated with high determination, i.e. 

(2-9} R2 > 0.95. 
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Damping parameters Stiffness parameters 

500 

7 400 
E 
6 300 
-.t 

200 

100 

20 0 

Figure 2.4. Least squares fit for the dependency on human applied force for minimal, maxima/ 

and all damping (left) and stiffness (right) second order model parameters acquired from data 

{62}. Dots represent points and lines re present fits for • , - all data points, 

• , - minimum data points, • , - maximum data points. 

Fits are made via the least squares method. 

(2-10} 

(2-11} 

(2-12} 

Data provided by Woo are used to identify the coefficient of determination for bath damping as stiffness to 

evaluate the hypothesis whether the relations (2-5) and (2-6) exist for all points, for the lower bound (the 

minimal points), the upper bound (the maximal points), per subject, per pose, or per subject-pose. From Table 

2.6, the following conclusions are drawn. 

• A linear force-stiffness or linear force-damping relationship cannot be fitted successfully to all points. 

• The coefficient of determination for the upper and lower bounds are high, so it is possible to 

successfully quantify the range of possible impedances successfully. 

• Human impedance properties are not significantly a subject-dependent nor pose-dependent but 

dependent on the particular subject-pose combination. 
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Coefficient of determination R2 

Data set 
Damping Stiffness 

All points 0.40 0.41 

Lower bound 0.98 0.96 

Upperbound 0.98 0.99 

lndividual subject (3 subjects) 0.23-0.65 0.46-0.60 

lndividual pose (5 poses) 0.40-0.91 0.39-0.82 

Subject-pose (15 combinations) 0.91-0.99 0.86-0.99 

Table 2. 6. Coefficient of determination for several fits app/ied to data acquired from Woo {62}. 

2.3.3. ELLIPSOID REPRESENTATION 

Tsuji and Buttolo argue the human dynamic parameters are dependent on the direction in which farces act on 

the human body [68), [71] . This motivates to represent stiffness, damping and inertia parameters through 

ellipsoids that takes into account this direction. A stiffness ellipse is an extension to multidimensional cases: in a 

two-dimensional plane the stiffness is measured in all directions. The distance from the ellipse to its centre for 

that particular point is a (l inear) measure of the stiffness in that direction. This technique of visualizing 

multidimensional stiffness, damping and inertia relations dependent on the geometrie pose has been 

introduced by Mussa-lvaldi [70] . 

2.4. PASSIVITV OF THE HUMAN OPERATOR 

In the assessment of stability of teleoperation systems, it is aften assumed that the human operator behaves 

passively. Passive behavior means that energy is extracted from the system rather than provided to the system. 

In this context, this means a passive human operator absorbs energy. In that case, if the remainder of the 

teleoperation chain is also passive, the entire teleoperation chain is proven to be passive. The passivity of the 

human operator can be divided similarly in a conscious element and an unconscious element. Passivity is 

explained in more detail in Chapter 6 or Appendix C. 

2.4.1. CONSCIOUS PASSIVITY OF THE HUMAN OPERATOR 

The passivity of the conscious part has been examined experimentally by Hogan [61]. In this case a negative 

amount of damping was added to the teleoperation system such that the combination of unconscious human 

and manipulator became slightly unstable. This unstable behavior was designed such that it manifests itself at 

low frequencies and with a low growth rate such that the human operator is able to consciously compensate for 
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this unstable behavior. Results indicate that after a short period of unstable behavior, humans were able to 

keep the manipulator sta bie. 

From these results, Fite and Hashtrudi-Zaad conclude that the human operator can be seen as an exogenous 

input force, i.e. the applied force by the human is independent of the states of the teleoperation system [72), 

[73). However, the results of Hogan indicate that the conscious part of the human operator can stabilize an 

otherwise unstable teleoperation system, which inherently means the human input force is not exogenous. 

Because of the possible pro-stabilizing influences of the human, it can be assumed that the teleoperation chain 

will not become unstable because of the human operator. Therefore, the assumption of the human input force 

as exogenous can be assumed a worst case scenario . 

2.4.2. UNCONSCIOUS PASSIVITY OF THE HUMAN OPERATOR 

The unconscious interaction is due to the dynamics of the arm of the human operator. Although humans 

change their dynamics according toa range of model parameters (depending on for example the applied force 

by the human), the entire range satisfies the passivity criterion . 
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2.5. SUMMARV 

Control 

Human control bandwidth 5-10 Hz. 

Grasping bandwidth 12-16 Hz. 

Tremor 

Elbow tremor 3-5 Hz. 

Wrist tremor 8-12 Hz. 

Finger tremor 17-30 Hz. 

Perception 

Cutaneous perception due to Pacinian 

corpuscles: 30-400 Hz. 

Proprioceptive perception due to Merkel disks 

and Ruffini corpuscles : 0-10 Hz. 

JNO 

Force difference finger: 7-10 % at 2.5-10 N, 

fore arm: 7-10 % at 0.5-200 N and 15-27% 

for 0-0.6 N. 

Force contrast finger: 14-25 %. 

Stiffness difference finger: 19-22 %, 

fore arm : 23 %. 

Stiffness contrast finger: 7-14%. 

Detection threshold 

Force: 0.06 N 

Wrist angle : 2 ° 

Elbow angle: 2 ° 

Shoulder (side} : 0.8 ° 

Shoulder (front) : 0.8 ° 

Table 2. 7. Overview af contra/ and perceptual human abilities. 

Human abilities are split into contra! and perception . A human perceives force and position bath through 

cutaneous touch (external) and proprioception (internal), see Table 2.7. The concepts handled in this table are 

briefly explained on the following page. 
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TERMINOLOGY 

• Cutaneous touch is the perception resulting from the sensors close by the skin (external). Cutaneous 

sensors are Pacinian corpuscles, Merkel disks, Ruffini corpuscles, Meissner corpuscles and free nerve 

endings. 

• Pacinian corpuscles are cutaneous receptors. They are surrounded by an onion-shaped skin, which acts 

as a high pass filter such that the stimuli detect primarily events transmitted in the high frequency 

domain. Especially during tool interaction the Pacinian corpuscles show significant activity. Therefore 

they are very valuable in teleoperation. 

• Merkel disks and Ruffini corpuscles are cutaneous receptors. They are of the slowly adapting class and 

are responsible for detecting form. 

• Proprioceptive perception is the perception of one's own body position and motion due to nerve 

endings and Golgi tendon organs (internal). lt is transmitted in the low-frequent domain. 

• The Just Noticeable Difference (JND) is the necessary difference in stimulus intensity (.1u) that leads toa 

noticeable variation. lt is governed by Weber fraction c, 

(2-13) 
.1u 

c=-. 
u 

• Contrast stiffness is a varying stiffness on top of some background stiffness. lt can be measured by the 

amplitude of its variance, normalized by the level of intensity. 

HUMAN MODELING 

Most attempts use second order models to represent human dynamics. Results from 7 independent sources are 

bundled to estimate a range of human impedances. The second order model is rewritten as follows 

{2-14) 

The estimated impedance range is governed by Sh E [0.2,1], wh E [0.6,70] Hz, Mh E [4,30] kgs. 

lndividual stiffness and damping parameters are linearly dependent on the applied human force. Although this 

relationship is highly dependent on both subject and pose, the range (minimum and maximum value) of these 

parameters can be represented successfully for all subjects and poses. In this context, successfully means a 

highly significant correlation of determination. 
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Area/ar tissue 

The tissue displayed on the front page is Area/ar, magnified 

400 times with a microscope. The word 'areola' originates 

from Latin, meaning 'a little open space'. Areolar exists in 

little open spaces, connecting tissues together. Area/ar is 

the most common connective tissue of the body. This tissue 

combines strong characteristics to hold tissue in place, with 

flexible ones for protection and cushioning. In this close-up, 

the thick pink bands are co/lagen (strong protein), the more 

purp/e thin ones are elastin {elastic protein) and the raisin

shaped dots are mast cells {which carry out a more 

protective role). 



A success/u/ model of the task environment gives predictive powers 

to a contra/ engineer. 



INTRODUCTION 

The goal is to quant ify tissues commonly encountered during surgery and assess tissue models on their 

applicability in describing tool-tissue interaction. The task environment is described in terms of elasticity 

parameters (characterization} and viscoelastic models (modeling}. Both single tissues as tissue combinations are 

evaluated. More focus is given in the approximation of several tissues, which results in different stiffness 

magnitudes than commonly encountered in studies of robotic haptic devices. 

Several linear and nonlinear models have been found in literature. These are discussed elaborately with 

simulations and evaluated on their applicability to describe tool-tissue interaction. In addition, a comparison is 

made between these models and their applicability in real -life situat ions. 

Characterization of ... 

Modeling of .. 

3.1 

3.3 

... single 

tissue 

Tissue Modeling 

Performance Objectives 

3.2 

3.4 

... tissue 

combinationns 

Stability Criteria 

Figure 3.1. Impact of Chapter 3 related to remaining chapters. 

Environmental dynamic properties provide focus on what stiffness range is important in assessing the 

performance of the entire teleoperation system (Chapter 5). Tissue models can be used to estimate the 

environment. Finally, this range and tissue models can be used to stretch stability criteria (Chapter 6). 
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3.1. CHARACTERIZATION OF SINGLE TISSUE 

During tool-tissue interaction, the energy exchange between tissue and instrument can be assumed 

unidirectional, [74). Tissues are often described in terms of tissue elasticity, which is a material property, rather 

than tissue stiffness, which also depends on shape and the manner in which the tissue is probed. 

1 
(3-1} € =-a 

E 

The tissue stiffness follows from the tissue elasticity Etissue combined with the area over which the probing 

force is applied Atool and the length of the tissue in the direction of probing Ltissue· 

(3-2) 

(3-3} 

3.1.1. THORAX AND ABDOMEN 

EtissueAtool c-
Xe = re 

Ltissue 

In literature, two approaches have been found that give an indication for the stiffness of several tissues directly, 

without referring to the probing area or tissue length. These are listed in Table 3.1. 

Tissue type Stiffness [N/m] Damping [Ns/m2
] Mass [kg] 

Skin [38) 331 3 

Fat[38] 83 1 

Musc/e[38] 497 3 

Bone [38) 2483 0 

Ribcage [75) 6902-5154 182 -164 1-2 

Table 3.1. Tissue characterization in terms of spring-mass-damper representation according to 

[38] and [75]. 
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Heart 

Arteries Lungs 

Muscles 

Spleen 

Thorax 

Kidneys 

Skeleton 
Pancreas 

lntestines ----
Urinary bladder 

Figure 3.2 The anatomy of human internal organs. 

Generally, MIS instruments typically have a diameter of 10 mm, (76] . In Table 3.2 the stiffness results 

corresponds to laparoscopie instruments of 10 mm in diameter. The tissue length follows trom literature and is 

in a number of cases approximated (denoted with the'-;:;:;' sign). 

This leads to the tissue stiffness magnitudes presented in Table 3.2. IDC is an abbreviation tor lnvasive Ductal 

Carcinoma, the most common form of invasive breast cancer. The stiffness magnitudes tor the internal organs 

lie in the range Ke E (0, 100) Nm-1 . In addition, these results indicate the presence of a tumor manifests itself 

as a difference in stiffness. 

3.1.2. EVE 

Figure 1.4 shows the anatomy of the eye and in Table 3.3 lists the elasticity properties of several tissues the eye 

consists of: the vitreous body, the cornea, the sclera and the retina . 

Experiments on the vitreous body are difficult because (1) results trom literature are often ex-oculo (outside the 

eye), (2) the moduli of postmortem vitreous bodies show a fivefold decrease in time, (77]. Postmortem results 

are shown in Table 3.3 . Nickerson also indicates that human vitreous bodies have a shear moduli ranging trom 5 

Pa to 40 Pa and porcine vitreous bodies have a failure stress of approximately 24 Pa. 
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Young's modulus Tissue Length [cm] Environment 
Tissue type 

[kPa] stiffness [Nm-1] 

Healthy liver[13), [78) 0.64 10 0.5 

Liver tumor[l3], [78) 2 10 2 

Fat[79] 3 ~ 3 8 

Healthy prostate [14), [80) 3.8 3.5 9 

Prostate tumor [14), [80) 7.8 3.5 2. 101 

(Passive) muscle [81) 10 ~2 4. 101 

Healthy lung [79), [15) 17 ~ 10 1. 101 

High-grade IOC [79), [15) 42.5 ~ 10 3 · 101 

Skeletal muscle [82) 10 · 102 ~2 3. 102 

Aorta, [83) [84) 15 2.1 6 · 101 

Ca/cified aorta, [83) [84] 34 2.1 1 · 102 

Elastin, [85) 6.0 · 102 

Cartilage 9.5 · 102 

Abductin, [85) 2.5 . 103 

Resilin, [85] 1.8 · 103 

Hard contact perception, [54) 1.53. 103 

Co/lagen, [85] 1.0 · 106 

Ribcage, [75] 7.23 · 103 

Tab Ie 3.2. Overview of elastic properties of tissue and a rough estimation of tissue length which 

results toa stiffness experienced by MIS instrument. 
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Optie nerve 

Figure 3.3. The anatamy of the human eye. 

Tissue Voung's modulus 

Bovine vitreous body (storage) , [77) 32 Pa 

Bovine vitreous body (loss), [77] 17 Pa 

Porcine vitreous body (storage), [77) 10 Pa 

Porcine vitreous body (loss), [77] 3.9 Pa 

Human cornea, [86] 0.2-10 Mpa 

Human se/era, [86] (3-l0)*Cornea 

Bovine retina, [87) 20 kPa 

Table 3.3 Overview of e/astic properties of tissue and a rough estimation of tissue length which 

results to a stiffness experienced by MIS instruments. 

3.2. CHARACTERIZATION OF TISSUE COMBINATIONS 

There are numerous tissue combinations that surgeons need to identify during surgery. Through palpation, the 

surgeon aims to differentiate between tissues and locate tumors. 
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1. Differentiating between tissues. 

Different layers can be characterized by different stiffness magnitudes. In experiments of Wagner, 

palpation was used to identify invisible arteries [16). 

2. Locating tumors. 

The stiffness of a tissue resembles the extent to which a tumour is present. Table 3.2 shows these 

elasticity differences for liver, prostate and lung tissue. A developed tumor is more stiff than a 

developing tumor. 

3.3. MODELING OF SINGLE TISSUE 

This section aims to describe and assess tissue models. Generally, modeling of tissue is difficult due to its 

nonlinear and viscoelastic behavior [29). For purposes of environment estimation techniques, FEM is too 

detailed and unnecessary: Seraji points out environment impedances in different directions are uncoupled [74]. 

3.3.1. TISSUE MODEL REQUIREMENTS 

Tissue are governed by viscoelastic behavior, which can be characterized as an accumulation of three effects 

[85]: 

1. Relaxation: decrease of stress over time for constant strain. 

2. Creep: continuation of deformation when stress is maintained after a sudden increase in stress. 

3. Hysteresis: asymmetry in the loading and unloading process during cycling loading. The hysteresis loop 

shows whether the tissue model is passive. 

In describing tool-tissue interaction, soft tissue models additionally should be passive, should not result to a 

shock force in the contact phase and should satisfy the relationship governed by the coefficient of restitution. 

Restitution is an important property of tool-tissue interaction. lt defines the relation between velocity after 

impact, outgoing velocity v 0 , and before impact, incoming velocity vi, according to 

(3-4) 

The coefficient of restitution, e, is a measure for the amount of dissipation of the tissue. lf energy is only 

exchanged in farms of kinetic and dissipated energy, the energy balance equals 

(3-5} 

The coefficient of restitution eis restricted to O < e < l fora passive environment and a passive tool. For e = 0, 

all energy is dissipated, for e = l no energy is dissipated. Brack extensivey describes the use of coefficients to 
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describe body impact problems (88] . The velocity dependency of the coefficient of restitution can be roughly 

estimated by 

(3-6) 

In practice, it has been demonstrated by Goldsmith that the coefficient of restitution is indeed dependent on 

the initia! velocity (89]. 

-V ~ 0 
·,.:; V .... C 

"' 0 C 0 
~ .J: cu ·,.:; 

"' cu "' ·o cu .... > jij = ::s 
0 V "ûi cu .... 
V cu "' ·,.:; V cu ·,.:; 

Models "' = "' "ë ... 0 "' > 0 cu cu Cl. - u ... 
Maxwell © © © ® 

.... 
0 

(Kelvin-) Voigt © © ® ® (lJ 

.!;: 
--.J 

Kelvin © © © ® 

.... Kelvin Voigt Fractional 
© © © ® 0 

(lJ Derivative .!;: 
c 
0 

© © © © ~ Hunt-Crossley 

Table 3.4. Evaluation of 5 viscoe/astic models, 2 linear and 2 nonlinear, based upon several soft 

tissue characteristics. 

3.3.2. MODEL COMPARISON 

Appendix A provides an elaborate discussion on a number of tissue models including linear mode Is (the Maxwell 

model, the Kelvin-Voigt model and the Voigt model) and non-l inear models (the Kelvin-Voigt Fractional 

Derivative model and the Hunt-Crossley model) . Table 3.4 presents a brief summary of this analysis. 

Four characteristics of soft tissue have been identified to which 5 models have been evaluated upon. Only the 

Hunt-Crossley model meets all requirements for successfully describing tool-tissue interaction. lt is the only 

model where its coefficient of restitution is dependent on the initial velocity. 

The Hunt-Crossley model consists of the following parallel linkage between a damper and a spring according to 

Equation (3-7) in which standard, p = n and q = l [90] . 

{3-7) 

Moreover, the Hunt-Crossley model is able to fit several soft t issues, including porcine prostate, kidney and 

arteries [91]. Also, the model retains a certa in simplicity so that it has already been successfully applied to 

estimate several soft tissues during teleoperation (92], (93], (94], (95] . 
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3.4. MODELING OF TISSUE COMBINATIONS 

The structure of models presented in Appendix A allows a combination of multiple models (the models can be 

linked in series), which represents several tissue layers. Therefore all models can be used to describe tissue 

combinations. In addition, the Hunt-Crossley model is able to describe a range of different tissues during tool

tissue interaction. 

Alternatively, several models can be included in a Multi-Model (MM) estimation technique. MM techniques use 

several models, called system modes. Based on several filters, MM techniques choose one of these modes for 

which subsequently the parameters are estimated [96). Due to the braad range the Hunt-Crossley can be 

applied to, multi-model estimation seems unnecessary. 
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3.5. SUMMARY 

Soft tissue is commonly characterized by its elastic properties. Important tissue combinations are different 

tissue layers (for example hidden arteries) or tumors. 

• The Young's moduli of tissues range from 17 Pa for fat to 640 Pa for liver, 30 kPa for lung, 100 kPa for 

skeletal muscle, 1.8 MPa for aorta and 10 GPa for bone. 

• This corresponds to a soft tissue stiffness domain Ke E (0, 100) Nm-1 when using MIS instruments. 

The stiffness of bones exceeds Ke = 7 Nm- 1 . 

• (Prostate) Liver has an elastic modulus of (3 .8 kPa) 640 Pa, tumors increase the modulus to (7.8 kPa) 1-3 

kPa . 

• Within the eye, Young's moduli are 3.9 Pa to 32 Pa for a vitreous body, 20 kPa for the retina, 0.2-10 

MPa for the cornea and 0.6-100 MPa for the sclera. 

Three linear models (Maxwell, Kelvin-Voigt, Voigt) and two nonlinear models (Kelvin-Voigt Fractional Derivative 

or KVFD model, Hunt-Crossley model) are evaluated on the extent to which they describe tool-tissue interaction. 

Only the Hunt-Crossley model successfully describes the coefficient of restitution. The coefficient of restitution 

is the dimensionless number of outgoing velocity divided by incoming velocity for mass impact situations. lt is a 

measure for the extent of dissipation. Experiments have shown that this coefficient is dependent on incoming 

velocity. 
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PRECEYES 

Thijs Meenink from the University of Technology Eindhoven 

designed PRECEYES: o robot for vitreoretinal eye surgery 

that increases the surgeon's precision and thereby provides 

opportunities for new surgicol operations that are not yet 

availab/e taday. In addition to the slave presented here, a 

master is available to the surgeon with which the slave is 

contra/led. The interaction force between the instrument 

tip of the slave and the eye are currently unobservab/e to 

the surgeon. With this bilateral teleoperation system, 

farces con be measured and presented to the surgeon 

amplified. "Robotic eye surgery is the next step in the 

evolution of microsurgery in ophthalmology, and wil/ lead 

to the development of new and more precise procedures", 

according to Marc de Smet, Ophthalmo/ogist. 



An introduction to the funaamentals of bilateral contra/. 



INTRODUCTION 

The goal is to introduce concepts in the field of bilateral control. First, this chapter introduces two-port 

networks. Hereafter the general Lawrence scheme is presented that includes numerous control architectures. 

Subsequently, impedance control is introduced. Finally, a number of aspects in force and position tracking are 

briefly introduced such as the role of shunt dynamics and the effect of shared compliance control on the 

perception of the environment stiffness. 

4.3 Control 

architectures 

4.1 Two-port 

networks 

4.2 Lawrence 

scheme 

Bilateral Control 

4.4 lmpedance 

control 

4.5 Force and 

position tracking 

Figure 4.1. Outline of Chapter 4. 

This chapter is needed to understand the 'language' of bilateral control. lt is used in the remaining part of this 

thesis. 

4.1. TWO-PORT NETWORKS 

The energy exchange between a system and its surroundings can be described in terms of bilateral coupling. For 

a mechanica! system, the energy exchange across the system's boundary is governed by the product of the 

force F(t) and velocity v(t). One of these variables is determined by the surroundings and serves as input on 

the system, whereas the other varia bie is a result of the input imposed on the system and serves as input of the 

surroundings. Such a mutual interaction is denoted as bilateral coupling. A two-port network includes two of 

these interactions. 

The master, the slave and the communication channel combined are aften described in terms of two-port 

networks, see Figure 4.2. This two-port network characterizes the energy exchange between the human on one 

side and with the environment on the other. For bilateral teleoperation systems, the most common 
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representation of two-port networks is through the hybrid matrix H (omitting the dependency on the Laplace 

operator for simplicity). 

(4-1) 

H 

In this representation h11 is the impedance of the master side, h22 is the slave side admittance, h12 is the 

effect of slave force to master and h21 is the effect of master position to slave. 

Human Master Communication channel Slave Environment 

Figure 4.2. Teleoperation representation using the two-port hybrid. 

Other mathematica! formulations of this two-port network include the inverse hybrid matrix G, impedance Z 

and admittance Y. 

(4-2) 

4.2. LAWRENCE SCHEME 

Figure 4.3 shows a common representation of a bilateral teleoperation scheme is the formulation introduced by 

Lawrence, (97). This representation includes all control elements that can be used if position and force are 

measured at master and slave. The 4-channel approach has been widely used and is a solid starting point 

because of its capability to describe many different control architectures. This control scheme represents the 

interaction with the human operator and the environment, and describes the impedances and controllers that 

govern the dynamics of the master and the slave. 
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Human Master 
Communication 

channel 
Slave Environment 

Figure 4.3. The 4-channel Lawrence representation, including /oca/ loop controllers C5 and C6, 

introduced in {97]. 

The human provides a conscious force Fi;_ to move the master to a desired location and an unconscious force 

Fh due to an indentation of the human arm, corresponding to the dynamics governed by Zh. The actuator force 

exerted on the master is a combination of controlled human force C6Fm, the controlled master position, CmXm, 

the controlled slave force, C2 F5 and the controlled slave position, C4 x5 • The communication channel exchanges 

information between master and slave. An architecture is said to be a 2-channel approach if two channels in the 

communication channel are used. The slave side is organized similarly as the master side. 

The master and the slave are governed by the following dynamica! relations. 

(4-3) 
sZ5 X 5 = F5 - C5 X5 + C5F5 + C1Xm + C3Fm 
SlmXm = Fm - CmXm + C6Fm - C4X5 + CzF5 

Substitution results to the hybrid representation Error! Reference source not found .. 

(4-4) 

The common denominator equals 

(4-5) 
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4.3. (ONTROL ARCHITECTURES 

Architectures can be categorized by the amount of communication channels they make use of. This section 

describes two channel approaches and a four channel approach. 

4.3.1. TWO-CHANNEL APPROACHES 

Many architectures use only two channels: position-position control, force-force control, position-force control. 

Generally, the slave force can be scaled with factor À and master position with factorµ such that sealing factors 

À,µ > 1 are associated with an amplified reference signal. 

Human Master 
Communication 

channel 
Slave Environment 

Figure 4.4. Position-position contra/ illustrated in the 4-channel Lawrence representation. 

4 .3.1.1. POSITION-POSITION (PP) CONTROL 

Position-Position (PP) control makes solely use of position information. PP control consists of closed position 

loops in bath master and slave, i.e. C5 , Cm, Ci, C4 * 0, as depicted in Figure 4.4. The resulting closed loop for the 

slave side is illustrated in Figure 4.5. Choosing C1 = ê1 + µC5 results to 

(4-6) 

In this closed loop, the active environment force F/ acts as a disturbance. The slave position results from the 

combination of slave and environment impedance, see Figure 4.5. 
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sZ5 + sZe 

Figure 4.5 .Feedback loop fors/ave position. 

Position error based force feedback (PERR) control includes the same control elements as PP control. In PERR 

control, the goal is to estimate the si ave force and present this force to the master. Due to the absence of force 

information, farces are estimated with the available positions and an estimation of the equations of motion of 

the slave. The actual equations of motion are governed by, 

(4-7) 

The slave force equals 

(4-8) 

sZ5 X5 =f's+ C5 (µxm - X 5 ) 

sZmXm = Fm - CmXm - C4X5 

Assume the slave dynamics are estimated with an estimation error /j,Z5 ; i.e. Z5 = Z5 + /j,Z5 • An estimation of 

the slave force can be presented at the master by choosing C4 = il(sZ5 + s/j,Z5 + C5 ) and Cm = ilC1 = ilµC5 • 

These control elements then result to the following dynamics at the master. 

(4-9) 

Lawrence reports a sluggish feeling of the position-position architecture, because the operator feels dynamics 

of the teleoperation system instead of dynamics associated with the task [98]. 

4.3.1.2 . FORCE-FORCE (FF) CONTROL 

Force-Force (FF) control uses solely force information, so Ci, C3 , C5 , C6 * 0. This architecture is notorious 

because the absence of any position control will undoubtedly lead to position error buildup [99]. Therefore this 

architecture is seldom encountered and omitted in analysis. 

4.3.1 .3. POSITION-FORCE (PF) CONTROL 

In most applications the aim is to control position at the slave side, i.e. Ci, C5 * 0, and to provide the master 

with force feedback, C2, C6 * 0. This scheme is also known as the Direct or Kinaesthetic Force Feedback 

architecture (DFF or KFF respectively). The slave side is identically controlled as presented in Figure 4.5 and 

Equation . The force controller C2 has a similar outline, 
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(4-10) 

4.3.1.4. ADDITIONAL LOCAL CONTROL 

Two additions to the aforementioned control architectures are shared compliance control (SCC, blue 

representation in Figure 4.6) and local force feedback (LFF, green representation in Figure 4.6) . 

SSC adds a local force feedback loop at the slave side to add or subtract compliance (stiffness) to or from the 

slave, i.e. C5 = ~sz;1 [100]. LFF, as proposed by Strassberg, adds a low-level position control to the local force 

feedback loop at master side: C6 * 0, [101). This corresponds to the green part of Figure 4.6. 

Human Master 
Communication 

channel 
Slave Environment 

Figure 4.6. Force-position control illustrated in the 4-channel Lawrence representation (in red) 

with shared compliance control (SSC}, represented in blue, or local force feedback (LFF} as 

proposed by Strassberg {101}, represented in green. 

4.3.2. 4-CHANNEL APPROACH 

In the 4-channel approach bath position and force are exchanged from master to slave and vice versa. This 

approach is successful in meeting the demands for perfect transparency (perfect force and position tracking). 

One of the possible control setups (Eq. (4-11)), proposed by Lawrence, results to perfect transparency [98). 
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(4-11) 

4.4. ADDITIONAL REMARKS 

This section briefly introduces impedance control, shunt dynamics and the remarks concerning stiffness tracking. 

4.4.1. IMPEDANCE CONTROL 

lmpedance control differs from the previously introduced control schemes in that is does not aim to perfectly 

track force or position. lnstead, it regulates the mechanica! impedance specified by a target model, such that 

the dynamic relation between force and position is regulated rather than the individual force and position 

signals (102], (103]. lmpedance control is schematically shown in Figure 4.7. 
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Human Master 

channel ,,' 
Slave Environment 

, 

Estimator 

Fs 
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Figure 4. 7. lmpedance contra/: a desired force and impedance is transmitted to the opposite 

side. These are estimated based on /ocal force and position information. The output of the ®

operator is the multiplication of its (scalar) inputs. 



Hashtrudi-Zaad combines an adaptive technique with a requirement on the impedance transmitted to the 

operator (the impedance as perceived by the human operator), based on PP control, [104]. ldeally, this 

impedance equals the impedance of the environment. Generally, the transmitted impedance to the operator 

equals 

(4-12} 

where 

(4-13) 

For this control strategy controllers Ci, C4, C5 , Cm are nonzero, i.e. 

(4-14) 

The control elements Ci, C5 follow adaptation laws such that 

(4-15} 

The remaining control elements Cm, C4 are chosen such that 

(4-16} 

for example Cm = Ze and C4 = Zm in which Ze , Zm are estimations. Alternatively Cm = -im and C4 = -ie, 

such that both control elements directly compensate for the master impedance sZmXm and environment 

impedance sZeXe. 

In the example above the environmental impedance Ze is approximated based on slave force and slave position. 

This makes impedance control inherently adaptive. Cheah provides more details about the basics of impedance 

control [105]. Slotine provides adaptive control laws for the control of robot manipulators [106], [107]. Zhu 

presents an adaptive technique that guarantees stability [108]. 

4.4.2. SHUNT DYNAMICS 

A common challenge for each control problem is non-collocation. In practice, the position/force at the point of 

interaction, the measured position/force and the actuation force are at different locations. Only the measured 

and actuated farces and measured position are known, presented in black in Eq. (4-17). 
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(4-17) Bl
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Where k = m denotes master and k = s denotes slave. Transfer functions gp, gF, gl1, and gt1 cannot be 

measured directly and can only be approximated indirectly. One approach to reconstruct unknown transfer 

functions is to make an analytica! model that includes shunt dynamics. All six transfer functions are then a 

function of the parameters of this analytica! model. The two known transfer functions gl 2 and gt2 are used to 

approximate these parameters. 

4.4.3. PERCEPTION OF THE ENVIRONMENTAL STIFFNESS 

This section presents a brief analysis on the role of Shared Compliance Control on the perception of 

environmental stiffness. As stiffness is dependent on the ratio between force and position, the perception of 

stiffness is dependent on bath position tracking as force feedback. 

Assume the slave is in contact with an environment, f's = -Kexs and position controlled (unscaled) with 

C1 = C5 and its numerator and denominator can be expressed as a polynomial. 

(4-18) 

For a statie case (s ➔ O), in the absence of integrators in C1 and the impedance of the slave (no stiffness) and 

no shared compliance control, 

. ao 
hmC1 (s)=-b =Pi, 
s--+O o 

(4-19) limZe(s) = Ke, 
s--+O 

Jim sZ5 (s) = 0. 
s--+O 

Consequently, in the absence of Shared Compliance Control (SCC), the position of the slave is governed by 

(4-20) Xs = K p Xm . 
e + 1 

In the case of unscaled force feedback, C2 = 1, the stiffness perceived by the operator is different from the 

environment stiffness. 

(4-21) 

Or, alternatively,with scaled proportional gain P = Pi, 
Ke 
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(4-22) 

So, for any nonzero Ke, there is some distortion in the statie case of the perception of the environment stiffnes, 

in the absence of integrators in C1 (see Figure 4.8). For this case, to achieve stiffness tracking of Kto = 
Ke 

50%, 90%, 99%, the relative gain should equal P = 1,9,99 respectively. 

The quality of statie (or low-frequent) environment stiffness perception ameliorates in the presence of 

integrators in position control or in the case of shared compliance control. 

10° r--~~~~~---:::::;;;.i,iiiiliili ....... ---, 

10-3
1[_,_~~~_.__.~~~~~~~.....,.) 

10-3 10-2 10-1 10° 101 102 10
3 

p [-] 

Figure 4.8. The effect of proportional gain in stiffness tacking Kta_ 
Ke 
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History of SI units 

The International System of Units is relatively young: no 

sooner than 1960 it was introduced. lt originally consisted 

of six base units: meter, second, kilogram, ampere, degree 

Kelvin, and candela. In 1971 the male was added. 400 years 

earlier, Simon Stevin was the protagonist of using decimal 

notation. The use of the metric measurement system was 

introduced during the French revolution. The measurement 

system was replaced by a metric system, based on the 

kilogram and the meter. James Clerk Maxwell brought this 

system into a more pure form . He differentiated between 

base units and derived units, where the Jatter can be 

defined in terms of the first, which served as a foundation 

for the Sl-system. 

•,, 



lf you can't measure task performance, you can't improve task 

execution. 



INTRODUCTION 

Performance objectives are a means to design and optimize bilateral teleoperation systems that ultimately 

leads to the best possible task performance: the extent to which tasks are carried out successfully [66]. 

Examples of indicators in the field of MIS are the completion time of a procedure or the amount of damaging 

errors [19], [109]. Contrary to performance objectives, task performance can only be evaluated after a task has 

been completed. The performance objective that is chosen should correlate to task performance so that a 

system that scores "high" on a performance objective should result to "high" task performance. 

This section translates the context presented in Part 1 into quantifiable performance objectives for surgical 

haptic teleoperation systems to optimize this correlation. Human task performance is believed to be restricted 

by two asymptotes: the device performance and the human task limit. lncreasing device performance increases 

task performance up toa certain limit due to finite human capabilities, as visualized in Figure 5.1. lncreasing 

performance beyond the human task limit is ineffective. This limitation has been experimentally validated by 

Goldfarb [110] and is discussed in more detail by Christiansson [111]. 

Q) 
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Human task limit 

Teleoperation 

limit _,,' 

lneffective 

increase in 

performance 

Performance bilateral 

teleoperation system 

Figure 5.1. Relation between device performance and task performance fora certain human 

task limit. The solid line denotes the human task performance, the dotted line represents the 

human task limit and the dashed line represents the device limit. 

This chapter first discusses current performance objectives and evaluates them qualitatively on their ability to 

include task performance. Hereafter a human and task centered approach is followed, taking into account the 

descriptions of MIS tasks (Chapter 1), human physiology (Chapter 2) and the range of tissues commonly 

encountered (Chapter 3). See Figure 5.2for a visual overview of the taken approach. 

Current and proposed performance objectives are compared on task performance experimentally in Paper 1. 
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Surgeon's Perspective Operator Characteristics 

indicates task performance defines human finite abilities 

Current performance 

objectives 

New performance objectives 

Performance Objectives 

is analyzed on 

task performance 

Evaluation of 

Performance Objectives Pl 

Figure 5.2. Impact and approach of Chapter 5. 

5.1. ÎRANSPARENCY BASED 

Tissue Modeling 

provides bounds on 

environment dynamics 

Part 1. Human/Task 

Transparency 5.1 

lmpedance-based 5.2 

5.3 

+ 

Transparency of a system indicates the extent of distortion when passing through that system. Light passing 

through a transparent window preserves its intensity. Similarly, in a transparent teleoperation system, the 

forces and positions at the master and the slave are identical. Currently, transparency is the most widely used 

performance objectives in the assessment of bilateral teleoperation systems (112], (103], [72], [73], [113). 

There are several methods to measure the transparency of a system. This section lists the most important ones. 
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5.1.1. TRANSPARENT HYBRID MATRIX 

Strassberg provides a measure for a transparent system based on the hybrid matrix [101]. A hybrid matrix is 

said to be completely transparent if forces and position on both sides of the teleoperation system (master and 

slave) match . This ideal hybrid matrix equals 

(5-1) -1) 
0 . 

Note that because of action-reaction, F5 = -Fe and ideally, the human operator perceives the environment 

force Fm = Fe = -f's. The sum of weighted differences with respect to these indices is a measure for 

transparency. In this formulation, the relative importance of one index to the other can be emphasized by 

choosing coefficients a iJ . 

(5-2} d = L a ij ihij - h ideal, ij 1 

i ,j 

5.1.2. PERFORMANCE INDEX OF MANEUVERABILITY 

Yokokohji proposes three ideal responses: (1) the response in posit ion to operator's input force, (2) the 

response in master and slave force to operator' s input force and (3) the combination of the first and second 

response (113]. The Performance Index of Maneuverability (PIM) is the difference between the responses in 

master and slave position or force. For perfect transparency there is no difference between master and slave 

position or force . These differences are multiplied with a lowpass filter with cut-off frequency r = 50 Hz to 

emphasize the frequencies in which tasks are known to be completed. The PIM takes the integral over these 

weighted differences in the frequency domain. 

(5-3} 

Wmax 

]p = J 
0 

Wmax 

lF = J 
0 

l
xm(jw) x5 (jw) 11 1 1 
F~(jw ) - F~(jw ) 1 + jwr dw 

Pawluk focuses on the relative velocity error over the entire frequency domain, (114] . 

(5-4) 
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The maximum error for force tracking becomes 

(5-5) 

5.1.3. MATCHING IMPEDANCES 

ldeally, the surgeon should feel the environment directly and the environment should behave as it is touched 

directly by a human [115). 

(5-6) 

The hybrid elements should satisfy (5-7) to meet requirements (5-6). 

(5-7) 

The error between the impedance transmitted to the operator and environment operator is the transparency 

error [97). 

W1 

(5-8) Terror = 
1 f lllog(Ze(jw)I - llog(Zt0 (jw)lldw 

W1 -Wo 
Wo 

5.1.4. EVALUATION OF TRANSPARENCY OBJECTIVES 

Numerous indications exist that the correlation between transparency and task performance does not exist or is 

subdominant [116), [117), [118). The absence of this correlation degrades any optimization attempt that is 

founded on transparency. 

Transparency is a performance objective for any bilateral teleoperation system regardless of the task. However, 

it has been experimentally shown that the correlation between task performance and transparency is very 

dependent on the task that is carried out [19] . 

With the pursuit of perfect transparency, designers aim for perfect tracking characteristics. let's assume the 

'holy grail' of perfect transparency has been reached. In that case, the diagonal terms of the hybrid matrix are 

zero, i.e. no master impedance and no slave admittance. Firstly, such a system is physically unachievable. 

Secondly, a 'perfectly' transparent system is only marginally stable. Concluding, perfect transparency is 

something that is preferably avoided, rather than accomplished. 
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With respect to the inclusion of finite human abilities, only the formulation of Yokokohji allows the 

implementation of a weighting filter that focuses on the frequency range of interest [113]. 

5.2. IMPEDANCE BASED 

With impedance shaping, the goal is not ideal transparency, but to change the characteristics (mass, damping) 

of the teleoperation system following a specific target model. 

5.2.1. DESI RED ADMITTANCE 

Kosuge proposes to design the teleoperation system as perceived by the human operator according toa desired 

admittance [119]. This performance objective is expressed as the infinity norm of the difference between the 

desired admittance, Yd, and the admittance transmitted to the operator, Yta· This difference is multiplied with a 

weighing function to only take a certain frequency domain into account. 

(5-9) 

5.2.2. FIDELITY 

The fidelity objective represents how changes in the environment are reflected to the human operator through 

the norm of changes in the environment relative to changes in impedance transmitted to the operator (66]. lt is 

motivated by the need for differentiating between tissues during MIS and allows the focus on a particular range 

of frequencies. 

(5-10) 

Here, the ie represents the nomina! environmental impedance. 

5.2.3. Z-WIDTH FACTORS 

The Z-width factors have been proposed by Colgate and Hashtrudi-Zaad [120], (121]. They resemble the 

achievable impedance range that can be offered to the human by the teleoperation system. The following limits 

result from the aforementioned transferred impedances to human and environment. 
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Zto free = lim Zto = hu 
' Ze=O 

(5-11) 
. h12h21 

Zto,stiff = h!!} Zto = hu - -h--
Ze-00 22 

h12h21 
Zto,width = - h 

22 

Alternatively, the Z-width factor is computed as follows. 

(5-12) 

~ 
C 
CII .. 
"' a. .,, 
C 
~ 
1-

CII u 
C 

"' -i:, 
CII 
a. 
.5 

W1 

Zto,width = 
1 f lllog(Zto,stiff(jw)I - llog(Zto,freeUw)II dw 

W1 -Wo 
Wo 

~ CII .,, -i:, 

"' :J ... u ,.,. -0 C 
.,, ,.,. CII 

CII CII 0 ~ u u ... C C 

l :s "' "' ::ä E "' E .. :s C 

.g ·;;; "' CII E .,, .,, 
Performance measures CII CII 0 :J 

a: a. 0.. ~ 

Transparent hybrid matrix, [101] ® ® 

Performance index of maneuverability, 

[113] 
® @ 

Matching impedances, (115] ® ® 

Desired admittance, [119] ® @ 

Fidelity, [66] © @ 

Z-width factors, [120) ® @ 

Table 5.1. Overview of current performance measures and their assessment. 

5.2.4. EVALUATION OF IMPEDANCE OBJECTIVES 

All impedance-type performance objectives take into account the frequency range of interest. The fidelity 

measure resembles task performance: it is specifically designed for medical purposes where the identification of 

different tissue layers is important. However, this measure fails to incorporate Weber's law (see Chapter 2), 

which states that a human's ability to differentiate between two forces is relative to the magnitude of those 

forces. The change in Zto is absolute and not relative to its initial value. 
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In a lesser extent, also the desired admittance objective takes into account task performance. The chosen 

admittance Yd can be chosen differently for different tasks. However, this objective does not provide a guideline 

how this desired admittance should look like per task. 

The Z-width factors indicate the impedance range offered to the human and are founded on the assumption 

that a larger impedance range will increase task performance. However, no experimental proof exists that such 

an assumption is va lid and what amount of 'Z-width' is required for successful task completion . 

As Table 5.1 indicates, together with the evaluation of transparency objectives, no objective exists that 

resem bles task performance and is able to include human finite abilities . 

5.3. HUMAN AND ÎASK CENTERED PERFORMANCE OBJECTIVES 

No single performance measure covers all states. In this light a set of four performance objectives is proposed in 

this section. 

1. Effective Position Tracking. 

2. Transferred tremor Suppression. 

3. Noticeable Environment Stiffness Difference 

4. Settling Time of Steps in the Environment. 

The first two consider accurate instrument positioning, whereas the latter two concentrate on the perception of 

the environment. 

5.3.1. EFFECTIVE POSITION TRACKING (EPT) 

Scaled master position (µxm) usually serves as reference for the slave position (x5 ) . The slave position should 

track the master position, i.e. x5 (t) = µxm(t). For unconstrained motion the transfer function in Eq. (5-13), 

describes this tracking. 

(5-13) 

Tracking is a bidirectional performance measure: small positions in the master should not result to large 

positions in the slave (large H1p(Jw)) and vice versa (small H1p(Jw)) . Taking the absolute value of the logarithm 

of expression (5-13) puts an equal importance to bath small as large transfer functions. ldeally, 
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(5-14) 

Not all frequencies are equally important. Therefere expression the logarithmic expression is integrated over a 

limited frequency domain w0 = 0 Hz and w1 = 1 Hz. Alternatively, a weighting function can be applied. The 

Effective Position Tracking (EPT) performance objective fellows from the integral over the frequency domain of 

importance. 

(5-15) 

To include the human task limit, this error is divided by the limiting error E}tm. Accurate positioning is restricted 

due to a finite perception of the position of the -fore arm, according to the Weber fraction of the fere arm 

Cx = 8%, see Table 2.2. 

(5-16) H lim - 1- C IP - X 

During constrained motion the transfer between master and slave position becomes 

(5-17) 

The EPT is computed similarly. 

5.3.2. TRANSFERRED TREMOR SUPPRESSION (TTS) 

One of the proposed benefits of robotic teleoperated MIS is the possibility to filter tremor [122) . In the tremor 

frequency range position tracking is undesired: tremor movements would be transferred to the slave device (in 

the absence of haptic feedback). 

(5-18) 

In contrast to position tracking, tremor suppression is unidirectional: movements in master should not be 

present in the slave. So, no logarithmic function is taken such that the Transferred Tremor Suppression is 

computed as fellows. 

(5-19) 

Here, n is the number of free limbs that can be moved and frequencies w0,i, w1,i correspond to the range per 

limb in which tremor is known to take place. In this case, it is unknown what values for what values fer Er the 

suppression of tremor becomes ineffective. 
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Th d · · · · d · · Lim 1 13 3 d lim 2 13 2 6 e mean an maximum pos1t1oning error unng m1crosurgery, x h · = µm an xh • = µm, 

respectively, (see Chapter 1) is believed to originate from tremor. The effect of this tremor to slave position 

should be smaller than the maximum allowable slave error. 

(5-20) 
Xdes µ Hlim __ s ____ _ 

T - µxfin jwh11 (jw) 

5.3.3. NOTICEABLE ENVIRONMENT STIFFNESS DIFFERENCE (NESD) 

As Chapter 2 indicates, a human perceives force and position bath through cutaneous touch (external) and 

proprioception (internal) . To describe the quality of environment perception a similar distinction is made in 

performance measures. This performance measures discusses the role of proprioception in the discrimination 

of environment stiffness. 

The impedance transmitted to the operator can be represented as follows. 

(5-21) 

So, the perceived impedance by the operator depends on two factors, (1) the hybrid element h11 which 

denotes the (filtered) impedance at the master side and (2) the (filtered) effect of the environment transmitted 

to the teleoperation chain . lf the assumption on the internal model representation ho Ids, the human operator is 

able to distinguish the impedance of the master from that of effects that correspond to changes in the 

environment, ZiM /R = Zto - h11 . 

The fidelity measure is a powerful measure in evaluating the perceived environment. However, it focuses on the 

absolute difference in Zto with respect to Ze rather than relative differences. So, from the fidelity measure 

alone, it is not possible to conclude whether a change in environment IJ.Ze can be noticed by the operator. 

Therefore, the Noticeable Environment Stiffness Difference (NESD) is proposed. 

Assume the environmental stiffness changes w ith 

(5-22) 

The relative stiffness experienced by the operator equals 

(5-23) 

This change is observed when the relative change in the impedance transmitted to the operator is larger than 

the Weber fraction for stiffness discrimination, cK = 14%. The quality of the teleoperation system is regarded 

as the minimum amount of relative change in environment stiffness, 'i?;nin, that is observed by the human 

operator. 
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(5-24) 

The minimum perceived environment stiffness difference is weighted with the position weighting function 

Wx(s) because this filter characterizes the frequency range in which interaction takes place. A maximum bound 

can be placed at 2 Hz. 

W1 

(5-25) NESD = f IK:1~:(w)I dw 
Wo 

The perception is limited by cK, when the human operator can palpate the environment directly. The nominal 

environment impedance should be in the range Ke e (0,100) Nm-1, see also Chapter 3. 

5.3.4. SETTLING TIME OF STEPS IN THE ENVIRONMENT (STSE) 

The fidelity impulse indicates how fast surgeon perceives transitions in environment stiffness. Three examples 

of transitions can be distinguished: (1) transitions between constrained and unconstrained motion, (2) 

transitions between compliant tissue and rigid material and (3) transitions in tissue stiffness. The environment 

changes infinitely fast from Ze = Ze to Ze =Ze+ !).Ze in which !).Ze = ~l),.Ke at t = t0 • 
s 

(5-26) 

t < t0 

t~O 

Then the transmitted operator impedance changes accordingly. 

(5-27) 

t < t0 

1 

0 

Figure 5.3. Visualizatian of instantaneous environmental impedance change, corresponding to 

performance measure 3.5.4. The solid line corresponds with the environmental impedance, the 

dashed corresponds with the impedance transmitted to the operator. 
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The jump b.Ze is a change in the environmental stiffness, i.e. it is independent of La place operators, 

(5-28} 

and can be represented as a Heaviside step function. 

(5-29) 

(5-30) H(t - to) = {01,, t < to 
t ~ t0 

The step b.Ze is translated into the La place domain, 

(5-31) 

such that the change in the transmitted operator impedance sb.Zw(s) can be approximated with a first order 

Taylor series expansion. 

(5-32) 

(5-33) 
b.Zt0 (s) = ~ dZwl 

b.Ze S dZe Ze=Ze 

The error between the change in environmental stiffness and experienced stiffness can be approximated by the 

integral of the inverse Laplace transform of (5-33) . 

00 

(5-34) 
E = _l_ J (b.Zt0(00) _ liZt0(t))dt 

t.Zto Ê b.Z b.Z 
t.Z~ e e 

to 

This integral is independent on the size of b.Ke and serves as a benchmark for settling time with unit [s]. 

From the gathered knowledge in Chapter 3, several test cases can be found. For example, differences in 

stiffness due to tumors will present themselves instantaneously. The corresponding reaction of the transmitted 

impedance is a measure of fidelity which resem bles task performance closely. 
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(A brief analysis on) A spinning top 

A spinning top is an example of a gyroscopic effect. 

Gyroscopes are recognized for their stabifity rather than 

their instabifity . Similor to the momentum of a moving 

truck, it takes time and energy to stap the angular 

momentum of a spinning gyroscope. Gyroscopes retain 

their orientation. Therefore gyroscopes are used in for 

example the Hubble te/escape, because outer space /acks a 

magnetic field to relate orientation to. 

For the top depicted, the torque 'g would in the absence of 

rotation w lead to the top tipping over. The angular 

momentum of the top L prevents it. The result is precession: 

an angular movement around the vertical axis such that cp 

remains fixed, whi/e {) changes. The precession angular 

vefocity equal wP. 

lim d0 = dL/L . ,1, (1) 
d0-+0 / Ls1ny, 

d0 
w.=dt 

r ' 

' ' ' 

' 

1 ' 
1 ' 
1 

(3) 

(2) 



d surgery stability is a vita/ property: 

life depends on it. 



INTRODUCTION 

This chapter focuses on stability criteria that are specifically applied to teleoperated systems. lt also aims to 

extent these theorems making use of knowledge of the dynamics of the environment and human operator. 

Currently there are two approaches used to proof stability, either founded on passivity or not. The first criteria 

are denoted as passivity criteria and the latter as (active) stability criteria. Active stability is associated with 

active behavior if stability is conserved. As Figure 6.1 indicates, passivity is a subset of stability, which makes 

criteria founded on this property more conservative than criteria that are not. 

This section handles both concepts, illustrates how these concepts are applied in frequency and time domain, 

qualitatively compares these concepts and includes the context to reduce conservatism of these concepts. 

Stable behavior Unstable behavior 

Passive behavior Active behavior 

□ 

□ 

Stability criteria 

satisfied. 

Passivity criteria 

satisfied . 

Figure 6.1. Stable behavior can be represented in terms of stability or passivity. The Jatter is 

more conservative than the first. 

These stability criteria are implemented in Paper 2, which concerns a mapping methodology to intuitively loop 

shape control elements. 
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Passivity 

(Active) Stability 

6.1 6.4 
6.3 

6.2 6.5 

Frequency and Comparison lncluding 

timedomain context 

Stability Criteria 

is implemented in 

Stability Mapping 

Methodology P2 

Figure 6.2. Impact and approach of Chapter 6. 

6.1. PASSIVITY CRITERIA 

Passivity is broadly applied in the evaluation of the stability of teleoperation systems. This section introduces 

the concept of passivity and its application in time and frequency domain. 

6.1.1. TIME DOMAIN 

Passivity is about energy. The passivity criterion states that the energy extracted trom a system is limited by the 

energy stored in that system such that the system does not provide energy that is not in its storage elements. 

t 

(6-1) E(t) - E(O) + d = J F(r)v(r)dr 
0 

Here, E(t) represents the energy of the system and d represents the energy dissipation of the system. For a 

positive right-hand side integral energy is dissipated. Similarly, if the integral becomes negative, energy has 

been provided by the system. 

70 1 P age 



6.1.2. FREQUENCY DOMAIN 

Passivity can be described in terms of a one-port network or two-port networks (Raisbeck's passivity criterion). 

6.1.2.1. ONE-PORT NETWORK 

A transfer function is said to be passive if the transfer function has no negative real parts. 

(6-2) 

This corresponds with the following phase requirement. 

(6-3} -90° < Lh(jw) < 90° 

Appendix C derives the passivity criterion in frequency domain from the passivity criterion in the time domain, 

i.e. the criterion represented in the frequency domain is also based on the notion of energy dissipation in (6-1). 

So, the time and frequency notations are mathematically identical. Also, Appendix C indicates very intuitively 

how these theorems are linked. 

Although hybrid matrices are two-port networks, they can be formulated into a one-port network toa when 

implementing the context of the teleoperation system. Sections 6.4 and 6.5 will elaborate on this topic. 

6.1.2.2. RAISBECK'S CONDITIONS FOR PASSIVITY OF HYBRID NETWORKS 

Fora hybrid teleoperation representation, passivity is guaranteed when the Raisbeck's sufficient and necessary 

passivity conditions are met [123]. For hybrid elements hij, equations (6-4), (6-5) and (6-6) should be satisfied. 

1. All NPiJ poles of each hybrid element hij cannot be positive, i.e. 

(6-4} 9î(pij_k) :S: 0 for k = 1,2, .. . , NPiJ" 

2. Poles on the imaginary axis are simple. The residues dij for these po les should satisfy (6-5). 

l
dll 2:: 0 

(6-5) d22 2:: 0 
d11 d22 - d12d21 2:: 0 with d21 = dï2 

3. Corresponding to requirement (6-2), the real part of the diagonal hybrid terms should be positive. 

(6-6} 9î(h22) 2:: 0 
{

9î(h11) 2:: 0 

49î(h11)9î(h22) - (9î(h1z) + 9î(h21)/ - (3(h12) + 3(h21)/ 2:: 0 

The Raisbeck's passivity criterion can be applied to all four immitance farms: the hybrid matrix H, the inverse 

hybrid matrix G, impedance Zand admittance Y. The satisfaction of the Raisbeck's criterion for one immitance 

form indicates is necessary and sufficient condition for the other three immitance farms to satisfy the 

Raisbeck's criterion [124]. 

711 Pag 



6.2. (ACTIVE) STABILITY CRITERIA 

This section serves as a brief overview of current techniques that evaluate (active) stability criteria. 

6.2.1. FREQUENCY DOMAIN 

In the frequency domain, stability of the teleoperation system can be evaluated through Llewellyn's absolute 

stability and the Nyquist diagram. Note that the transfer functions from human operator F;;, to the positions and 

force of the master and the save share the same denominator. 

(6-7) 

6.2.1.1. NYQUIST CRITERION 

A general closed-loop feedback system is stable if the closed loop poles are in the left half plane. The transfer 

function from input r to output y equals (omitting the La place operators) 

(6-8} 
y CP L 
; = _1_+_C_P = 1 + L' 

Similar to the internal stability presented by Lyapunov, if the roots of 1 + L (the poles) are in the left half plane 

the closed loop feedback system is stable (125] . 

The number of encirclements of the point -1 in the complex plane by open loop transfer function L indicates 

system stability. The number of clockwise encirclement N of -1 are added to the number of unstable open loop 

poles P which results to the number of unstable closed loop poles Z. Note that for counterclockwise 

encirclements of -1, N < 0. 

(6-9) Z=N+P 

Alternatively, the denominator of the closed loop transfer function can be taken, minus one, i.e. 

(6-10} 

6.2.1.2. LLEWELLYN'S ABSOLUTE STABILITY 

The Llewellyn's conditions for absolute stability are independent of environment and operator[126]. The 

drawback is that these conditions can be too conservative. 

1. Firstly, the poles of the diagional hybrid elements h;i can not be positive: 
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(6-11} 

2. Secondly, poles of the diagonal hybrid elements on the imaginary axis are simple, and its residues are 

real and positive. 

{6-12} 
9î(d ··) > O !! -

'.J(du) = 0 

3. Finally, for all frequencies, the statements (6-13) should hold. 

{6-13} 9î(h22) 2: 0 
{

9î(h11) 2: 0 

29î(h11)9î(h22) - 9î(h12h21) - lh12h21I 2: 0 

Similar to the Raisbeck's passivity criterion, for the absolute stability criterion to hold, it does not matter which 

immitance form is used [124] . 

An alternative representation of the third equation of criterion (6-13) is presented by Hashtrudi-Zaad in terms 

of the network stability parameter r, [73] . 

{6-14) 

Although an increase in parameter r, is associated with an increase in robustness, it is unknown what magnitude 

of r, corresponds toa sta bie system that meets robustness requirements. 

For the special case where the cross terms have opposite signs, h12 = -h2 11 Raisbeck's passivity and absolute 

stability are the same. This network is said to be reciprocal [127] . 

6.3. (ACTIVE) STABILITV VS PASSIVITV 

This section first elaborates no qualitative differences between stability and activity. Secondly a method is 

introduced that allows a graphical representation of active and stable regions. Finally, this representation is 

extended such that also environmental impedances are taken into account. 

Note that in all forthcoming representations of (in)stability, activity and passivity, all colored areas correspond 

with certain stability criteria, i.e. the white areas represent a violation of a stability criterion. 

6.3.1. A QUALITATIVE COMPARISON 

Perhaps the largest advantage of passive stability criteria is that a system consisting of interconnected passive 

elements is also passive. This means stability for the total system can be guaranteed if stability for each 

subsystem is guaranteed. Note that the latter approach is more conservative than the first. These passive 
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elements can be interconnected in series or parallel, and these elements can be one-dimensional or hybrid. 

Appendix C elaborates on these interconnections. A second advantage of passivity is that it can be applied to 

non-LTI systems too. 

In existing literature it is often assumed that the environment and human are passive, such that a passive hybrid 

matrix results to a passive teleoperation system. Chapter 2 and Chapter 3 have indicated that indeed tissue 

models and human limb models are passive. 

There is no such thing as a free lunch. The biggest disadvantage of passivity, as indicated by Figure 6.1, is that is 

more conservative than active stability criteria. 

6.3.2. STABILITY-ACTIVITY DIAGRAM 

Hashtrudi-Zaad provides a different interpretation of Llewellyn's absolute stability criteria in terms of stability 

parameter TJ [128). lsolating lh12h21 I in (6-13) and dividing with this term leads to (6-15). A perfectly 

transparent hybrid matrix corresponds to T/ = 1. 

1 

YsAD 

0 

0 

Guaranteed stable 

behavior 

1 

Potentially unstable 

behavior 

XsAD 

~ 
Active stability 

criteria satisfied 

(Llewellyn). 

Passive stability 

EEl criteria satisfied 

(Raisbeck). 

Figure 6.3. Stability-activity diagram according to Llewellyn's absolute stability criteria and 

Raisbeck's conditions of passivity. The dot indicates the location corresponding toa perfectly 

transparent system. 
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The stabil ity criterion of Llewellyn is then rewritten as 

(6-15) 

where 

(6-16) 

Such an approach enables a graphical illustration of passive, active, stable and unstable behavior, similar to 

Figure 6.1. The prior notions on passivity (Raisbeck) and stability (Llewellyn) provide the possibility to construct 

such a stability-activity diagram (SAO) (127). With 

(6-17) 

and 

(6-18} 
llh12I - lh21II 

YsAD = 2✓\Ji(h11)\Ji(h2 2) ' 

The Raisbeck's passivity criterion (6-6) and Llewellyn 's stability criterion (6-13) are rewritten as (6-19) and (6-20) 

respectively (appendix D shows these transitions more elaborately). 

(6-19} 

(6-20) 

Where in addition, \Ji(h11), \Ji(h22 ) 2:: 0. So the passivity criterion corresponds with a circle around the origin of 

radius 1 and the stability criterion is a vertically infinitely long rectangle between the origin and 1. A 

visualization is given in Figure 6.3. 

lt is important to note that violation of Llewellyn's conditions of absolute stability does not necessarily mean 

the teleoperation is unstable. lt only means that there exists a combination of operator and environment for 

which the teleoperation is unstable. 

6.3.3. AN APPLICATION OF THE STABILITY-ACTIVITY DIAGRAM 

Willaert applies a position-force controller (with and without velocity feedforward) to a teleoperation system 

(see also Figure 4.3) (129]. This architecture can become absolutely sta bie if velocity feedforward is only applied 

to slave position. As a result, this feedforward acts as an extra damper. In this case, 
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(6-21) 

(6-22) 

(6-23) 

Figure 6.4. Position-force (PF) control architecture. 

100 Nms·1 150 Nms·1 

Stable (0, 11.7]Hz [17.0, oo) Hz 
0.15 

Passive [19.5, 47.8] Hz 

Stable (0, 18.2] Hz '<lw (4.0, oo)Hz 
0.10 

Passive [20.9 70.8] Hz [15.8, 95.5]Hz 

Stable '<lw '<lw '<lw 
0.05 

Passive [30.2, 104.7] Hz [18.6 169.8] Hz (14.8, 213.8] Hz 

Table 6.1. The frequency domain for which the P-F architecture, governed by controllers Error/ 

e/erence source not/ound.-(6-23), is stable (according to Llewellyn) or passive (according to 

Raisbeck). 

Master and slave dynamics are governed by Mm= 0.64kg, Bm = 3.4Nsm-1, M5 = 0.61kg, 85 = llNsm-1 . 

The position gain equals Kp = 4000Nm-1 and control parameters µÀ and Kv are va ried. 
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For this case it is possib le to analytically derive criteria that, when met, correspond to a passive transmitted 

operator impedance [129) . 

(6-24) 

(6-25) 

From the (µA, (B5 + Kv) ) -diagram in Figure 6.5 it is possible to evaluate stability based on the aforementioned 

control parameters µÀ and Kv · Similar parameter settings are applied to construct the frequency-dependent 

(xsAv, YsAv)-diagram in Figure 6.6. 

The stability-activity diagram is in perfect accordance with the (µA, (B5 + Kv) )-diagram for the presented 

combinations : the position-force controller is never passive and is stable if the parameters settings correspond 

to a location that lies in the red area in the (µÄ, ( Bs + Kv) )-diagram in Figure 6.5, below the black sol id line. 

Table 1.1 shows the frequency domain for which the controllers (dependent on a certain parameter 

configuration) are stable or passive. In several cases the P-F controller is only passive or absolute stable for a 

limited frequency range. 

Stability depends largely on these sealing factors. Literature showed that the need for high force sealing 

interferes with stability requirements [130],[48], [19], [129] . In this light, Kazi introduced three pro-robustness 

and counter-transparent methods to obtain high force sealing: enlarging the stiffness of the slave, inserting 

friction at the master or sealing down the relative motion of the slave arm [19]. 
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YsAD 

5 

0 
0.8 

0.2 

µÀ[-] 
0.1 

0.05 • 

100 150 200 

Figure 6.5. The relation between two controller parameters and absolute stability criteria. In the 

red domain these criteria are satisfied. The markers correspond to the controller configuration 

applied in Figure 6.6, both figures are divided into similor grids. 

Bv+ Ks = lO0Nsm- 1 Bv+ Ks = lS0Nsm-1 
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------------------------------T----------------------------,-------------------------------· 
10 

YsAD 

5 

0 
0.4 

10 10 

5 5 

0 0 
0.6 0.8 1 0.6 0.8 1 0.6 0.8 1 
XsAD XsAD XsAD 

Figure 6.6. Stabi/ity-activity diagram for the position-force controller (6-26). The arrow denotes 

the direction for increasing frequency. 

À= 0.05 
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6.4. 80UNDED ENVIRONMENT PASSIVITY 

Assume that the criterion for Raisbeck's passivity or absolute stability are not satisfied. This does not necessarily 

mean that the teleoperation chain is unstable. lt merely indicates that some combination of passive 

environment and passive human operator will destabilize the system. Chapter 2 and Chapter 3 showed the 

impedance of human and environment is bounded. 

Therefore, research has shifted to the use of bounded stability criteria [130], [62],[48], [129] . This section 

elaborates on the introduction of the environment and subsequently the human operator to the passive 

stability criteria. Section 6.5 discusses a similar approach to (active) stability criteria. 

6.4.1. DERIVATION 

As introduced in Appendix 8, Zeo indicates the impedance between master force and position or velocity. In this 

case velocity is preferred over position because passivity is governed by velocity. The hybrid terms and the 

environmental impedance is also a transfer between force and velocity. The transmitted impedance provides 

the opportunity to include the environment. 

lf this transfer function is passive, so is the teleoperation when the environment is included . The 

implementation of the environment limits the number of possible environment-human combinations. As a 

result, the corresponding stability criterion is less conservative . 

The original stability-activity diagram shows the stable and active regions regardless of the environmental and 

human impedances. lt can be extended using a third axis that represents context-related stability criteria. The 

transmitted operator impedance should fulfill the following requirements to be positive real. 

1. The admittance (Yto = Zt"a1 l has no right half plane poles. 

2. Any poles of Yeo on the imaginary axis should be simple with real and positive residues. 

3. 9î(Zt0 ) ~ 0 for all frequencies. 

A third axis zsAD is formulated as follows, 

(6-26) 

The plane (xsAD, YsAv), shown in Figure 6.3, remains an evaluation of Llewellyn 's absolute stability and 

Raisbeck's passivity not taking into account the environment impedance (bath independent of zsAv l - The plane 

(xsAv , zsAv), shown in Figure 6.7, becomes a comparison between Llewellyn's absolute stability and one-port 

transmitted impedance passivity (bath are independent of YsAvl- Appendix D shows this passivity requirement 

can be rewritten as follows. 
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(6-27) 

9t(h11)(1 + 1Zel2lh221 2 + 29t(Zeh22)) 

-1Zel2(9t(h21h12)9t(h22) + ~(h21h12)~(h22)) 

- 9t(h21h12Ze) ~ O 

This criterion is regarded as transmitted operator impedance passivity. 

Guaranteed stable 

behavior 

Potentially unstable 

behavior 

Passive 

t ransmitted 

impedance 

Active 

transmitted 

impedance 

□ 
Active stability criteria 

satisfied excluding 

environment (Llewellyn). 

Passive stability criteria 

satisfied including 

environment. 

Figure 6.7. Altered stability-activity diagram according to Llewellyn's absolute stability criteria 

and one-port transmitted impedance passivity. In similor fashion as Figure 6.3, a perfect 

transparent system is indicated by the dot. 

6.4.2. AN APPLICATION 

Similar as for the non-environment case, Willaert presents stability criteria if the environmental stiffness does 

not exceed K;iax [129) . For illustration purposes the PD-F scheme is taken. Control of master position and slave 

position is in this case governed by a PO-controller, 

(6-28) 

and 

(6-29) 

(6-30} 
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(6-31} 

In this case, combined sealing µÀ is limited by (if KvBs ::; M5 Kp), [130], 

(6-32) 

Bm(B5 + Kv) ( 
µÀ ::; 2 (B5 + Kv)Kv - 2M5 Kp 

MsKeKv 

+ 2jM;KJ + M5 KJKe - KpKvBsMs) 

The following page shows the stability analysis of the transmitted impedance for three values for the 

environmental stiffness. 

The following page shows the stability analysis of the transmitted impedance for three values for the 

environmental stiffness. For all cases, the plotted transmitted operator impedance passivity criteria correspond 

with these requirements. In addition 

• for increasing va lues for the environmental stiffness the maximum allowable sealing µÀ decreases; 

• the PD-F scheme is stable up to a certain frequency, but all PD-F schemes are unstable taking into 

account all frequencies. 

6.4.3. THE HUMAN OPERATOR 

Th is section introduces the human impedance into the passivity analysis. The human influences can be 

categorized into an unconscious part (the impedance ZH) and a conscious part (the applied force F!J. Chapter 2 

showed that bath parts add an amount of passivity, such that an otherwise active teleoperation system can be 

passivied by human influences. 

Following a quantitative analysis, instead of evaluating the stability of the transfer function between master 

position and master force, this section focuses on the transfer function between master position and applied 

human force. 

(6-33} 

A similar strategy with respect to bounded environment passivity is pursued. 

(6-34) 

For passive human impedances this lowers the previously defined limit for ZsAD from zero toa certain negative 

value. In other words: the human impedance is in some extent capable of compensating for active behavior in 

the remaining part of the teleoperation chain. The human impedance can be characterized such that (see 

Chapter 2) 

(6-35) 
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Figure 6.8. The blue domain corresponds to transmitted operator impedance as a function of 

two con trol parameters and for three different va lues for K;'-ax. The location of the markers 

correspond the controller configuration applied in Figure 6.9. 
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Figure 6.9. Extended stability-activity diagram for the P-F controller (6-26) where 
K;'-ax = 103Nm-1 - K;'-ax = 104Nm-1 - K;'-ax = 105Nm-1. Thearrowshows 

the direction of the graph for increasing frequency. 
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The right question is not how much activity humans are able to compensate for, but rather how much activity 

humans compensate for unconsciously while maintaining a natural pose. In any case, the surgeon should not 

arm-wrestle the master to retain passivity. The absolute minimal amount of damping found in literature is a 

little above Bh = 2 NmÇ1 [62]. lt corresponds with a completely unconscious situation in which no force was 

exerted on the human operator through the master. This is not surprising: humans are able to increase their 

stiffness and damping characteristics by grasping the master more firmly. Damping can increase up to 

45 NmÇ1 if the interaction force reaches 20 N [62] . Applying the minimal amount of damping, the passivity 

criterion becomes 

(6-36} 

For several control strategies in Figure 6.9 there exist frequencies w for which zsAD(w) > -2Nms- 1 Vw, i.e. 

they are passive in case the neutral pose of operator is taken into account. 

lt is the author's opinion teleoperation system should be designed stable irrespective of human damping. lt 

should merely be understood that zsAD = 0 does not actually correspond to a marginally passive system due to 

human influences. 

6.4.4. MAPPING BASED ON SCATTERING METHOD 

The approach of Haddadi uses the scattering method to map requirements into circular representations [131]. 

For passivity requirement 

(6-37} 

the following scattering operator can be chosen 

(6-38) r (j) Zt0 (Jw)-b (j) fJ(j ) " 
to W = ZtoCJw) + b = a w + w J, 

such that the passivity requirement can be rewritten as follows 

(6-39) 
b(a 2 + {3 2 - 1) 

91(Zto) = - (a - 1) 2 + f32 . 

Here, b > 0. The original passivity requirement is met if 

(6-40} a2 + /3 2 :5 1 

which means the scattering operator should be inside the unit disk, which subsequently can be rewritten in 

terms of scattering operator in terms of the environment impedance. 

(6-41) 

(6-42} 
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Figure 6.10. A combination of the original stability-activity diagram in the x,y-plane and the 

altered diagram in the x,z-plane. The green cylindrical stability boundary corresponds to 

Raisbeck's passivity. The red rectangular stability boundary corresponds to Llewellyn's 

absolute stability. The blue rectangular stability boundary corresponds to passive operator 

impedance. The height of this boundary is at zsAD = 0 when the human impedance is not taken 

into account or zsAD = -9î(Zh) when the human impedance is taken into account. A perfect 

transparent system is located at the dot. 
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Figure 6.11. Two (out of Jour) possibilities of environment stability regions fora single frequency. 

Depending on the sign of De the passive region (colored) is inside or outside the circ/e governed 

by centre Ce and radius re . For absolute stability the unit ei rele I fe 1 < 1 should tie entirely in the 

passive region, i.e. for De > 0, lee 1 - re > 1. In this figure, absolute stability is only satisfied in 

the left example. 

The centre ce and radius re of the circle as well as De and Ce are dependent on the scattering matrix S(s). The 

hybrid matrix is the following transformation from hybrid matrix H(s). 

(6-43) S(s) = (~ _ü
1

) (H(s) - I)(H(s) + /)- 1 

(6-44) 

(6-45) 

(6-46} 

These parameters can be found in (131) and in more detail in the findings of Edwards and Sinsky (132]. The 

asterisk denotes the complex conjugate. Depending on the sign of De, the environment stability region falls 

inside or outside the stability circle (see Figure 6.11) . In addition, a circle can be drawn for environment itself, 

satisfying 

(6-47) 

In this case, the system is absolutely sta bie if this circle lies entirely in the environment stability region governed 

by (6-42). Otherwise, the system is stable for only a particular set of environment impedances. The criteria for 

absolute stability are dependent on the sign of De. This is indicated more clearly in Figure 6.11. These criteria 

can be combined to stability parameter µe (132) . 
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(6-48) 

To satisfy stability for all frequencies, the stability circles as shown in Figure 6.11 need to be transformed into a 

3D space called the Unit Passivity Cylinder (131] . lf a bound is known for the environment, a similar 3D 

approach is needed. 

6.5. 80UNDED ENVIRONMENT (ACTIVE) STABILITY 

Daniel, Fite Hannaford and others apply the Nyquist criterion to the transfer between human input force F;,, or 

desired human position x~es and master position Xm (48], (72], (60]. Human input can be described as an input 

desired position(48], (60], an input force[48] or both(72] . This section focuses only on the effects of human 

input force on system stability. 

With respect to findings of Daniel, The approach taken here is different because a general hybrid matrix is taken 

rather than a particular control scheme, a general expression is found for the Nyquist diagram that takes into 

account bounds on the environment and an analysis is carried out how environmental damping affects stability. 

6.5 .1. USE OF NYQUIST CRITERION FOR SISO TRANSFER FUNCTIONS 

In this approach, a transfer function is rewritten in terms of en pre-compensator for the input signal and a 

resulting open loop function L. Assume a SISO transfer function between an applied force F and position x of 

the form 

(6-49} 
x A(s) 

G(s) = F = B(s) + C(s)' 

1 1 

F A T1 +~ C 
~ ~ 

F A r2 +~ B 
- -- ~ -C - B - ~ B - C 

X X 

Figure 6.12. Reformulations of transfer function G = ~ = _c_ into closed loop format, to which 
F A+B 

subsequently the Nyquist criterion can be applied. 

in which 
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(6-50) lim B(s) » Jim C(s) . 
W-HX> W---+ 00 

Omitting Laplace operator (s), the transfer function can be rewritten as follows. 

(6-51) 
x B- 1 cc-1 A 

F l+B-1 c 

With reference position r1 = c-1 AF 

X 
(6-52) 

such that the open loop function equals L1 = B-1 c which 

(6-53) lim IL1 1 = 0. 
w -> oo 

Alternatively, with reference position r2 = B-1 AF the open loop function becomes L2 = c-1 Band 

(6-54) lim IL2 1 = oo. 
W -> OO 

Both approaches are visualized by Figure 4.5. The use of the Nyquist criterion for open loop Li, for i = 1,2 

corresponds to the use of the solutions of characteristic equation 

(6-55) for i = 1,2. 

(6-56) B+C=O 

This results to the original denominator B + C for both cases. The solution of the characteristic equation gives 

the poles of the original transfer function . Both open loop functions are able to qualify stability: if the Nyquist 

criterion is violated for Li, it is violated for L2 too and vice versa. 

lt should be noted that open loop functions L1 and L2 have different stability margins (phase, magnitude and 

modulus). The stability margins for open loop L1 and L2 only discuss the robustness of the local closed loop 

between r1 or r 2 and x. The use of the precompensator c-1 A or B- 1 A changes these stability properties, i.e. 

local robustness properties from the Nyquist criterion are unusable when evaluating global robustness 

properties. 

6.5.2. THE NYQUIST CRITERION APPLIED TO TELEOPERATION SYSTEMS 

Closed-loop stability can be assessed by the Nyquist diagram of the open loop gain of a control system. As 

Figure 4.5 indicates, the hybrid elements can be subdivided into three local closed loops (master, slave and 

communication channel). 

Following the visualization in Figure 4.5, the closed loops at slave and communication channel can be combined 

to the admittance transmitted to the operator Yto (see Eq. Error! Reference source not found.). The relation 

etween the input force F;;_ and master velocity Vm is governed by 
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(6-57) 

or alternatively 

(6-58) 

The hybrid elements h12, h21 indicate the extent of communication between master and slave, whereas the 

terms h11 , h22 , Zh, Ze describe local relations at master and slave respectively. lf the communication terms are 

zero, the admittance Yt'~ is only a function of local terms h11 and Zh, or 

(6-59) 

whereas if the communication terms dominate, the admittance Yt~ is only dependent on local human 

impedance and transmitted environment impedance, 

1 
(6-60} lim Yt~ = ------

h11,h22 ➔0 zh - h12h21Ze 

Combining, the position of the master changes due to local direct effects of the human input force and due to 

global indirect effects. From representation (6-58), the open loop gain Li:0 between the master velocity Vm and 

human input velocity vh can be found. With filter 

(6-61} 

the open loop gain Li:0 equals 

(6-62) 

such that 

(6-63} 

The loop gain consists of two local loop gains, h22Ze and z;;1h11 and one (global) loop gain that governs the 

communication between master and slave, z-;; 1l1hZe. The global loop gain increases for increasing va lues of the 

environment impedance (the system becomes unstable if a stiffer spring is encountered) and decreases for 

increasing va lues of the human impedance (the human operator can stabilize an otherwise unstable system by 

applying a firmer grip. A firmer grip leads to an increase in stiffness and damper parameters (see Chapter 2). 

To satisfy the Nyquist criterion, the contour of open loop Li:0 should not encircle the ( -1,0) point in the 

complex plane if there are no unstable open loop peies. In the absence of a human impedance, 
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(6-64) 
Vm 1 + h22Ze 
--Y. -----F* - to - h + t1hZ ' 

h 11 e 

or, when evaluating master position rather than master velocity, 

(6-65) 
Xm 1 + h22Ze 
F;;_ sh11 + st1hze· 

The precompensator and open loop gain become 

(6-66) 

(6-67) 
t1hZe 

Lto =-h-. 
11 

All transfer functions with input F;;, share the same denominator, i.e. if the open loop ga ins Lto or Lto satisfy the 

Nyquist criterion, the transfer functions from F;;, to all internal varia bles are sta bie. 

The original Nyquist diagram for loop gain Lto states that 

(6-68} should not encircle (-1,0) 

The original Nyquist criterion is adapted by Daniel and McAree for all control architectures [48]. In this case the 

environmental impedance is chosen as a stiffness only, i.e. sZe = Ke. 

(6-69) should not encircle ( -1,0) 

Several operations are applied to the loop gain: the nyquist contour is shifted to the right in the complex plane, 

divided by Ke and shifted to the left by K; 1
. 

(6-70) 

(6-71) 

(6-72) 

11h 1 
--+
sh11 Ke 

11h 

sh11 

should not encircle (0,0) 

should not encircle (0,0) 

should not encircle ( -Ke-l, 0) 

The use of a purely environmental stiffness is a critica! assumption in this stability analysis. For nonzero 

environment damping the above operations would not lead to an impedance-independent loop, shown in 

Equation (6-72) . 
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Master 

zh -
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+ . 11 
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+ 

h12Ze --
Slave & Communication (Ytol 

1 + h22Ze vi, + L;o - -. 
h11 + Zhh22Ze + llhZe 

. ,. 
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,. 
Vm 
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. 
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Figure 6.13. The upper plot indicates the closed loops /or master, slave and communication 

channel. These are transformed into the admittances Yto and Yt~, in- and excluding human 

impedance respectively. These admittances can be represented into a closed loop contra/ 

system with gains Lto and L;0 • 
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Depending on the environmental stiffness, the critica! encirclement point in the Nyquist criterion shifts along 

the real axis. Considering stability for all pure stiffness environments, the Nyquist contour of function (6-72} 

should not encircle - K; 1 , where 

(6-73) -K; 1 E (-oo, O). 

Although not explicitly stated Daniel assumes that [48] 

!J.h !J.h 
(6-74) lim -- » lim -- ~ 0, 

w --+O sh11 w--+oo sh11 

such that the Nyquist criterion is satisfied if the term (sh11 )-
1 !J.h does not cross the negative real axis : in this 

case the encirclement point is on the left with respect to the open loop when evaluating increasing frequencies. 

(6-75) 

6.5.3. AN APPLICATION OF THE NYQUIST CRITERION 

Daniel applies the Nyquist criterion to the SSC controller shown in Figure 6.14, in which 

(6-76) 

The controllers in this case are chosen as follows. 

Figure 6.14. The SSC controller app/ied by Daniel in {48]. 
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(6-77) 

{6-78) 

{6-79) 

In this case, stability criterion {6-75) results to 

{6-80} 

Analogously to Daniel, for each frequency point a line is drawn that divides the (À, Kc)-plane into a stable and 

an unstable part. These lines, and the associated stable domain, are shown in Figure 6.17. Dynamic parameters 

for the BSP-PUMA 560 teleoperation system equal Mm = 1 kg, M 5 = 10 kg, wÄ,m = 1Hz, wÄ,s = 3Hz, 

Sm = (5 = 1. In addition, Te = 0.2. 

Figure 6.17 shows the Nyquist diagram for a stable and unstable control parameter combination. For the 

unstable parameter combination, only a subset of all possible va lues for the environmental stiffness is encircled. 

In addition, the number of open or closed loop peies should be calculated to determine whether the resulting 

teleoperation system is stable. 

6.5.4. BOUNDED ENVIRONMENT NYQUIST CRITERION 

On one hand, the resulting stability criterion proposed by Daniel and McAree possesses a certain simplicity, 

partly because of its independency on environmental impedance. On the ether hand, the range of the 

environmental stiffness encountered during MIS is well-known. In this light, approaches that do not take into 

account this limited range are toa conservative. 

This section adapts the approach of Daniel so that a range of environments can be implemented into the 

Nyquist stability criterion. This ultimately leads toa new criterion that has not yet been found in literature. This 

new criterion has two powerful contributions. Firstly, because of its capability to include a bound on the 

environment it reduces the conservatism of the stability approach of Daniel. Also, because this approach is 

founded on stability rather than passivity, it is less conservative than the bounded environment passivity 

approach. A second advantage is that due to the adaptation of the Nyquist criterion proposed by Daniels, it is 

possible to regain the well-known robustness margins associated with Nyquist plots: the phase, gain and 

modulus margin. 

As Figure 6.17.b indicates, for À= 0.4, Kc = 4 · 10-3, only Nyquist points corresponding to Ke E (K:r,ax, oo) are 

encircled where K:r,ax = 806 Nm-1 , i.e. the teleoperation system is stable provided that 
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(6-81} where K'{'-ax = 806 Nm-1 . 

So, this limits the encirclement points associated with stability criterion {6-72) . Stability is guaranteed up to 

K'{'-ax if requirement {6-82) is satisfied. Figure 6.18 shows the Nyquist diagram resulting from requirements for 

similar control parameters as Figure 6.17.b and an environment stiffness ranging from 90% · K'{'-ax to 

110% · K'{'-ax_ For an environmental stiffness larger than K'{'-ax, the ( - K;ax, 0 )-point is encircled. 

Fora bounded environment stiffness approach, the Nyquist criterion is applied directly to the open loop term 

Lto · The following condition is a sufficient but necessary condition and may add conservatism with respect to 

the original Nyquist criterion . 

(6-82} 

The use of stability margins can be applied, but only evaluate robustness of the local closed loop and not the 

effects of this local loop to global robustness . The most common stability margin is the modulus margin. The 

modulus margin MM is the distance to the ( - 1,0) point. Typically, the modulus margin should be lower than 6 

dB, [125], i.e 

(6-83} MM= maxll + Ltol < 6d8. 
w 

The requirements (6-82) and (6-83) are debited as robustly BENS, and is displayed below. 

MM> 6 dB 
ILtol < 1 

BENS 

satisfied 

Figure 6.15 A representation of the Bounded Environment Nyquist Stability that a/lows a 

frequency-based evaluation. 

The use of stability margins can be applied, but only evaluate robustness of the local closed loop and not the 

effects of this local loop to global robustness. The most common stability margin is the modulus margin. The 

modulus margin MM is the distance to the ( -1,0) point. Typically, the modulus margin should be lower than 6 

dB, [125], i.e. 
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Figure 6.16 In the orange area, the Nyquist stability criterion is satisfied fora SSC controller in 

contact with all stift environments. Each line in this (À, Kc)-plane corresponds to criterion (6-80) 

fora particular frequency. 

1 

u ( tlh) 5 ~ sh
11 

- u 
-10 

0 

Figure 6.17.a The stable Nyquist diagram 

for À= 0.1, Kc = l · 10-3 (situated in the 

stable orange area in Figure 6.16). 

Figure 6.17.b The unstable Nyquist 

diagram/or À= 0.4, Kc = 4 · 10-3 

(situated in the unstable white area in 

Figure 6.16). 

Figure 6.17. Adapted Nyquist diagrams for (sh11)-
1 Llh fora SSC controller. Stabi/ity for all pure 

stiffness environments is guaranteed if the imaginary part re mains negative for all frequencies. 

The arrow denotes the direction for increasing frequency, the X-marker corresponds to w -+ oo. 
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-1.5 -1 -0.5 0 

~ (M/ . K;iax) sh11 

Figure 6.18. Nyquist diagram of criterion Error! Reference source not found. for À = 0.4, 

Kc=4·10-3(similarcontrol parameters as Figure 6.17.b and - Ke=Kemax 

Ke = 110% · K;'ax - Ke = 90% · K;'ax, the X-marker corresponds to w ➔ oo. 

6.5.5. AN APPLICATION OF THE BOUNDED ENVIRONMENT NYQUIST CRITERION 

This section compares the BENS criterion, Eq. (6-82), with the BEP criterion formulated in Eq. (6-26) applied to 

Willaert's setup introduced in 6.3.3 and the PD-F scheme governed by Equations (6-28)-(6-31). 

Figure 6.19 shows whether this setup is stable (orange), unstable (white) or stable and passive (green) for 

different control configurations and values for the environment stiffness. A darker orange/green area means 

that also robustness requirement (6-83) is satisfied. Several important conclusions can be drawn from these 

plots. 

• As expected, these results indicate that in all cases the stability criterion is less conservative than the 

passivity criterion. 

• The passivity criterion can be calculated in two ways: (1) the analytica! result of Equation (6-32) (2) or 

the numerical result of (6-26), in which a range of frequencies is applied. 

• The maximum attainable passive sealing µÀ decreases for larger environment stiffness and increases for 

larger amounts of damping Kv. 

• The maximum attainable (robustly) stable sealing factor µÀ decreases for larger environment stiffness. 

For large environment stiffness (Ke = 104 ,105 Nm-1 ) an optimum exists for this sealing factor 

depending for some value of Kv. 

• For a large environment stiffness (K;iax = 104, 105 Nm-1 ), a minimal amount of dam ping Kv > Bmin 

is needed to meet robustness. 
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Figure 6.19. These plots compare the BENS criterion with the BEP criterion for the PD-F 

controller applied to Willaert's setup. These results are computed numerically for different 
con trol parameters and values for the environment stiffness. In the orange area, only BENS is 

satisfied, in the green area both criterions are satisfied. A darker orange/green area is 

associated with meeting robustness requirement MM < 6 dB. The passivity criterion is 

evaluated analytically and numerically fora range of frequencies. 
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Figure 6.20. Four impulse responses are shown corresponding /rom the stability diagram of 

Figure 6.19 for K;nax = 104 Nm- 1
. All test cases /ie on the Kv = 100 Nms- 1 line. Case 1 uses 

µÀ = 0.05 and is passive robustly stable. Case 2 uses µÀ = 0.25 and is non-passive robustly 

stable. Case 3 uses µÀ = 1 and is non-passive non-robustly stab/e. Case 4 uses µÀ = 1.3 and is 

(non-passive and) unstable. 

0.8 

0.8 

Figure 6.20 shows the resulting velocity of an impulse response on the input force through admittance Yto· Four 

test cases are used to illustrate passivity, stability and robustness . The passive robustly stable case (case 1) and 

non-passive robustly stable case (case 2) show stable behavior. The non-passive non-robustly stable case shows 

also stable behavior but incorporates highly oscillatory behavior. The non-passive non-stable case shows 

unstable behavior. 

6.5.6. EFFECTS OF NON-SPRING LIKE ENVIRONMENTS 

In terms of passivity, a pure stiffness environment is a worst case scenario. In stability analysis this is not 

necessarily the case. Assume the environment is a combination of stiffness K;7-ax and dam ping Be = K;7-ax Be, 

in which Be is the scaled damping. The open loop term upon which the BENS criterion is applied then 

becomeses 

(6-84) 

The setup presented in the Nyquist diagram of Figure 6.18, À = 0.4 and Kc = 4 · 10-3, is evaluated for the 

maximum allowable environmental stiffness Ke = K;7-ax = 806 Nm-1 and additional environmental damping 

Be. 
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Figure 6.21. The Nyquist diagram À = 0.4 and Kc = 4 · 10- 3 for the maximum allowab/e 

stiffness Ke = K;nax = 806 Nm- 1and additional environment damping. The black line 

corresponds with no environment damping. Grey lines are for different values of relative 

damping (varied logarithmically). The arrow denotes increasing values for damping. 

Damping is varied logarithmically as follows 

{6-85} 

The result presented in Figure 6.21 indicates that additional setup increases the modulus margin of the open 

loop gain, i.e. for the applied SSC controller an increase in environment damping is pro-robustness. The phase 

margin approaches PM = 90° for increasing values of environment damping, indicating an overdamped system 
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Human and Task Centered Performance 
Objectives for Bilateral Telesurgical Systems: 

Theory and Experiments 

Geert-Jan G. Evers, Gerrit G.J.L. Naus, René M.J.G. van de Molengraft, Maarten M. Steinbuch 

Abstract- Because bilateral teleoperation systems are human
controlled, increasing the performance in theory is only effective 
if the human operator is able to benefit from such an increase in 
terms of better task performance (e.g. a task is completed faster 
or more accurately). Whether this correlation exists, has shown 
to be task-dependent and inOuenced by the finite human 
perceptual and control abilities. This motivates the use of 
performance objectives that embody these two factors. In this 
light, this paper proposes a number of human and task centered 
performance objectives that focus on two very important 
subtasks in the field of Minimally Invasive Surgery: instrument 
positioning and the perception of stiffness differences through 
palpation. These newly derived performance objectives and 
various current performance objectives are compared to 
experimentally determined task performance through the use of 
two experiments. These two experiments mimic instrument 
positioning and palpation and are completed with a bilateral 
teleoperation system consisting of a PHANToM master and a 
virtual slave and environment, interconnected with a Position
Force architecture. Subjects carried out these experiments for 
numerous parameter settings, hereby varying the position control 
bandwidth, the position sealing factor and the force sealing 
factor. Experimental results indicate the human and task 
centered performance objectives are superior in predicting the 
task performance. 

Index Terms-Haptics, Psychophysics, Task Performance, 
Teleoperation 

1. INTRODUCTION 

DURING Minimally lnvasive Surgery (MIS), only small 
incisions are applied to the human body. As a result, 

patients benefit from reduced wound trauma [1). To 
further lower trauma, advances in surgery have focused on 
the minimization of the invasiveness of procedures [2). A 
second advantage is the potential of MIS for patients that 
prove to be bad candidates to open surgery due to pelvic 
complications [3]. However, manual MIS also decreases 
the surgeon's perception of depth, touch, dexterity and the 
surgeon's hand-eye coordination because surgeons lose 
direct visual and haptic information of the structures on 

Manuscript received 13-08. 
G. Evers, G.J .L. Naus, M.J.G. van de Molengraft and M. Steinbuch are 

with the faculty of Mechanica! Engineering, University of Technology 
Eindhoven, Private Box 513 5600 MB Eindhoven, the Netherlands (e-mail: 
geertjanevers@hotmail.com 

which they operate [2], [4). This can pose significant risks 
to the patient [5). Teleoperated MIS encompasses the 
potential to compensate for these disadvantages and 
consequently can reduce risks to the patient [6), [7). 

Teleoperated MIS is performed through a teleoperation 
system, which consists of a master, a communication 
channel and a slave, see Fig. 1. The master is controlled by 
the human operator (the surgeon) and the slave tracks the 
position of the master, which is communicated through the 
communication channel. The slave device interacts with 
the environment (the patient) and, in the presence of 
bilateral coupling, the interaction force between them is 
measured and communicated back to the master device. 
This provides the human operator with haptic feedback, 
which contributes to the perception of the environment 
that is being manipulated. 

Human 
operator 

Master Comm. 
channel 

Slave Environ
ment 

Fig. 1. A schematic representation of a teleoperation system 
consisting of the master and the device, interconnected via a 
communication channel. The master is controlled by a human 
operator whereas the slave interacts with the environment. 

Haptic feedback can further enhance the surgeon's 
abilities to perform tasks. Haptic feedback can lower the 
forces applied to the tissue and the amount of damaging 
errors [8), it can enable the detection of tumors [9), [10), 
[11), and it can offer the surgeon improved control during 
suturing [12). 

Currently, for bilateral teleoperation systems, the most 
commonly encountered performance objectives are 
founded on the notion of transparency [13), [14), [15). 
[16), [17), [18]. For a perfectly transparent bilateral 
teleoperation system, the position and the force are 
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identical at the master and the slave [19) . 
Performance objectives are a means to design and 

optimize bilateral teleoperation systems that ultimately 
leads to the best possible task performance: the extent to 
which tasks are carried out during human-in-the-loop task 
execution [20). Examples of task performance indicators in 
the field of MIS are the completion time of a procedure or 
the amount of damaging errors [21), [8). Contrary to 
performance objectives, task performance can only be 
determined after a task has been completed. The 
performance objective that is chosen should correlate to 
task performance so that a system that scores "high" on a 
performance objective results to "high" task performance. 

However, numerous indications exist that this 
correlation between transparency and task performance 
does not exist or is subdominant and is very dependent on 
the task that is carried out [22), [21), [23), [24) . The 
absence of this correlation degrades any optimization 
attempt that is founded on transparency. These results 
emphasize the need to better understand the influences of 
task performance and to translate these into performance 
objectives. This paper suggests a multidisciplinary 
approach to accomplish this goal. 

The contribution of this paper is twofold. First, an 
extensive literature study concerning two important tasks 
in MIS, instrument positioning and palpation, is provided 
upon which human and task centered performance 
objectives are proposed. Second, to validate whether these 
performance objectives are superior, these performance 
objectives and various current performance objectives are 
evaluated on their ability to predict task performance 
using an experimental setup. Two experiments are 
designed, specifically for instrument positioning and 
palpation, in which test subjects were asked to perform 
tests using a bilateral teleoperation system with the 
PHANToM master and a virtual slave and environment. 

The outline of this paper is as follows. First, task 
performance in MIS is quantified in Section Il. The 
resulting human and task centered performance objectives 
are introduced in Section 111. Hereafter, the experimental 
setup is explained. Finally, results and discussion is 
presented in Section V. This paper finalizes with 
conclusions and recommendations. 

Il. INFLUENCES OF TASK PERFORMANCE IN MIS 
Quantifying the influences of task performance is 

necessary to design human and task centered performance 
objectives. Task performance is influenced by a task
dependent element (e.g. some tasks require speed, other 
require accuracy) and a task-independent element (the 
fundamentals of human-machine interaction). 

A. Task dependent 

The need for a task-dependent element in the field of 

MIS is motivated by experimental data. Namely, the 
correlation between the transparency of a bilateral 
teleoperation system and task performance is very 
dependent on the task that is carried out [21). 

The tasks for which task performance is discussed and 
for which performance objectives are formulated are 
palpation (indentation of tissue for recognition purposes) 
and instrument positioning. These tasks are very 
important tasks in terms of effort, taking up 25-35% of a 
surgeon's time. Palpation is ranked second (after suturing) 
in terms of the required effort [25). lnstrument positioning 
plays especially an important role during suturing [12). 

Surgeons palpate to differentiate between tissues [8] , 
[26) or to identify the location of tumors. lndeed, a tumor 
is more stiff than the surrounding tissue. In Table I an 
overview is presented of numerous elastic properties of 
tissues. Here, the corresponding stiffness of tissue is 
approximated using the elasticity modulus of the tissue 
Etissue• the contact area of an MIS instrument Atool 

corresponding to a diameter of dtool = 10 mm and the 
tissue length in the direction of probing Ltissue·• such that 

K = EussueAtool 
e • 

Lttssue 

TABLE 1. LIST OF YOUNG'S MODULI AND AN APPROXIMATION OF THE 
CORRESPONDING ENVIRONMENTAL STIFFNESS OF COMMONLY 

ENCOUNTERED INTERNAL ÜRGANS DURING MIS BASED ON RAW 
DATA. 

Elasticity Tissue Environm. 
Tissue type modulus length stiffness 

[kPa] [cm] [Nm-1 ] 

Liver (9] (27] 0.64 10 0.5 

Liver tumor [9] [27] 2.0 10 2 

Prostate [10] [28] 3,8 3.5 9 

Prostate tumor [11] 
7.8 3.5 2. 101 

[28] 

Passive muscle [29] 10 :s::2 4 · 101 

Skeletal muscle [30] 10. 102 "'2 3. 102 

Aorta [31][32] 15 2.1 6. 101 

Calcified aorta [31][32] 34 2.1 1. 102 

Ribcage [33] 1.53 · 103 

Hard contact perception 
7.23 · 103 

[34] 

The approximated environmental stiffness will differ for 
other MIS instruments, tissue lengths and elasticity 
moduli. However, the relative differences between healthy 
tissues and tumors remain. 

During the execution of palpation and instrument 
positioning, surgeons use sinusoidal movements [35) of 
which 95 % lies below 1.98 Hz [36). In addition, 95% of all 
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force content is under 0.92 Hz. 

8. Task-independent 

The task-independent element of task performance, also 
denoted as human-machine interaction, is present 
regardless of the task. Human-machine interaction puts 
limits on the performance of the task performance: the 
human task limit, see Fig. 2. The human task limit 
determines the point up to which an increase in theoretica! 
performance leads to an increase in task performance [24] 
[37]. Hereafter, due to the finite control and perceptual 
abilities of the surgeon, an increase in theoretica! 
performance does not lead to more task performance, i.e. 
the surgeon is unable to benefit from this increase. 
Optimizing a performance objective that does not take into 
account the human task limit can lead to ineffective 
performance. 

Q) 
r., 
r:: 
<IS 

Teleoperation 
limit ,,' 

E Human task limit 
~ --------------- ~'---~-~-~-~-~----t ,,' 1 
0. 

.;,: 
V) 

~ 
increase in 

performance 

Performance bilateral 
teleoperation system 

Fig. 2. Task performance is not only bounded by the perfonnan~e ?f 
a bilateral teleoperation system, but also by the human task hm1t. 
Therefore, increasing the performance of a bilateral teleoperation 
system beyond the human task limit is inetfective. 

The human task limit is governed by the human 
perceptual and control abilities. Force information is 
perceived by the human through cutaneous 
mechanoreceptors in the skin of the hand ( external 
signals) and the muscles and tendons of the arm (internal 
signals, or proprioception) [38], [39]. During human-tool 
interaction, the PaCinian (PC) corpuscles are especially 
important [40]. The PC corpuscles present the human with 
high-frequent low-energetic force content whereas 
proprioception provides low-frequent high-energetic force 
content. It is questionable whether high-frequent low
energetic force content plays a role during stiffness 
discrimination. Due to its low-energetic content it is prone 
to distortion due to the dynamics of the master, the slave 
and the dynamics introduced by the communication 
channel. Indeed, Wildenbeest showed that high-frequent 
haptic feedback is does not affect task performance [22]. In 
addition, motivated by the low-frequency range of the 
position and force contents during palpation, 

proprioception plays a dominating role in observing tissue 
stiffness differences. 

Human perceptual and control limits can be described 
relatively according to Weber's law and governed by the 
(constant) Weber fraction c, or alternatively, the Just 
Noticeable Difference JND [41]. The Weber fraction is the 
necessary difference in stimulus intensity, ~u. required to 
be observable toa human. Ernst Weber concluded that this 
difference is proportional to the absolute initia! magnitude 
of the stimulus u [35]. 

(1) 

To determine the perceived stiffness, a human needs to 
combine force and displacement signals. Therefore, the 
Weber fraction for stiffness discrimination is higher than 
individual position and force discrimination [35], see Table 
Il. 

TAB LE ll. SEVERAL WEBER FRACTI0NS F0R F0RE ARM, [ 42], [ 43], 
[34], [41] [35]. 

Lim 

Position Cx 

Force (0.5 - 200)N, cF 

Force (0 - 0.6)N, cF 

Stiffness, cK 

Stiffness through a haptic 
interface, cK 

Weber fraction [%] 

8 

7-10 

5-27 

23 

14-15 

Additional task-independent factors that influence task 
performance are tremor and the lnternal Model 
Representation (IM/R). First, accuracy is degraded 
through tremor: any involuntary, approximately rhythmic 
and sinusoidal movement, [44]. Due to this rhythmic and 
sinusoidal nature, it is possible to model and compensate 
for tremor [45]. The frequency range of elbow tremor, 
wrist tremor and finger tremor are f E (3,5)Hz, 
f e (8,12)Hz and f E (17,30)Hz, respectively [44]. Second, 
the IM/R is the assumption that the human operator forms 
a model of the tool the human is interacting with [ 46], [ 4 7]. 
For teleoperation systems, an acceptation of the IM/R 
lowers the requirements on the master device. Namely, an 
ideal master is unnecessary because the human operator 
learns to cope with its dynamics and can compensate for 
these dynamics through the IM/R. As a result, in the 
presence of haptic feedback, the human operator is able to 
distinguish between force signals that originate from the 
master dynamics (e.g. damping, mass of the master) and 
signals that are not (haptic feedback). 
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III. PERFORMANCE ÜBJECTIVES 

The human and task centered performance objectives 
are founded on the influences of task performance. These 
performance objectives are compared to three commonly 
applied performance objectives 

A. Current performance objectives 

Three commonly applied performance objectives are 
evaluated: transparency, the fidelity objective [20) and the 
Z-width factors [ 48), [ 49). 

1) Transparency 
Transparency is the most widely applied performance 

objective, and can be quantified through the use of the 
hybrid matrix [19). the impedance transmitted to the 
operator [50) and the Performance Index of 
Maneuverability (PIM) [18). The PIM is used for 
comparison because it emphasizes the frequency range of 
interest and separately addresses on position (PIMx) and 
force tracking (PIMF) between master (xm, Fm) and slave 
(x5 , f's). With sealing factors in position (µ) and force (il), 
perfect force and position tracking, Fm = -ÀF5 and 
µxm = X5 , respectively, the PIM is formulated as follows 
(excluding effects of the human impedance). 

Wmax 

PIMx = f lµxm(jw) x 5 (jw),, l 1 
Fm(jw) - Fm(jw) 1 + jwr dw 

0 (2) Wmax 

PIMF = f 'Fm(jw) Afs(jw),, 1 1 
Fm(jw) + Fm(jw) 1 + jwr dw 

0 

Ideally, the parameters PIMP' PIMF are zero. Yokokohji 
proposes to use Wmax = 100 Hz and r = 50 Hz [18]. The 
derivatives in Eq. (2) follow from the hybrid matrix H(s) , 

omitting the dependency on the Laplace operators. 

(3) 
H 

The slave force during contact with an environment is 
described by the impedance Ze. 

(4) 

The required amount oftransparency for successful task 
execution varies per task, but is not formulated in this 
performance objective. 

2) Fidelity 
The most well-known performance objective that is 

applied to telesurgical robotic systems is the fidelity 
objective. It is motivated by the need for differentiating 

between tissues during MIS and allows the focus on a 
particular range of frequencies. 

The fidelity objective represents how changes in the 
environment (Ze) are retlected to the impedance 
transmitted to the operator (Zt 0 ) [20). Here, 2 e represents 
the nomina! environmental impedance and Ws is a 
weighting function. 

Fidelity = IIWs :i:I __ ,, 
Ze-Ze 2 

(5) 

The impedance transmitted to the operator, or Zto• 
equals 

(6) 

The fidelity objective includes the task-dependent 
element of task performance. Also, through the choice of a 
weighing filter W5 = (,5 s + l) - 1 with , 5 = (2rr)- 1 the 
frequency-range in which tasks are known to be 
completed is emphasized. 

However, it does not include the task-independent 
element. Namely, the performance objective relies on the 
perception of absolute stiffness differences in the 
impedance transmitted to the operator, rather than 
relative stiffness differences, i.e. the fidelity objective does 
not obey Weber's law. 

3) Z-widthfactors 
The Z-width factors resemble the achievable impedance 

range that can be offered to the human by the 
teleoperation system [48), [49). This range is governed by 
lto.free and Zto,stiff• the impedance transmitted to the 
operator during free motion and during contact with a stiff 
wall, respectively. 

(7) 

The Z-width factor is equal to 

w, 

Zwidth = Wi ~ Wo f lilog(Zto,stiff(jw)I 
Wo 

(8) 

- llog(Zto,freeUw)II dw 

The Z-width factor is founded on the assumption that 
the task performance increases if a larger achievable 
impedance range can be presented to the human operator. 
Here, the Z-width factor focuses the frequency domain 
w 0 = 0 and w1 = 4rr. 
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B. Task and human centered performance objectives 

For palpation and instrument positioning, task and 
human centered performance are proposed that include 
both the task-dependent element as the task-independent 
element of task performance, described in Section Il. 

l} Instrument positioning 
The human operates the master both consciously (for 

task execution) and unconsciously (e.g. tremor). The 
conscious part is very low-frequent, whereas tremor 
manifests itself at higher frequencies. Therefore it is 
possible to compensate for tremor while maintaining 
position control. 

For successful instrument positioning, the slave position 
should follow the (scaled) master position. Therefore, the 
transfer function between these two should ideally has 
magnitude 1. 

H (j. ) 1 Xs(jw) 1 -lh (j ) 
IP w = µxm (jw) = µ 21 w 

Hfteal (jw) = 1 
(9) 

Both small and large differences with respect to H/#eal 
are undesirable. Taking the absolute value of the logarithm 
of this expression puts an equal importance to small and 
large differences. The effective position tracking, or EPT, 
follows from the integral over the frequency domain of 
importance w E (0, 4rr) . Alternatively, the transfer 
function HIP can be multiplied with a weighting function. 

To include the human task limit, this error is divided by 
the limiting transfer function HJim. Accurate positioning is 
restricted due to a finite perception of the position of the 
fore arm, tremor, and hand-eye coordination. The first is 
included in the minimal error HJim, the second is handled 
separately and the Jatter is not yet quantified and remains 
a field of research to be explored. 

(10) 

Such that the EPT is formulated as follows. 

(11) 

Where, similar to the Z-width factors, w0 = 0 and 
W1 = 4rr. 

Due to this formulation, an error EPT > 1 indicates that 
a decrease of this error leads to an increase in task 
performance, whereas an error EPT < 1 denotes 
performance is saturated due to the finite human task 
limit 

In addition to minimizing the error in position tracking, 
the amount of tremor transferred to the slave should be 

suppressed. Tremor is introduced by the human, and 
travels through the master device and the communication 
channel to the slave device, where it can reduce position 
accuracy. Therefore, tremor can be suppressed at the 
master through, for example, viscous friction at the master 
[51], or a low-pass filter in the communication channel 
[52]. ldeally, the effect of tremor at the slave is eliminated 
if the transfer function between the human input force and 
the slave position, Hr, for this frequency range equals zero. 

. h21Uw) 
Hr(Jw) = . h (j ) 

)W 11 W 

H}deal = 0 
(12) 

Therefore, the amount of tremor transferred to the 
slave, or TTS, can be expressed as follows. 

lLn 1 wf1.il h21Uw) 1 
TTS = - --- ---- dw 

n . w1,i - Wo,i jwh11 (jw) 
1=1 Wo,i 

(13) 

Here, n is the number of free limbs that can be moved 
(i.e. elbow tremor can be supported through an elbow 
support) and wo,i, w1,i correspond to the frequency range 
per limb in which tremor is known to take place. In this 
case, it is uncertain what values for TTS the suppression of 
tremor becomes ineffective. 

2) Palpation 
In palpation, smaller difference in environment stiffness 

that can be observed by the surgeon leads to a better 
understanding between different tissues. The fidelity 
objective is to optimize bilateral teleoperation systems for 
this task. lt is based on the assumption that stiffness 
discrimination is determined by absolute changes in the 
impedance transmitted to the operator. However, relative 
changes determine whether this change is observable to 
the human (see Table Il). Therefore, a new performance 
objective is proposed that is based on relative differences 
rather than absolute differences. 

Assume the initia! environmental stiffness Ke changes 
with tJ.Ke. 

(14) 

In the presence of the assumption of the internal model 
representation, the impedance perceived by the human 
operator equals ZiM/R = Zto - h11 . The relative stiffness 

experienced by the operator, ÎiM/R• can be expressed in 

terms of Ke and Ke. 
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(15) 

This change is observed when the relative change in the 
impedance transmitted to the operator is larger than the 
Weber fraction in stiffness discrimination cK = 14% (see 
Table Il). The quality of the teleoperation system is 
determined by the minimum amount of relative change in 
environment stiffness, f<;nin, that is required to be 
observed by the human operator. 

(16) 

Because high-energetic force content and movement 
content !ie below 1 Hz and 2 Hz respectively, only the 
subset w0 = 0 and w 1 = 4rr of the full range of 
proprioceptive information is evaluated in the noticeable 
environment stiffness difference, or NESD. 

(17) 

The case where the bilateral teleoperation system does 
not degrade the operator's ability to differentiate between 
stiffness magnitudes in the environmental stiffness 
corresponds to NESD = 1 for limiting factor cK = 14%. In 
this case, the NESD is a measure for the degradation in 
force perception relative to non-teleoperated stiffness 
discrimination. 

Note that the NESD is founded on the assumption that 
the operator's ability to observe stiffness differences is 
only dependent on the relative difference Ke and 
independent on the initia! stiffness Ke. In practice, this 
relation does not hold for the entire range of stiffness 
magnitudes. For example, Table l indicates a spring with 
stiffness Ke = 7.23 · 103 Nm-1 is perceived as a rigid body. 

IV. EXPERIMENTALSETUP 

The performance objectives are compared through the 
use of two experiments that separately address instrument 
positioning and palpation. These experiments are carried 
out on the semi-virtual bilateral teleoperation system 
consisting of the PHANToM haptic master. 

A. PHANToM 

The PHANToM Premium 1.5A (Sensable Technologies, 
Cambridge), shown in Fig. 3, is a commercially available 
haptic device, capable of providing haptic feedback in all 
three translational Degrees of Freedom (DoF). The amount 

of force feedback is limited to 1.4 N continuously and a 8.5 
N peak force which can only be offered during a limited 
time to prevent overheating. Force resolution is 0.005 N 
for farces larger than the device friction of 0.05 N. Position 
resolution is limited to 0.03 mm. The PHANToM is updated 
with a sample rate of 1000 Hz whereas the graphical 
interface is updated with 30 Hz. 

y 

z 

(a) (b) 

Fig. 3. The PHANToM Premium 1.5A (a) and a schematic 
representation in terms of the Degrees of Freedom (Dof) x, y, z , 
which intersect at the origin O. 

The transfer function between the applied force F; for 
i E (x, y, z) and the resulting translation at the origin x, y, z 

(see Fig. 3), Gm,i, is measured and fitted. These transfer 
functions can be described up to ±60 Hz in terms of a pure 
mass in combination with an anti-resonance peak at fu 
with damping constant f3u and a resonance peak at [ 2,; .. 
with /32,;. The parameters per DoF are displayed in Table 
111. 

( 
s )

2 2f3us 
1 2rrf1 ; + 2rrf1 ; 

Gm,i = --2 · . 2 . 
M;s ( s ) 2{32 ;S 

2rrf2 i + Zrr/2; 
' ' 

(18) 

TABLE 111. PARAMETERS OF THE TRANSFER FUNCTIONS BETWEEN 

ACTUATOR FORCE AND THE POSITION AT THE ÜRIGIN PER DEGREE 

OF FREEDOM (DOF} 

Dof fu [Hz] /2,; [Hz] /11,i [10- 2
] /12,i 110-2

] 

X 22.5 32 .2 1.6 11 

y 23.9 54.2 2.0 8.0 

z 21.5 30.3 1.6 14 

B. Contra/ architecture 

In addition to the PHANToM master, the bilateral 
teleoperation system consists of a virtual slave and a 
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communication channel that interchanges information 
between the master and the slave. The dynamics of the 
virtual slave are identical for x, y, z. 

(19) 

Where M5 = 1.079 kg and 85 = 272.4 Nsm-1
, hereby 

mimicking the dynamics of the PRECEYES slave 
manipulator in z-direction, [53]. 

The slave and the master are linked according to a 
Position-Force (PF) architecture. The PF architecture is 
applied to maximize the impact of the experimental 
results: it is a well-known and commonly applied 
architecture, [52]. In the PF architecture (presented in Fig. 
4), the slave position tracks the (scaled) master position 
through closed loop control with control element C5 (s). 
The interaction force between the slave and the 
environment, multiplied with C2 (s), is fed back to the 
master. 

1 
1 

Real : Virtual 
1 

Fig. 4. The Position-Force architecture applied to the Phantom device 
and a virtual slave and environment for the x direction. 

Note that in this representation, the input is the scaled 
master force Fm. In fact, the transfer function between 
actuator force C2F5 and master position Xm and the 
transfer function between the actual input force Fm differ 
due to non-collocation of these two forces. 

The position control element C5 (s) is a lead-lag filter 
around the position control bandwidth-frequency Wco· 

(20) 

The con trol elements C1 (s) and C2 (s) are identical for all 
three DoFs. Integration of the PF architecture is 
accomplished through user-defined digital filters in C++ in 
the available Open Haptics platform. 

C. Experiment 1: instrument positioning 

In the first experiment, subjects followed a two-

dimensional reference trajectory in the (x,y)-plane with 
the end effecter (both displayed on-screen), see Fig. 5. 
Subjects were given 45s to complete one trial. No 
environment forces are present and the reference 
trajectory is displayed on-screen unscaled with respect to 
µ = 1. The applied reference trajectory consists of sharp 
corners, straight lines and a circular path. 

\exy • End effecter 

L rJ 
Starting point 

Fig. 5. The virtual reference trajectory and the virtual end effecter 
(and the error exy between them) displayed during the instrument 
positioning experiment, which is completed clockwise in the (x, y )
plane. 

The position error exy is the average absolute distance 
between the end effecter and the nearest point on the 
reference trajectory. The effect of the position control 
bandwidth Wco and position sealing factor µ to this 
position error is evaluated. To this end, five teleoperator 
parameter combinations are tested: for an unscaled 
master position µ = l, three values for the position control 
bandwidth are evaluated fco = 5,25,100 Hz, and for 
fco = 100 Hz, three position sealing factors are examined, 

µ = 1fJ, 1,3. 
Six subjects (all right-handed, ranging 18-31 years) 

completed each parameter combination three times. 
Subjects did not place their arm on the table or the 
armrest Subjects were given time to practice with the 
setup for each sealing factor prior to each trial. 

D. Experiment 2: palpation 

In experiment 2, subjects are evaluated on their ability 
to differentiate between two different magnitudes of 
environment stiffness in z-direction, visualized by two 
identical squares side-by-side as shown in Fig. 6. The 
stiffness on one side equals KJ = 100 Nm-1 whereas the 
other stiffness equals K; = ( 1 + Ke )KJ, A non-adaptive 
procedure is applied: a number of stiffness differences is 
examined Ce = (25, 20, 17, 14, 11, 5) [%], hereby including 
the stiffness range experimentally shown to be of interest 
if stiffness perception is not degraded by the PHANToM 
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(see Table Il). Per subject, the lowest perceivable stiffness 
difference that is noticed (p < 0.05) is determined. 

Three different force sealing factors are analyzed, C2 = À 

where À = 1 IJ, 1,3. The differences in environment 

stiffness and its location (left/ right) were presented in a 
random order, whereas the force sealing factor was kept 
constant. Also, subjects were told if the right rectangle was 
chosen to accelerate the learning curve. 

Subjects were instructed to indent both squares and 
determine which square corresponds to the highest 
stiffness. No time limit was imposed during the 
experiments, but subjects were asked to choose a square 
within a time frame of 15s. Subjects were given all freedom 
to develop their own tactics. 

Fig. 6. A subj ect virtually palpating two-rectangles that provide a 
resistance force corresponding to an environmental stiffness (with 
different magnitudes) in z-direction (into the screen). 

V. RESULTS 

The performance of the teleoperation system depicted 
in Fig. 6 is evaluated theoretically through the use of the 
introduced performance objectives and experimentally 
with the aid of two experiments. 

A. Theoretica/ evaluation 

The theoretica! performance of the bilateral 
teleoperation system du ring the execution of the two tasks 
is evaluated apriori. 

The first experiment (instrument positioning) focuses 
on determining the relations between task performance 
(analyzed experimentally) and two control parameters: 
position control bandwidth and position sealing. The PIM 
is dependent on the impedance of the master. Therefore, 
the results for the impedance in x and y direction are 
addressed separately. 

First, as Table IV indicates, a higher position bandwidth 
has a positive effect on position tracking according to both 
the PIMP as the EPT and a negative effect on the TTS. 

However, the EPT denotes that this positive effect is 

saturated somewhere between 5 Hz and 25 Hz (EPT < 1). 
Note that an increase in bandwidth leads to a larger 
proportional gain Kco• thereby increasing the accuracy of 
position tracking for all frequencies up to the bandwidth. 

TABLE IV. EFFECT OF VARYIN G POSITION BANDWIDTH TO PIMx, 
EPT AND TTS IN X-DIRECTION (FIRST NUMBER) AND Y-DIRECTION 

(SECOND NUMBER). 

fco PIMx EPT TTS 

[Hz] [m(sN)- 1 ] [-] [10- 4mN-1 ] 

5 5.66-11.3 2.97 2.20-4.34 

25 1.06-2.13 0.203 3.34-6.68 

100 0.121-0.248 <0.01 4.01-7.88 

Second, a higher position sealing has a negative effect on 
both the PI Mp, the EPT and the TTS, see 

Table V. However, whether these effects are dominant 
are unknown. 

TABL E V. EFF ECT OF VARYING POSITION SCALING TO PIMx, EPT 
AND TTS IN X-DIRECTION (FIRST NUMB ER) AND Y-DIRECTION 

(SECOND NUMBER) . 

fco PIMx EPT TTS 

[Hz] [m(sN) - 1 ] [-] r10 -4mN-l] 

lh 0.0405-
<0.01 1.34-2.63 

0.0826 

1 0.121-0.247 <0.01 4.01-7 .88 

3 0.3 64-0.743 <0.01 12.0-23.65 

The second experiment mi mies the palpation of ti ssues and 
aims to expose what relations exist between the amount of 
force sealing À and the operator' s ability to observe stiffuess 
differences. Three existing performance objectives and one 
proposed performance objective are evaluated theoretically in 

Table Vl. 
This table shows that the PIMF is nonzero in the absence of 
haptic feedback. Indeed, the forces at the master and the slave 
are coupled because the force presented at the master, Fm , 
intluences the master position, which is coupled to the slave 
position and finally results to a nonzero slave force F,; in the 
presence of a nonzero environmental stiffness. As 

Table VI indicates, this effect is dominating with respect 
to the force feedback governed by the force sealing factor. 
Therefore, it seems very unlikely PIMF is a successful 
indicator of task performance for the palpation task 
because during palpation force the exchange of 
information from slave to master determines the 
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perception of stiffness differences. 

TABLE Vl. EFFECT OF VARYING FORCE SCALING TO PIMF, FIDELITY, 
Z-WIDTH AND NESO IN Z OIRECTION. 

À PIMF Fidelity Z-width NESD 

[-] [s-1] [-] [-] [-] 

0 69.5 0 0 0 

lh 64.4 93.3 7.61 0.809 

1 64.0 295 8.69 0.809 

3 65.5 840 9.78 0.809 

In addition, a higher force sealing factor is beneficia! 
according to the Z-width factor and the fidelity objective. 
In contrast, the NESB is unaffected by changes in the force 
sealing factor. 

B. Experiment 1: instrument positioning 

Each combination presented in Table IV and Table V, is 
carried out three times per subject. The average position 
error ex,y [mm] (see Fig. 5) is presented in Fig. 7 for 
varying position control bandwidth and Fig. 8 for varying 
position sealing factor. 
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Fig. 7. Average error for varying position control bandwidth Wco and 
constant position sealing factor µ = 1. 

These two sets (position control bandwidth and position 
sealing) are evaluated through the Analysis of Variance 
(ANOVA). Varying the position control bandwidth does not 
change the position error significantly (p ::::: 0.25). Varying 
the position sealing factor does lead to significantly 
different position errors (p < 10-6

). The t-test indicates 
that the largest sealing factor is significantly different 
(p < 10-4

) from the other two. 
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Fig. 8. Average error for varying position sealing factors µ and 
constant position control bandwidth Wco = 100 Hz. 

C. Experiment 2: palpation 

The minimally observable stiffuess difference corresponding 
to the parameter setup presented in 

Table VI, is shown in Fig. 9. These results are similar to 
the results presented by Dhruvin [35]. 
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Fig. 9. Average error for varying force sealing factors ,land constant 
position control bandwidth Wco = 100 Hz and position sealing factor 
µ = 1. 

The ANOVA indicates that no significant differences are 
present fora varying force sealing factor in the observation 
of stiffness differences (p ::::: 0.80). 

D. Discussion 

Although the PIM indicates that a higher position control 
bandwidth leads to better task performance, such an effect 
is not observed experimentally due to the presence of the 
human task limit. The absence of this relationship is in line 
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with the performance according to the EPT. Namely, 
EPT < 1 indicates the human task limit is achieved and no 
positive effect occurs for a smaller error. Ergo, the 
experimentally obtained position error can be accurately 
predicted by the EPT. 

Although the presence of tremor is higher for higher 
values for the position control bandwidth, it is not 
observable in a decrease oftask performance. 

An increase fora force sealing factor from µ = 1 toµ = 3 
is dramatic for task performance. This is both indicated by 
the PIMp as the TTS. However, a decrease from force 

sealing µ = 1 to µ = 1 / 3 does not yield the positive effects 

that are predicted by the PIMp and the TTS. Namely, the 
position errors for these force sealing factors are very 
similar. 

exy(µ = 1/J) = 2.6 mm 

exy(µ = 1) = 2.5 mm 
(21) 

This indicates the error is dominated by factors that are 
independent of a low position sealing factor such as hand
eye coordination. 

Finally, the palpation experiment indicates the 
perceived stiffness in the environment is independent of 
the force sealing À. This is a very important finding: a large 
sealing factor has no effect on stiffness discrimination. The 
performance indicator NESD is superior in predicting the 
absence of this correlation with respect to the Z-width 
factor and the fidelity objective. Namely, these two 
performance objectives indicate that more performance is 
obtained when the force sealing factor is increased. 

Vl. CONCLUSION 

This paper introduced a number of human and task 
centered performance objectives that determine the task 
performance of two commonly executed tasks in MIS: 
instrument positioning and palpation. The task 
performance during instrument positioning is predicted 
through the Effective Position Tracking (EPT) and 
Transferred Tremor Suppression (TTS). The task 
performance during palpation is described in terms of the 
Noticeable Environment Stiffness Difference (NESD). 

First, the EPT is the position tracking between master 
position and slave position, normalized to the human 
perceptual abilities of position (the human task limit). 
Consequently, if EPT < 1, a decrease in the EPT does not 
improve instrument positioning. Second, the TTS describes 
the transfer from human input tremor to slave position for 
the frequencies for which tremor is known to be present. 
No human task limit is implemented in this case. Finally, 
the NESD describes the minimal amount of stiffness 
difference than can be perceived by the human operator 
through the use of a bilateral teleoperation system. 

Similarly to the EPT performance objective, the NESD 
includes the finite human abilities to observe stiffness 
differences. 

Two experiments are formulated with a bilateral 
teleoperation system consisting of a PHANToM master and 
a virtual slave and environment. In the instrument 
positioning experiment 6 subjects followed a reference 
trajectory in free air. Two effects are evaluated: changes in 
position control bandwidth and changes in position 
sealing. First, results indicate that, in contrast to TTS and 
PIM, the EPT successfully reflects that task performance is 
not increased through an increase in position control 
bandwidth due to finite human abilities. Second, an 
increase in position sealing decreases task performance for 
values larger than µ = 1. This effect is qualitatively in line 
with results suggested by both the PIM as the TTS. 
However, it remains unknown when tremor is saturated, 
i.e. how much tremor suppression is effective. This 
remains a very important field of research. For lower 
sealing factors, the average position error remains 
±2.5 mm. This indicates the presence of dominating effects 
that are independent on position sealing, such as hand-eye 
coordination. 

In the second experiment, 5 subjects virtually palpated 
two environments, each with a different environmental 
difference to evaluate the minimum difference that is 
observed by the subject. The smaller this difference, the 
better the surgeon is able to detect stiffness differences, 
thereby understanding which type of tissue is 
encountered. Experimental results indicate the force 
sealing factor does not affect this observable stiffness 
difference. This relation is accurately predicted by the 
NESD. In contrast, the fidelity and the Z-width factor show 
the need fora high force sealing, yielding them unsuitable 
for describing task performance during palpation. The PIM 
is dominated by the force information transferred from the 
master to the slave instead of vice versa. 

This paper focuses on the evaluation of performance for 
teleoperation systems applied in the field of minimally 
invasive surgery (MIS). Because these performance 
objectives are motivated by both task-dependent as task
independent arguments, the application of these objectives 
to other fields of teleoperation systems is limited but not 
eliminated. 

More research is required to model and include the 
human task limit for effective tremor suppression and to 
model the dependency of the Weber fraction of stiffness 
differences on the initia! stiffness difference when using a 
teleoperation system. 
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Stability-Based Loop Shaping in Bilateral Teleoperation Systems 
Through a Frequency Domain Mapping Methodology 

G. Evers, G.J.L. Naus, M.J.G. van de Molengraft, M. Steinbuch 

Abstract - This paper proposes a numerical tool that enables intuitive stability-based loop-shaping for individual 
control elements within control architectures for bilateral teleoperation systems: the Frequency-domain Bilateral Stability 
Boundary Mapping (FBSBM) method. Stability of the entire bilateral teleoperation system is visualized in terms of a three
dimensional magnitude-phase-frequency diagram for an individual control element which subsequently can be mapped 
onto a Bode diagram. The Jatter technique adds conservatism and therefore, cannot be applied to all cases. These two 
visualization methods present a level of understanding of the relation between these individual control elements and the 
stability of the complete bilateral teleoperation system that surpasses current approaches in literature. All frequency
based stability criteria can be implemented, thus including (but not restricted to) Raisbeck's passivity, Llewellyns absolute 
stability, Bounded Environment Passivity and a newly derived Bounded Environment Nyquist Stability criterion. The 
proposed methodology is applied to two existing cases in literature. The FBSBM proved to be a successful tool in 
understanding how superior results can be achieved for both cases. Additionally, the advantages of designing control 
elements using the FBSBM are examined via a sequentia) loop closing technique applied to a telesurgical system, including 
higher order dynamics. 

Index terms - Haptics, Stability, Passivity, Bounded 
Environment, Loop Shaping, Bode diagram, Mapping 
Methodology 

1. Introduction 

A human operator can manipulate a distant environment 
through the use of a teleoperation system. A bilateral 
teleoperation system provides haptic feedback which 
contributes to the perception of manipulating the 
environment directly. A teleoperation system consists of a 
master and a slave device, interconnected via a 
communication channel, see Figure 1. 

Promising applications of teleoperation systems include 
remote handling (for nuclear waste or unattainable 
locations during space exploration) and the field of surgery 
(for example minimally invasive surgery), (Hokayem 2006). 
Although current commercially available telesurgical 
systems Jack haptic feedback, these systems have already 
proven to be of substantial value, (Madhani 1998; Broeders 
2002). Haptic feedback possesses the potential to further 
increase the value of these systems: during tool-tissue 
interaction haptic feedback enhances the identification of 
tissues and can minimize damaging errors, (Wagner 2002; 
Gerovichev 2002; Tholey 2005). 

For each teleoperation system, stability is a prerequisite. 
Soon after the first practical master-slave system was 
presented (Goertz 1952), two well-known criteria have 
been developed to evaluate stability of bilateral 
teleoperation systems: Raisbeck's Passivity (RP) and 
Llewellyn's Absolute Stability (LAS), (Raisbeck 1954; 
Llewellyn 1952). The first criterion is more conservative 
than the Jatter: a stable system is not necessarily passive 
while a passive system is always stable. Both criteria are 

112 

independent on the impedance of the environment, Ze, and 
the human, Zh. 

Due to this independency, if these criteria are satisfied, the 
teleoperation system is guaranteed to be passive or stable 
for any environment or human impedance. Often, the 
bounds on the human impedance and the environment 
impedance are bounded and these bounds can be 
approximated apriori with much certainty. In this light, RP 
and LAS can be overly conservative as they guarantee 
passivity or stability for the complete range of human and 
environment impedances. Therefore, there has been a shift 
towards the use of bounded impedance stability criteria 
which do take into account these bounds (Willaert 2011; 
Woo 2011; Haddadi 2010; Polat 2011). 

Standard, bilateral teleoperation systems are evaluated on 
stability a posteriori. This inherently leads to an iterative 
design procedure. First, if stability is violated, the system 
needs to be adapted. Secondly, if stability is guaranteed, it 
is unknown how much room for optimization is available, 
hearing in mind that performance is typically traded for 
stability. 

In particular, for bilateral teleoperation systems such an 
iterative design procedure is highly complex. As Figure 1 
indicates, a bilateral teleoperation system can include up to 
8 control elements ei for i E {1, ... ,6, m, s}. The relation 
between a single control element ei and the stability of the 
entire bilateral teleoperation system is non-linear, 
(Raisbeck 1954; Llewellyn 1952). As a result, a seemingly 
small change in one control element can have unsuspected 
large effects on stability (Willaert 2011, Daniel 1998). Also, 
due to this complex nature, original stability-based loop 
shaping techniques (e.g. the Nyquist criterion) cannot be 
applied for individual control elements ei. 



Environ 
-ment 

Slave 

Comm. 
Channel 

Master 

Human 

Figure 1. The Lawrence scheme represents the human 
operator, the master, the communication channel, the slave 
and the environment, (Lawrence 1993). In addition to the 
original scheme, the local force feedback loop, e6 , (Strassberg 
1992) and the shared compliance contra! loop, e5, (Kim 
1992) are added. For clarity, the dependency on the Laplace 
operators is omitted. 

To resolve this problem, various approaches have been 
presented that include stability criteria in the design 
process of L Tl contra! elements. However, these methods 
either Jack insight in the relation between individual 
contra! elements and stability or are restricted to only one 
type of contra! elements within one type of contra! 
architecture. 

First, analytica! approaches have identified the relations 
between contra! parameters (such as sealing factors, low
pass frequencies or injected damping) and stability, 
(Willaert 2011; Daniel 1998). In order to find these 
relations, assumptions about the contra) architecture and 
contra! elements (type of applied filters) have to be made a 
priori . This restricts the use of other types of contra! 
elements or contra! architectures. Also, such an approach 
becomes increasingly difficult for more complex contra! 
elements, contra! architectures or higher-order master and 
slave dynamics. Therefore, only analytica) derivations have 
been found for the simplest cases. 

Second, loop-shaping methodologies have been proposed 
that contribute to the design process of control elements, 
(Fite 2004; Zandsteeg 2010; Hannaford 1989). Similar to 
the approach of analytica) derivations, loop-shaping 
methodologies have restricted applicability: a different 
con trol architecture ( e.g. different contra! elements or 
dynamics for the master and or slave) requires a different 
methodology. 

Finally, two methods have been suggested that visualize 
stability. Firstly, the stability-activity diagram enables a 
comparison of RP with LAS, (Haykin 1970). Secondly the 
Bounded Environment Passivity criterion (BEP) is mapped 
onto the 3D Units Passivity Cylinder, (Haddadi 2010). BEP 
is satisfied if the admittance transmitted to the operator 
Yto (see Figure 1) is positive-real (Haddadi 2010; Willaert 
2011). 

However, the effect of a single contra! element to the 
location of the criterion represented in bath diagrams is 
non-intuitive because of the non-linear relations between 
them. Ergo, when discussing the loop shaping of individual 
contra! elements, no concrete contra! design 
recommendations can be provided by this visualization. 

Therefore, this paper proposes a numerical tool that 
overcomes these disadvantages. The Frequency-domain 
Bilateral Stability Boundary Mapping (FBSBM) method 
visualizes the relation between stability and a single 
contra! element in terms of phase and magnitude of this 
contra! element. This enables intuitive loop shaping for 
single contra! elements such that stability for the entire 
bilateral teleoperation system is guaranteed, without the 
necessity of introducing assumptions about the type of L Tl 
contra! element that is under evaluation. In addition, the 
FBSBM method can be applied to any contra! element 
within any type of contra! architecture for any type of 
master or slave dynamics and all frequency-based stability 
criteria, thereby including (but not restricted to) RP, LAS 
and BEP. 

This paper is organized as follows. First, the FBSBM 
method is explained. The superiority of the method is 
demonstrated two-fold. First, the method is applied to 
improve two bilateral teleoperation systems extracted 
from literature in Section 3. Second, in Section 4, the 
method is applied to a telemanipulator for minimally 
invasive surgery that includes higher order dynamics. For 
this system, a sequentia! loop closing technique is 
implemented. This paper finalizes with conclusions and 
recommendations. 

2. Frequency-domain Bilateral Stability 
Boundary Mapping 

The FBSBM method, proposed in this paper, evaluates the 
effect of a single contra! element ei on the stability of the 
complete teleoperation system fora number of magnitudes 
and phases of this contra! element: the magnitude-phase 
stability grid (Section 2.1). Ergo, no assumptions about the 
contra! element need to be made a priori, only that it is L Tl. 
Subsequently, the magnitude-phase stability grid is 
mapped in two fold for a range of frequencies : a 3D 
magnitude-phase-frequency diagram and a Bode diagram 
(Section 2.2). Aided with these visualizations, the contra! 
element ei can be designed very intuitively such that 
stability of the complete bilateral teleoperation system is 
achieved. 
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2.1. Magnitude-phase stability grid 

The FBSBM method is applied to a number of frequencies 
wn, for n = 1,2, ... , Nw such that the range of frequencies 
(w1, wNw) is covered with Nw equidistant frequency points. 
Frequencies w1 and wNw should be chosen small and large 
enough, respectively, to cover all relevant frequencies. 
Namely, the effect of an individual control element to the 
stability of the entire teleoperation system is often 
restricted to only a subset of all frequencies. 

Stability is evaluated per frequency point wn. Therefore, all 
frequency-based stability criteria can be implemented. RP, 
LAS and BEP all consist of pole-location dependent stability 
requirements and frequency-dependent stability 
requirements (Haykin 1970; Willaert 2011). However, in 
cases where no RHP poles exist in the impedance of the 
slave and the master, the frequency-dependent type of 
stability requirements dominate, i.e. taking only the 
frequency-dependent stability requirements into account 
is sufficient (Willaert 2011; Daniel 1998; Haddadi 2010). 
The pole-location dependent stability requirements need 
to be validated after the control element has been designed. 

For each frequency wn, the stability of the entire bilateral 
teleoperation system is evaluated for NMNp number of 

control elements ct,1, corresponding toa grid consisting of 
NM magnitude points and NP phase points. The magnitude 

points and phase points are placed equidistant 
logarithmically and equidistant linearly, respectively. 

9i{ ct,1} = Mf cos(pt) 
~{ct1

} = Mf sin(pt) 
(1) 

Hence, the stability problem is defined as a function of the 
magnitude and phase of the control element that is yet to 
be defined. This is the foundation of the taken approach: 
this dependency simplifies the stability problem because 
the magnitude and phase of the control element can be 
changed intuitively via loop-shaping. 

The ranges of the magnitude, (M1, MNM), and the phase, 
(p1,pNP), need to be chosen carefully. These ranges should 
be large enough such that the control element under 
evaluation (that is yet to be defined) lies within these 
ranges for the frequency range (w1, wNw ). If the control 
element lies outside this range, this range needs to be 
redefined. 

The magnitude-phase stability grid indicates all ct1(wn) 

that satisfy the implemented stability criterion ( colored) 
and those that viola te it (white), see Figure 3.b. 

Each frequency-based stability requirement is the 
evaluation of a function. For example, passivity is satisfied 
through the evaluation of the positive real part of the 
impedance. Hence, the real part is the function, and the 
passivity requirement is that this function is positive. In 
the FBSBM method, such a function is discretized in 
magnitude, phase and frequency. lf this function is very 
smooth in magnitude, phase and frequency, it can be 
assumed that two adjacent combinations in magnitude, 
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phase or frequency are satisfied ( or violated), the stability 
criterion is also satisfied (or violated) for those 
combinations that !ie between these adjacent combinations. 
This assumption is validated through the use of 
smoothness indicators. 

Generally, the smoothness of a discretized function 
Ij= f(xJ can be computed through the use ofsmoothness 

indicators (Mattheij 2005). The smoothness of the function 
between adjacent points, shown in Figure 2 as point 

j - 1 !z, can be approximated through the comparison of 

four second order finite difference approximations that 
rely on different neighboring stencils a, b, c, d, as shown in 
Figure 2. lf the second order difference approximations 
resulting from these stencils are similar around this point, 
the function is expected to be smooth. 

a C 

b d 

• j-3 

.!' ; ",----.~~ 
j-2 j-1 f j j+l j+2 

j-½ 
Figure 2. The distribution of a number of grid points into 
stencils (a, b, c, d) that are used to compute the smoothness 
of the function on the point in between two adjacent grid 

points, fj-½ = f ( xj-½). 

The smoothness indicators / S0 , / Si, / S2 are computed as 
follows, where, llX = Xj+i - Xj and ll~fj = /j+1 - 2/j + /j-1 -

/S0 = 13(a - b)2 + 3(a - 3b)2 

/S1 = 13(b - c) 2 + 3(b + c)2 
fs2 = 13(c - d) 2 + 3(3c - d) 2 

I Stat = !So + IS1 + IS2 

(2) 

(3) 

(4) 

lf a discontinuity occurs, one smoothness indicator is 
approximately 1 whereas the other are approximately zero, 
whereas a perfectly smooth function corresponds to three 

identical smoothness indicators of value 11J (Mattheij 

2005). 

For all test cases presented in this paper, the standard 
deviation of these smoothness indicators relative to this 
ideal value is maximally of the order 10-3 for magnitude, 
phase and frequency. These are extremely small with 

respect to the ideal value 11J. Hence, the assumption the 

function is smooth in magnitude, phase and frequency is 
valid. 
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Figure 3. The mapping of the magnitude-phase stability grid (b) onto the 3D Phase-magnitude-frequency diagram (a) or 
the Bode diagram (c) fora single frequency. The solid and dotted rectangle in the magnitude-phase stability grid are the 
outer bounds on the sets il(wn) and r(wn), respectively. The complete 3D phase-magnitude-frequency diagram and Bode 
diagram results from the mapping of the magnitude-phase stability grid for all frequencies. 

2.2. Mapping methods 

Two methods are proposed that visualize the magnitude
phase stability grid: a 3D visualization in terms of 
magnitude, phase and frequency and two 2D visualizations 
in terms of magnitude-frequency and phase-frequency (the 
Bode diagram). These visualizations are the result of two 
mapping approaches that are applied per frequency. 

The first approach mapping approach finds the bounds 
between the grid points for which the stability criterion is 
violated (white area in Figure 3.b) and the grid points that 
satisfy this criterion for each frequency (grey area in 
Figure 3.b). Subsequently, these bounds are mapped onto 
the magnitude-phase for that particular frequency in the 
3D phase-magnitude-frequency diagram (see Figure 3.a). 

A second approach is to map the magnitude-phase grid toa 
Bode diagram. To successfully map the stability problem, 
which depends on three variables (frequency, phase and 
magnitude), onto a 2D visualization (the Bode diagram), 
assumptions about the mapping method need to be made. 
The strategy proposed in this paper is to map two sets onto 
the Bode diagram. The inner set r(wn) consists solely of 
grid points that violate the stability criterion and the outer 
set il(wn) includes all grid points that violate the stability 
criterion, i.e. all grid points outside this set satisfy the 
stability criterion, see Figure 3. These two sets our chosen 
so that the resulting visualization indicates both region 
that satisfies and violates the stability criterion. Following 
this definition, the set r(wn) is a subset of the set il(wn), 
i.e. rcwn) ç .ncwn} 

For successful mapping of the stability criteria onto the 
Bode diagram, separate bounds for phase and magnitude 
are required for both sets r(wn) and il(wn), corresponding 
to the rectangles displayed in Figure 3.b. If set il(wn) is 

non-empty, the magnitudes that are outside this set satisfy 
the stability criterion for the entire phase range, and vice 
versa. Consequently, as Figure 3.c indicates, the sets f(wn) 
and il(wn) can be mapped onto a Bode diagram and the 
location in the Bode diagram can be associated with the 
location in the magnitude-phase grid (and thus stability) as 
follows. 

1. Location is outside il(wn): the criterion is satisfied. In 
the Bode diagram either the magnitude or phase (or 
both) !ie in the dark grey area. 

2. Location is inside r(wn) : the criterion is violated. In 
the Bode diagram the magnitude and phase !ie in the 
white area. 

3. Location is outside r(wn) but inside il(wn), or 
il(wn)\r(wn) : it is unknown whether the criterion is 
satisfied. The magnitude lies in the light area and the 
phase lies in the light grey area ( or vice versa) . 

The set il(wn)\r(wn) is a measure for the amount of 
conservatism introduced due to the requirement of 
rectangular bounds. Therefore, the target is to find 
rectangular bounds that minimize the number of grid 
points in the set il(wn)\f(wn) . Ergo, the set il(wn) should 
include the lowest number of (stable and all unstable) grid 
points and r(wn) should include the largest number of 
(only unstable) grid points while preserving the 
requirements of rectangular bounds. 

Note that the grey areas in the Bode diagram in Figure 3.c 
indicate the size of set il(wn)\r(wn) and the conservatism 
added. If no grey area is present, no conservatism is added. 
Therefore, when designing a control element based on this 
Bode diagram, the amount of conservatism is visualized 
per frequency. To guarantee the control element satisfies 
the stability criterion, the control element should be 
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shaped such that the controller lies in the set fl(wn) for all 
frequencies: either the magnitude, the phase or both 
should !ie in the dark grey area. If a grey area is present, 
there is some room for optimization of the control element. 

To finalize, it should be noted that set f(wn) cannot 
contain multiple rectangles across both different 
magnitudes and phases due to the requirement on the set 
that the criterion is violated if the control element lies in 
the white area for both magnitude and phase. Assume 
r(wn) contains grid points that are located in two different 
rectangles (rectangle 1,2) bounded by different ranges in 
both magnitude and phase. Two regions would appear in 
the Bode diagram in the magnitude diagram (magnitude 
ranges 1,2) and the phase diagram (phase ranges 1,2). For 
the evaluation of stability, it is uncertain whether a control 
element that lies in the white area for both magnitude and 
phase violates the criterion because it is unknown whether 
magnitude range 1 should be associated with phase range 
1 (violation of the stability criterion), or phase range 2 (not 
necessarily a violation of the stability criterion). Therefore, 
multiple bounds on both magnitude and phase are avoided, 
irrespective of the stability boundaries in the magnitude
phase grid. 

3. Theoretical application 

This section presents the theoretica! application of the 
FBSBM method for two test cases encountered in literature. 
The proposed FBSBM method shows how superior results 
can be obtained for two test cases. Section 3.2 shows how 
the control elements that govern the slave position control, 
C1 = C5 , can be optimized simultaneously. Section 3.1 
discusses the optimization of the force feedback control 
element C2 • 

3.1. Optimizing contra/ elements C1 = C5 

In Willaert, the performance objective is to gain a high 
maximum allowable environment stiffness for unity sealing 
factors µ,À, according to the BEP criterion, (2011). The 
proposed Position-Force (PF) architecture is passive 
according to BEP for an environment stiffness up to 
K;nax = 580 Nm- 1 . Aided with the FBSBM method, the 
control elements C1 = C5 can be optimized simultaneously 
such that superior performance is achieved: the resulting 
PF architecture can cope with an increased environment 
stiffness of up to K;nax = 1500 Nm-1 according to BEP. 
This value is proposed as the upper bound on tissues when 
interacting with tissues, (Willaert 2011). This example 
considers a Position-Force (PF) architecture in which, 

{Cf = C2 = Kos + Kp 
C2 = À 

(5) 

Where, K0 = 80 Nms- 1 
, Kp = 4000 Nm- 1 and À = 1. The 

impedances of the master and the slave are governed by, 
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{
Zm = 0.64s + 3.4 
Z5 = 0.61s + 11 · (6) 

The PF architecture corresponding to Eq. (5) and (6) 
violates the BEP criterion for K;nax = 1500 Nm- 1 . The 
FBSBM method is applied to shape C1 = C5 simultaneously 
to satisfy this BEP criterion. 

Figure 4 shows the 3D magnitude-phase-frequency 
diagram for C1 = C5 and shows the original controller Cf 
intersects with the stability boundaries for frequencies 
f ::::: 10 Hz and f ::::: 45 Hz. This diagram also indicates that 
an increase in phase for these frequencies is necessary to 
satisfy the BEP criterion. 

50 

f [Hz] 

20 

10 

___,-/ 

.-< 
-----✓ 90 

___,- 60 

90 30 IC1 1 [Nm-1 dB] 

Figure 4. The 3D magnitude-phase-frequency diagram 
resulting from the FBSBM method shows the boundaries of 
passivity for the BEP criterion, up to K;nax = 1500 Nm-1 , 

in terms of the magnitude of C1 = C5 , the phase of C1 = C5 

and the frequency. The original control element cf = C2 
violates this BEP criterion. 

To shape the control element C1 = C5 more intuitively, the 
Bode diagram is computed that visualizes these stability 
boundaries, presented in Figure 5. This Bode diagram 
indicates an increase in phase and or magnitude around 
f = 12 Hz is necessary to satisfy the BEP criterion. 
Therefore, the original control elements Cf is multiplied 

with a lead-lag filter with frequencies liead = 12// and 

fiao = 12 · / so the phase at f = 12 Hz is increased and the 
low-frequent tracking characteristics are maintained. 

l s + 1 
" c• ~ (K + K ) C1 = s = 1 os P • 

--s+l 
2rr:/iag 

(7) 

For the relative frequency f = 2.3 the resulting control 
elements c; = c; !ie in the dark area in either the 
magnitude plot or the phase plot for all frequencies, see 
Figure 5. 

However, due to the added conservatism by the mapping 
onto the bode diagram, this relative frequency can be 
reduced while satisfying BEP. Figure 6 shows that the 
control element with f = 1.7 does not intersect with the 



stability boundaries. Therefore, the bilateral teleoperation 
system with the control elements e; = e; presented in Eq. 

(7) for Î = 1.7 is passive for an environment stiffness up to 
1500 Nm-1 maximum, thereby significantly increasing the 
initia) allowable environment stiffness of 580 Nm- 1

. 
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Figure 5. The Bode diagram acquired through the FBSBM 
method indicates the regions that satisfy or viola te the BEP 
criterion for K-:,nax = 1500 Nm- 1 . The original control 
elements ef = ef and the proposed control elements 
e; = e; are shown in the solid and dotted lines, 
respectively. 

3.2. Optimizing contra/ element C2 

Daniel's goal is to obtain a force sealing of e 2 = 1 for 
frequencies f > 20 Hz and a constant (smaller) force 
sealing for the low-frequency domain, i.e. limswle2 1 = c, 
where c is nonzero, (1998). To this end, the Shared 
Compliance Control (SSC) architecture is applied and 
optimized, consisting of the following control elements, 
(Daniel 1998). 

{

e _ 6rr 
1 - s + 6rr 

7.5 · 10-4 

e s =Ks 0.15s+l 

(8) 

Where Ks = 3553 Nm-1. Originally, force feedback is 
regulated via ef, where 

0 
(s+4rr) 2 

e --------
2 - (s + rr)(s + 40rr) 

(9) 

10 e;11=1.7 

f [Hz] 

l 

10 . 

Figure 6. The 3D magnitude-phase-frequency diagram 
resulting from the FBSBM method shows the boundaries of 
passivity for the BEP criterion, up to K;"ax = 1500 Nm-1, 
in terms of the magnitude of e1 = es, the phase of e1 = es 
and the frequency. The original control elements ef = ej 
violate this BEP criterion, the proposed control elements 
e; 11=1.7, e;i/=z.3 both satisfy BEP. 

Master and slave impedance equal, (Daniel 1998), 

{
Zm = 1.0s + 12.6 + 39.5s-1 

Zs = 10s + 377 + 3553ç1 . 
(10) 

In this case, the stability of the teleoperation system is 
evaluated through the Stability again Infinite Environment 
Stiffness (SIES) criterion. A generalization of the SIES 
criterion proposed by Daniel can be found in Appendix A. 

The SIES criterion holds if requirement Eq. (11) is satisfied. 

(11) 

Although the con trol architecture presented by Eq. (8)-(10) 
has been put forward as the optimal bilateral teleoperation 
system, Figure 7 shows it violates the SIES criterion. In this 
3D magnitude-phase-frequency diagram for e2 , the control 
element ef intersects the stability boundaries for 
frequencies f ""' 2 Hz and f ""' 3 Hz. Figure 7 indicates that 
for 2 Hz < f < 3 Hz a larger phase Lef or a smaller 
magnitude of lef 1 (or a combination of both) is necessary 
to satisfy SIES. 

Also, performance is limited: a magnitude of lef 1 = 0.95 is 
achieved for f > 60 Hz, whereas ideally this is the case for 
frequencies 20 Hz < f < 60 Hz also. Aided with the FBSBM 
method it is possible to provide a bilateral teleoperation 
system such that SIES is satisfied and extend the frequency 
domain for which 1e2 1 ""' 1. 

Given the control elements e1, e 5 in Eq. (8), the FBSBM 
method is applied to control element e 2 , see the Bode 
diagram presented in Figure 8. The bode diagram indicates 
that in the high-frequency domain, the optimal control 
element with I e2 1 = 1 and Le2 = 0° is sta bie in the 
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magnitude plot for f > 9 Hz and in the phase plot for 
f > 7 Hz. To satisfy SIES, the control element should !ie in 
the <lark area of the magnitude plot, the phase plot or both, 
for all frequencies . Following the Bode diagram, three 
approaches can be followed that lead to a control element 
C2 that satisfies the SIES criterion. 

4 

f [Hz] 

2 

1 
-20 

SIES 
violated 

SIES 
satisfied 

---------------16 ~ --14 
-12 

40 -10 IC2I [dB] 

Figure 7. The 3D magnitude-phase-frequency diagram 
shows the boundaries of stability for the SIES criterion in 
terms of the magnitude of C2 , the phase of C2 and the 
frequency. The original control element Cf violates the 
SIES criterion. 

1. The control element is placed inside the stable area in 
the phase plot for all frequencies. This approach 
requires an increase of 360° between 1 Hz < f < 9 Hz. 
To acquire the desired phase of LC2 = 0° in the high
frequency domain, four integrators and four zeros (to 
achieve the necessary phase increase) are required. 

2. The control element is placed inside the sta bie area in 
the magnitude plot for all frequencies. The magnitude 
plot indicates the increase in magnitude is limited to 
2nd order. To acquire the desired magnitude of 
IC2 1 = 1 in the high-frequency domain, two 
differentiators and two poles are needed. 

3. The control element is placed in the stable phase area 
up tof "" 1 Hz and located in the stable magnitude 
area for frequencies larger than f "" 1 Hz . As 
explained in approach 2, the increase in magnitude is 
limited to 2nd order. 

The third approach is superior because the first two 
approaches lead to infinitely small magnitudes IC2 1 for 
f ➔ 0 Hz , thereby not meeting the performance 
requirement that lim5io I C2 1 = c, where c is nonzero. Also, 
the introduction of four integrators is highiy unfavorable. A 
second order increase in magnitude is optima! because a 
stronger increase would violate SIES due to the limitation 
of the +2 slope in the magnitude plot, whereas a weaker 
increase would decrease the frequency at which IC2 1 "" 1 is 
reached, thereby deteriorating performance. This 

118 

motivates the use of a second order lead-lag filter with 
frequencies fiead ,l = 2 Hz, f 1a9 ,1 = 13 Hz. 

In addition, negative phase is allowed in the Iow-frequency 
phase plot. Therefore, the magnitude in the low-frequency 
can be increased to lim5i 0 IC2 1 = 1 while satisfying the SIES 
criterion through the use of a second order lag-filter with 
frequencies fiead,i = 2 Hz and 

/iag,1 
/iag,2 = fiead ,2-F-. 

J lead ,1 
(12) 

Consequently, the proposed control element Ci becomes 

2 

Ci = (s + 2rrf1ead,1 . S + 2rrfiead,2) . (l3) 
s + 2rr f1ag ,l s + 2rr /iag,2 

The improved control element Ci satisfies the SIES 
criterion, Figure 8 shows that control element Ci lies in the 
dark phase area for f < 2 Hz and lies in the dark 
magnitude area for f > 2 Hz . Also, performance is 
improved: ICil = 0.95 is achieved at 27 Hz, instead of 60 
Hz for the original control element C2 • 
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Figure 8. The FBSBM method applied to a Bode diagram, 
indicating the regions that satisfy or violate the SIES 
criterion for the control element C2• The original controI 
element Cf and the proposed control elements Ci are 
represented as the solid and dotted lines, respectively. 

4. Sequential loop closing 

In this section, the FBSBM method is used to pursue a 
sequentia! loop closing approach for a bilateral telesurgical 
system that includes higher order dynamics, see Figure 10, 
(Hendrix 2011; Bedem 2010). Prior research focused on 



Ltrocar sin( i/J(t)) 

Figure 9. An industrial master-slave teleoperation system for minimally invasive surgery. Left indicates the master console 
and the slave manipulator, which is connected to the bed through a pre-surgical setup. Right indicates the slave 
manipulator including the location of a linear spring at the tip of the instrument. 

the filtering of shunt dynamics (so-called dynamics due to 
the non-collocation of force and position sensors and the 
point of interaction) and the identification and 
compensation of friction and weight. 

4.1. System description 

This paper considers the rotation of the slave manipulator 
in ip-direction, see Figure 10. The dynamics of the slave 
and the master are governed by the admittances Ym and Y5 , 

respectively, with units [rad ]. 
sNm 

lPm 1.7 · 10- 3 s 2 + 0.13s + 5.0 · 102 

Ym = - = 1 4 10- 3 2 1 0 6 7 ' Tm . · S + . S + . 
(14) 

1.5 · 103 s 2 + 7.0 · 104 s + 2.7 · 107 (15) 

s 4 + 6.8 -102 s 3 + 7.1 · 104 s 2 + 1.4 - 107s + 2.9 · 1 

The slave is position-controlled with a combination of 
filters: 

• a proportional action corresponding to a bandwidth 
of 5 Hz: during surgery, 98% of all movements is 
below 5 Hz, (Brown 2004) ; 

• a low-pass filter with a cut-off frequency at 200 Hz to 
suppress high-frequent gains; 

• a derivative action with its zero placed at 10 Hz for 
robustness of the resulting closed loop position 
control of the slave: modulus margin equals 
MM= 1.7 dB< 6 dB with phase margin, PM = 58° 
such that 30° < PM < 60°. 

This leads to the following slave position control. 

(16) 

Kp = 5.2 · 102 Nm - 1 +-+ lls (SHz)I = 1 (17) 

In addition, forces are presented unscaled to the operator 
up to the low-pass frequency of 200 Hz. 

À 
C2 (s) l 

200 · 2 · rr s + l 
(18) 

The tip of the slave manipulator is connected to a linear 
spring with stiffness K; wx, as shown in Figure 9. 

4.2. Bounded Environment Nyquist Stability 

A newly derived Bounded Environment Nyquist Stability 
(BENS) criterion is proposed, thereby reducing 
conservatism with respect to Bounded Environment 
Passivity (BEP) through the choice for stability over 
passivity. 

lnspired by the generalized SIES criterion presented in Eq. 
(27), an extended Nyquist criterion can be derived that 
handles bounded environments and provides robustness 
properties for the entire bilateral teleoperation system, 
similar to the robustness parameter identified by Fite 
(2004). These two aspects are especially beneficia! for 
industrial telemanipulators for MIS. Firstly, in MIS the 
encountered tissue stiffness is bounded up to 
approximately K;'ax = 2000 Nm- 1 . See for the elasticity 
properties of liver, prostate, passive muscle, skeletal 
muscle, and arteries (Tholey 2005; Hoyt 2008; Lieber 2002; 
Levental 2006; Walraevens 2008). Secondly, a complex 
industrial telemanipulator undoubtedly has non-linearities 
and unmodeled dynamics. Therefore, robustness is 
especially important. 

The Nyquist criterion is applied to the open loop transfer 
function of the admittance transmitted to the operator, Yto . 

This admittance can be rewritten in terms of open loop 
term L to and precompensator Pto as shown in Eq. (19) and 
Figure 10. 
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Figure 10. Subdivision of the admittance transmitted to the 
operator Yco into open loop Lto and precompensator Pto. 

Following the Nyquist criterion, the open loop transfer 
function should not encircle ( -1,0) . Robustness of a 
bilateral teleoperation system can be evaluated through 
the robustness properties of the open loop term in the 
Nyquist diagram (Fite 2004). In this case, the modulus 
margin of Lto , should be smaller than 6 dB (Skogestadt 
2005). 

1 
MM=-->6dB 

1 + Lto 
(20) 

To implement the Nyquist criterion in the proposed 
FBSBM method, a frequency-based formulation of the 
BENS criterion is required. Therefore, a conservative 
formulation of the Nyquist criterion is proposed, visualized 
in Figure 11. 

• The open loop term Lt0 (wn) lies in the unit circle 
around the origin for positive imaginary parts, 

(21) 

• And the modulus margin is larger than 6 dB. 

1 
MM= L ( ) > 6dB 1 + to wn 

(22) 

Conditions (21) and (22) are sufficient but not necessary 
for the Nyquist criterion to hold. Therefore, these 
conditions can be more conservative than the original 
Nyquist criterion. A test case of BENS is provided in 
Appendix B. 

4.3. Theoretica/ application 

Two loop-shaping approaches are presented that lead to a 
stable bilateral telesurgical system: (1) loop-shaping 
control element Cm and (2) a sequentia! loop-shaping 
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MM> 6dB 

~ BENS 
satisfied 

Figure 11. A representation of Bounded Environment 
Nyquist Stability that a!lows implementation in FBSBM 
method. 

approach for control elements Cm and C1 = C5 • To this end, 
the FBSBM method is applied to the control architecture 
governed by Eq. (14)-(18). 

The first approach concentrates on the loop-shaping of 
control element Cm, such that the robust BENS criterion is 
satisfied for K;iax = 2.0 · 103 Nm-1 . Figure 13.a presents 
the Bode diagram resulting from the FBSBM method. This 
Bode diagram includes numerous significantly large grey 
areas. Therefore, also the non-conservative 3D magnitude
phase-frequency diagram is taken into account to design 
the control element Cm, see Figure 12. 

f [Hz] 
BENS f = 14Hz 

f = 4Hz 

10°_ violated 

0 ~ 180 
40 

ICml [dB] 60 

Figure 12. The 3D magnitude-phase-frequency diagram 
shows the boundaries of stability for the robust BENS 
criterion in terms of the magnitude of Cm, the phase of Cm 
and the frequency. The original control element Cf violates 
the robust BENS criterion. 

For the low-frequency domain f < 4 Hz and the high
frequency domain f > 14 Hz, there exist a stable phase 
area and a stable magnitude area. For frequencies 
4 Hz< f < 14 Hz there is a mininimum amount of 
magnitude required to satisfy robust BENS: the 3D plot in 
Figure 12 shows that robust BENS for low magnitudes the 
stability boundaries are intersected somewhere in 
4 Hz < f < 14 Hz for small magnitudes irrespective of the 
phase of the control element. As a result, three approaches 
can be followed to satisfy robust BENS. 
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(a) Bode diagram of Cm . (b) Nyquist diagrams. (c) Bode diagram of C1 = Cs. 

Figure 13. The Bode diagram (a) indicates the proposed control elements c;,,1 and c;,,2 presented in Eq. (23) for the original 
control elements cp = et The Bode diagram (c) shows the original and proposed control elements C1 = Cs, Eq. (16), and 
c; = c;, Eq. (24), for c;,,2 presented in Eq. (23). The Bode mapping methodology indicates where BENS is satisfied (<lark 
magnitude and/or phase) or violated (white phase and white magnitude) for K::Xax = 2.0 · 103 Nm- 1

. The open loop 
transfer functions Lto of the corresponding bilateral teleoperation systems are shown in the Nyquist diagrams (b). 

1. The control element is placed in the <lark phase area 
for f < 4 Hz and reaches the stable magnitude area at 
f = 4 Hz. This is accomplished through the use of a 
damper. 

2. The control element is placed at the <lark magnitude 
area for f < 4 Hz. This requires a proportional gain 
(spring). 

3. A combination of approach 1 and 2. 

Approaches 1 and 3 introduce two unstable poles in Lto are 
disregarded in further analysis. Approach 2 results to a 
stable bilateral teleoperation system. In addition to the 
damper, a low-pass filter is added to supress high frequent 
gains. The parameters K0 = 2.4 Nmsrad- 1 and 
fiow = 20 Hz result toa robustly stable teleoperator. 

•1 - Kos Cm __ -,-1 __ _ 

--s+l 
2rrftow 

(23) 

The second approach considers a sequentia) loop closing 
approach. In this case, the control element c;,,2 has a lower 
damping parameter K0 = 1.0 Nmsrad-1

, resulting toa non
robustly stable bilateral teleoperation system as indicated 
by the Nyquist diagram in Figure 13.b. Subsequently, the 
pair of control elements C1 = Cs are improved to guarantee 
robustness. 

Figure 13.c and Figure 14 present the FBSBM method 
applied to control elements C1 = Cs simultaneously. For 
frequencies 8 Hz < f < 12 Hz the original control element 
C1° = C2 violates robust BENS as indicated by the 

intersections in Figure 14. More phase and/or magnitude 
is required around these frequencies. 

12 

10 
f [Hz] 

8 

6 

50 

60 20 
30 

Figure 14. The 3D magnitude-phase-frequency diagram 
shows the boundaries of stability for the robust BENS 
criterion in terms of the magnitude of C1 = Cs, the phase of 
C1 = Cs and the frequency. The original control element 
cp = C2 violates the robust BENS criterion. 

Therefore, the zero at 10 Hz (see Eq. (16)) is lowered to S 
Hz. The corresponding control elements c; = c; avoid 
intersections in this frequency domain. 

l s + 1 
c;(s) = c;(s) = Kp 5 · Î · rr 

200 · 2 · rr s + 1 
(24) 
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The Nyquist diagram in Figure 13.b indicates the 
sequentia! loop-shaping approach leads to a robustly 
stable teleoperation system. 

5. Conclusion 
This paper presents the FBSBM method that enables 
detailed loop-shaping for individual control elements 
within control architectures for bilateral teleoperation 
systems. Several frequency-based stability criteria have 
been implemented successfully into the FBSBM method, 
including BEP, Stability against lnfinite Environment 
Stiffness (SIES) and Bounded Environment Nyquist 
Stability (BENS). 

The FBSBM maps a magnitude-phase stability grid onto 
two visualizations for each frequency. This grid indicates 
which magnitude-phase grid points for the individual 
control element under evaluation satisfy or violate the 
stability criterion. The first visualization maps the 
boundary between the grid points that satisfy and violate 
the stability criterion onto a 3D magnitude-phase
frequency diagram. 

The second approach visualizes the stable and unstable 
areas onto a Bode diagram through the sets !l(wn) and 
r(wn). The first set includes all grid points that violate the 
stability criterion whereas in the second set, all grid points 
violate the stability criterion. For the successful mapping of 
the magnitude-phase stability grid onto a Bode diagram, 
rectangular bounds on the sets !l(wn) and r(wn) are 
required. Conservatism is added through the requirement 
of using rectangular bounds. In practice, the grid points 
that violate and satisfy the stability criterion cannot be 
bounded perfectly by these rectangles. Therefore, it is 
recommended to focus on different mapping procedures 
that decrease this conservatism. This visualization on the 
Bode diagram is more intuitive than the 3D magnitude
phase-frequency diagram on the expense of this 
conservatism. 

However, the combination of these diagrams, resulting 
from the FBSBM method, provides insights that surpass 
standard approaches. To validate the superiority of the 
FBSBM method, two existing cases from literature are 
improved. The first example considers the maximum 
allowable environment stiffness according to BEP for a 
Position-Force architecture, (Willaert 2011). The FBSBM 
method indicates how the control elements C1 = C5 can be 
optimized. The existing position control is improved such 
that the maximum allowable environment stiffness 
increases from 580 Nm-1 to 1500 Nm-1 while maintaining 
position tracking characteristics of the slave manipulator 
and the force feedback control element C2 = 1. 

In the second example, the SIES criterion is applied to the 
Shared Compliance Control architecture, (Daniel 1998). 
The originally unstable proposed control architecture is 
stabilized through the optimization of the force feedback 
control element C2• Also, superior performance is achieved: 
the frequency range over which the operator experiences 
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force sealing of C2 ::::: 1 is extended. The magnitude 
IC2 1 = 0.95 is reached at f = 27 Hz instead off= 60 Hz. 

In addition, the Bode mapping methodology has been 
applied to design control elements for a bilateral 
telesurgery robot. A theoretica) analysis indicated that 
multiple solutions exist to stabilize the system: loop 
shaping of control element Cm such that BENS is satisfied 
directly or via a sequentia) loop closing technique. In the 
Jatter, Cm is designed to satisfy stability for the bilateral 
teleoperation system but for which robustness is not yet 
guaranteed. Subsequently, the closed control loop of the 
slave, C1 = C5 , is designed to meet these robustness 
margins. 
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Appendix A: Generalization of the SIES 
requirement. 
The paper of Daniel proposes to evaluate the stability of 
the admittance transmitted to the operator Yto for all 

spring-like environments Ze = s-1 Ke where Ke E (0, oo) 

(1998). This criterion is denoted as Stability against 
Infinite Environment Stiffness (SIES). This section provides 
a generalized alternative for the SIES criterion presented in 
Daniel. 

Following the representation of Yto in terms of the open 
loop term Lto as formulated in Eq. (19) and Figure 10, 
stability of this closed loop system can be evaluated 
through the Nyquist criterion. 

Daniel proposes to implement the environment impedance 
in the open loop term Lto• 

!::,hKe 
Lto =-h-, 

S 11 
(25) 

such that the Nyquist criterion can be redefined (1998). 
Although not explicitly stated by Daniel, such a Nyquist 
criterion only holds for proper open loop functions, 

Jim Lto = 0. 
S-HJ(J 

(26) 

For not strictly proper open loop transfer functions, 
i.e. lim5 _ 00 ILto 1 = Cto, it should be validated whether 
9î(ct0 ) < 1: not encircling the ( -1,0) point or 9î(ct0 ) > 1: 
encircling the (-1,0) point. 

The requirement that the open loop transfer function 

Lto = MKe should not encircle the (-1,0) point is identical 
sh11 

to the requirement that transfer function ~ does not 
sh11 

encircle the (-Ke- 1
, 0) point. For environment stiffness 

Ke E (O, oo) this results to the SIES criterion in Eq. (27) . 
This criterion can be evaluated per frequency. 

(27) 

Appendix B: A comparison between BEP and 
BENS. 
The BENS criterion is compared to BEP for the architecture 
presented in Eq. (14)-(17). For this test case, the actuator 
torque presented at the master Tm is a combination of the 
feedback of the measured slave torque multiplied with a 
sealing factor À (contra stabilizing) and added damping of 
the master impedance due to a derivative gain sK0 (pro 
stabilizing). Both control elements include a low-pass filter 
at fiow = 200 Hz. 

In addition to the closed loop slave position control 
governed by Eq. (16), (17), the control architecture 
consists ofnonzero control elements C2 and Cm. 

À sK0 
C2 = 1 ,Cm= 1 

---s+l ---s+l 
2rr ftow 2rr ftow 

(28) 

Tm = C2Tm + Cmi/Jm 
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Figure 15. The diagram in (a) indicates which combinations (À, K0 ) satisfy BENS (regions 1,2,3,4), robustly BENS, i.e. 
MM> 6 dB (regions 1,2) and BEP (regions 1,3), for Ke = 2.0 · 103 Nm- 1 . Three force sealing magnitudes are evaluated for 
K0 = 1 Nmsrad-1

: À.1 = 0.77, À.2 = 0.75 and À.3 = 0.26. These cases are evaluated on the resulting angular velocity ibm(t) 
due to a step response on Tm for the admittance transmitted to the operator Yto (b) and the location of the resulting open 
loop gain of the admittance transmitted to the operator, Lto• in the Nyquist diagram ( c ). 

The diagram presented in Figure 15.a shows which (K0 , À)
combinations satisfy BEP (regions 1,3), BENS (regions 
1,2,3,4) and robustly BENS (regions 1,2), for K::Xax = 2.0 • 
103 Nm-1 . This diagram indicates BEP is more 
conservative than BENS: all passive (K0 , À)-combinations 
are stable and stable (K0 , ..:l.)-combinations exist that are 
active. 

From this diagram, three test cases are evaluated on the 
resulting time-domain impulse response on the admittance 
transmitted to the operator Yto and the location of the open 
loop gain of Yto• Lto in the Nyquist diagram. These test 
cases share a derivative action K0 = 1 Nmsrad- 1 and have 
different sealing factors À.1 , ..:l.2 , ..:l.3 . Sealing factors À.1 and ..:l.2 

are unstable and stable, respectively, and are very close to 
the marginally stable line (in terms of BENS) denoted by 
the transition between region 4 and 5. Sealing factor À.3 lies 
on the transition between robust BENS and BENS. 

The impulse responses in Figure 15.b and the location in 
the Nyquist diagram in Figure 15.c show that the BENS 
criterion very accurately determines marginal stability and 
robust stability. 
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This appendix provides an elaborate analysis on three linear models and two non-linear models, based on four 

requirements formulated in Section 3.3.1: viscoelastic behavior, passivity, a shock force in the contact phase 

and the coefficient of restitution. 

Kelvin-Voigt Maxwell Kelvin 

Figure A.1. Representation of the three linear models: the (Kelvin-)Voigt, Maxwell, and Kelvin 

model. These mode Is aften serve as a foundation for nonlinear mode Is. 

Each section corresponds toa certain type of tissue model and hand les formulation, simulation and application. 

• Formulation: mathematica! description of the model. 

• Simulation: the contact phase between tissue and tool in terms of force-position, power-time and 

energy-time diagrams. 

• Application: a brief enumeration of comparisons with measured data extracted from literature. 

A.1. LINEAR MODELS 

Fung proposes three well-known linear models that describe the viscoelastic nature of tissues, (85]: the 

Maxwell model, the Voigt model (also referred to as the Kelvin-Voigt model) and the Kelvin model. Each model 

represents a certain combination of springs and dampers. These three models describe the three 

aforementioned phenomena associated with viscoelasticity successfully. 

A.1.1. FORMULATION 

These models (shown on the following page) are examples of the Boltzmann formulation, which generally 

represents all possible combinations of linear elements, assuming that elongation is caused by the total history 

of the loading. 

The most common linear models are the Maxwell model, the Kelvin-Voigt model and the Kelvin model. 
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• The Maxwell model: a serial link of damper (Be) and spring (Ke); 

(A-1) 

• The Kelvin-Voigt model : a parallel link of damper (Be) and spring (Ke); 

(A -2) 

• The Kelvin model: a serial link of damper (Be) and spring (Ke,1 ), linked in parallel with a second spring 

(Ke,z) . 

(A-3) 

(A-4) 

A.1.2. SIMULATION 

Be 
'c=K, 

e,1 

TaBe (1 + Ke,2) E = K . K K , R e,2 
e,2 e,1 

Most important is the behavior of these tissues during the contact phase with a tool. The contact phase 

between a tool with a certain mass m and initia! velocity V; and tissue is modeled as a rigid body tool obeying 

F = xMtoot with initia! conditions x(O) = 0, x(O) = vi. 

These linear models inhibit the aforementioned viscoelastic characteristics. They are passive according to the 

shape of the hysteresis loop. Two major drawbacks remain . 

l. A jump in the initia! contact force for the Kelvin-Voigt model. 

2. The lack of the dependency between velocity and the coefficient of restitution for all three linear 

models. 

The first two drawbacks are exposed by the simulations presented in Figure A.2, Figure A.3 and Figure A.4, 

which show the position-force behavior (where the markers denote equally spaced time intervals) and the 

resulting power and energy exchange. The coefficient of restitution is handled later. 

In the energy plot, the absorbed energy corresponds with the integral of the power exchange, whereas the 

combination of spring and dissipated energy is computed differently. These energy-time functions are identical : 

implementation is successful. 
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Figure A.2. Maxwell viscoelastic linear model: simulation of the contact phase. The markers in 

the position-force diagram denote equidistant time intervals. In this and following energy 

exchange graph : - initia/ energy - spring energy - kinetic energy 

absorbed energy Pv • spring and dissipated energy 
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Figure A.3. Kelvin-Voigt viscoelastic linear model: simulation of the contact phase. See caption 

of Figure A.2 for more information. 
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Figure A.4. Kelvin viscoelastic model: simulation of the contact phase. The markers in the 

position-force diagram denote equidistant time intervals. In the energy exchange: - initia/ 

energy - spring energy - kinetic energy - absorbed energy Pv • 

spring and dissipated energy. 

A.1.3 . APPLICATION 

Successful comparisons between measured data of viscoelastic solids with linear models are scarce. Apter 

obtained empirica! constants for artery tissue in terms of the Kelvin-Voigt model [133]. Often an altered 

nonlinear version of linear models is preferred. For the Kelvin-Voigt, two widely used modifications to this 

model are handled in this chapter. Figure A.5 shows results of Forgacs in which several chicken tissues have 

been successfully estimated with an altered Kelvin model (adding an extra spring-damper in series). 

A.2. THE KELVIN-VOIGT FRACTIONAL DERIVATIVE MODEL 

Fractional derivatives have proven to describe numerous physical processes more accurately than with original 

integer differentiator operations. Example can be found in thermodynamic processes, the microstructure of 

materials and also viscoelastic models. The latter are named Kelvin-Voigt fractional derivative models. 
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Figure A.S. Resultsfor chicken tissue measurements (dotted) and estimation (solid line) 

according to an altered Kelvin model, extracted from Forgacs {134]. 

A.2.1. FORMULATION 

The damping force in this altered model is dependent on the fractional derivative. In the original (Kelvin-) Voigt 

model, = 1, whereas in the fractional derivative alternative, 0 < a < l. 

(A-5) 

The computation of a fractional derivative is not straightforward. Appendix B introduces the mathematica! 

concept and two methods to compute a fractional derivative. Bath methods are illustrated with an example. For 

the results shown in Figure A.6, the Grunwald-Letnikov approach is applied. 
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Figure A.6. Kelvin-Voigt fractional derivative model: simulation of the contact phase. The 

markers in the position-force diagram denote equidistant time intervals. For these plots: -

initia/ energy - a = 0.1 - a = 0.5 - a = 0.75. 

Si mi lar to the Kelvin-Voigt model, the Maxwell model is often applied as a series of different Maxwell elements 

or combined with nonlinear models. A series of Maxwell elements was used to successfully describe (bovine) 

liver tissue, [135). Bilston have successfully applied the Maxwell model to describe brain tissue, [136). The 

Maxwell model was applied in a nonlinear format: multiplied with a nonlinear damping function and combined 

with a Mooney-Rivlin rubber model. Both papers regrettably lack quantification of their estimations. 

A.2.2 . SIMULATION 

Figure A.6 shows a negative sticky force is still present. Also the coefficient of restitution is independent on 

initia! velocity. 

A larger fractional derivative corresponds with more dam ping and energy loss. This is visualized in terms of the 

width of the hysteresis loops in the position-force diagram and the amount of absorbed energy. The direction of 

the hysteresis loop indicates this model is passive. 

A.2.3. APPLICATION 

The Kelvin-Voigt fractional derivative model has been found to accurately describe the viscoelastic response of 

(bovine) liver, [137) and [138) . 
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Taylor promotes the use of KVFD models for other soft tissues toa. The following tissues are known to have 

been accurately described by a KVFD, 

• prostate tissue, [14]; 

• arterial wall (both during control and smooth activation states), [139]; 

• canine liver, [140]. 
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Figure A. 7. Results for bovine liver and an estimation according to a KVFD model, extracted 

from Taylor [137). 

XIMI 

Moreover, Craiem showed the KVFD is preferable (p < 0.01) over the linear Kelvin-Voigt model, (p < 0.05), 

[139] . Their paper recommends adding a second damper when modeling the arterial wall. All three estimations 

are statistically significant according to their p-values. This indicates that a linear model can be sufficient in 

describing tissues whereas a nonlinear model can be used to optimize an estimation. 

A.3. COEFFICIENT OF RESTITUTION 

The coefficient of restitution is presented in more detail in Section 3.3.1 in Eq. (3-4)-(3-6). For any velocity

dependent coefficient of restitution e = f(vi), the derivative of the coefficient of restitution with respect to 

initia! velocity should be nonzero, i.e. 

(A-6} 

As Figure A.8 indicates, the aforementioned models fail to describe the effects of restitution accordingly. In 

these models the coefficient of restitution is only dependent on model parameters and not on velocity. The 

corresponding derivative is equal to zero regardless of model parameters. This derivative is computed using a 

centra! difference scheme for an equidistant set of initia! velocities. 
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(A-7) 
de e(v/+1 )-e(v;-1) 
-:::::------
dv/ 2Liv; 

{A-8) v/ = jLiv;, for j =1,2, ... ,100, such that Liv; =0.lm/ s. 

C 
0 
·.:; vi' ::, ........ ... =-:;:; 
"' ... 
Cl/ C ... 

Cl/ 
Cl/ 'ü > :;:; ~ 
~ Cl/ > 0 ·.::: u 
Cl/ 
0 

-4 

-6 
2 4 6 8 10 

Velocity before impact, V; [m/s] 

Figure A.B. Derivative of coefficient of restitution for - Maxwell model - Kelvin-

Voigt model - Kelvin model - Kelvin-Voigtfractional derivative model. Note the 

scale on the vertical axis. 

A.4. THE HUNT-CROSSLEY MODEL 

Hunt and Crossley introduced a model which is consistent with the coefficient of restitution, the Hunt-Crossley 

model, (90). 

A.4.1. FORMULATION 

The parallel linkage of damper and spring is described as follows, in which standard, p = n and q = 1. This 

model describes differently the extent to which dam ping is present: dependent on the position. 

{A-9) 

A.4.2. SIMULATION 

Figure A.9 and Figure A.10 show the three aforementioned drawbacks are absent. This model is also passive. 

Figure A.10 shows a velocity-dependent coefficient of restitution. These results correspond to one certain 
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parameter choice. The curvature of the slope is dependent on these characteristics, however a dependency 

remains such that (A-6) is satisfied. 
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Figure A.9. Hunt-Cross/ey model: simulation of the contact phase. The markers in the position

force diagram denote equidistant time interva/s. In the energy exchange: - initia/ energy 

- spring energy - kinetic energy - absorbed energy Pv • spring and 

dissipated energy. 

A second unique feature is the existence of a positive second spatial derivative of the force in the beginning of 

the compression phase: in the position-force diagram the slope of the curve grows in the beginning (highlighted 

in Figure A.9). 
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Figure A.10. Coefficient of restitution for Hunt-Crossley model. 
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A.4.3. APPLICATION 

Yamamoto successfully estimated porcine prostate and kidney tissue and arteries with the Hunt-Crossley model, 

bath the soft as the hard (tumorous) part, [91] . This PhD thesis compared the Hunt-Crossley model with 6 ether 

models and quantified modeling errors during tool-environment impact. These findings indicate that the Hunt

Crossley model is the most accurate model in describing bath soft and hard contacts. 

Simulations show a growth of the slope of the position-force curve during compression. Force position diagrams 

of five different tissues are shown in Figure A.11. These results show similar qualitative behavior: for these 

tissues the spatial derivative of the force is also not monotonically decreasing. 

z 
ii 

J 
] 
. -- ·· .. - -.1- ., .. - - - .• 

Figure A.11.a. Clockwise storting in the upper left 

corner (1) fat, (2) g/andular, (3) fibroadenoma, (4) 

IDC, {85]. 

U: 
-c 
re 
_g 

Deformation (x) 

Figure A.11.b. Anterior cruciate ligament, 

[79]. 

Figure A.11. Similor to Figure A.10, a positive second spatial derivative of the force exists during 

the compression phase (denoted by the arrow). 
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Fractional calculus discusses non-integer order integrals and derivatives. This makes fractional derivatives hard 

to comprehend: intuitively they do not exist. The first tempora! derivative of position is velocity, but what does 

the O.Sth tempora! derivative of the position represent? These fractional derivatives have proven to describe 

numerous physical processes more accurately than with original integer differentiator operations, such as 

processes in thermodynamics [141), microstructure of materials [142] and viscoelastic models [137) . Chapter 3 

elaborates on the use of fractional derivatives in the modeling of viscoelastic mate ria Is. 

This appendix introduces fractional derivatives and how they can be computed. Fractional derivatives can be 

understood and computed from the concept of the Cauchy formula of repeated integration (part 1) or based on 

the Grunwald-Letnikov approach (part 2). The first approach is analytica!, the second approach is numerical. 

Bath concepts are evaluated with an example. [143] shows a more extensive overview of current techniques 

and applications of fractional calculus. 

B.l. CAUCHY FORMULA 

Fractional derivatives can be regarded as the multiplication of an integer derivative with a fractional integral, 

due to the opportunity to express fractional integrals. Let's denote the integrating operator as J and the 

derivative operator as D. lntegrating an integral of a continuous function becomes 

t 

{8-1} Uf)(t) = f f(r)dr, 
0 

t T 

{8-2) U2 f)(t) = f f f(s)dçdr. 
0 0 

Repeated integration can be rewritten according to the Cauchy formula. 

{8-3) 

t 

Un f)(t) = ( l ) f (t - rr-l f(r)dr 
n-1! 

0 

This also allows for non-integer values when substituting the gamma function for the factorial operator. The 

gamma function f(n) is an extension to the factorial function in the sense that non-integer values can be used 

too. This ultimately leads to Equation (B-5). 

{8-4) 

{8-5) 
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Figure 8.1. Relative errors fora lower boundary of t = 0 s (left) and t = -10 s (right), in which 

- At = 10-4 - At= 10-3 - At= 10-2 - At = 10- 1 . 

To find a fractional derivative this integral is combined with an integer derivative. The derivative va, where 

a = n - µ in which n is an integer, becomes 

(B-6) 

The validity of the fractional integral and differentiator combination is evaluated for f = et. For any value a, 

vaet = et . This makes this function very suitable for this analysis for it is independent of a. In this example ais 

taken such that 0 < a < 1, so n = 1. 

Two numerical tools have are used to compute the fractional derivative. Firstly, the integral part (11
- a t)(t) is 

approximated with a quadrature rule. 

(B-7) 

t 

u1-a f)(t) = J (t - .)-a e'CdT 

0 

Secondly, the derivative fellows from the difference between two integrals. In this case a first order central 

difference scheme is applied. 

(B-8) 

Theoretically, the lower boundary of the integral should have no effect. However, when the lower boundary is 

near the upper boundary, the integral becomes more prone to errors. Therefore, the results below are stated 

for a lower boundary of t = 0 (left) and t = -10 (right). Results show the relative error fora = 0.1. The 

• oaet-et 
relat1ve error equals erel = t 

e 

The approach has been implemented successfully. The relative error clearly decreases for more dense grids. 

These results also stress the need for lowering the lower boundary of the integral. 
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8.2. GRUNWALD-LETNIKOV APPROACH 

In the simulation of the Kelvin-Voigt fractional derivative model, the 'function' is unknown: there is no analytica! 

model for mass impact behavior of the tissue, only standard creep and relaxation functions have been found. 

Therefore a numerical approach is required to compute the fractional derivative of a certain data set. 

The Grunwald-Letnikov technique is such an approach . For integer derivatives, the nth order derivative is 

represented as follows . More information can be found in [144]. 

n 

(B-9) (Dnf)(t):::::: limh
1 

"\' (-l)m(n)f(x-mh) 
h-->O n L m 

m=O 

For the first and second order derivative, this scheme results into well-known backward difference schemes. 

Provided that 

(B-10) 

(B-11} 
1 

(D 1 f)(t) :::::: Jim -h (f (x) - f(x - h)) 
h-->O 

(B-12) 
1 

(D 2 f)(t):::::: Jim h 2 (f(x) - 2f(x - h) + f(x - 2h)) 
h-->O 

The Grunwald-Letnikov approach is also suitable for non-integer derivatives. 

00 

(B-13) (Daf)(t):::::: limh
1 

"\' (-l)m(a)f(x-mh) 
h-->O a L m 

m=O 

(B-14} (a) (r(a+l)) 
m - m! r(a - m + 1) 

Alternatively, fora discretized set fï = f (ti), i = 1,2, ... , Nt, equally spaced with respect to time, the fractional 

derivative can be rewritten as 

i-1 

(B-15) (Da fi) = 1/ha L bJfi-J· 

J=O 

Alternatively, the coefficient b1 can be recursively computed, see [145]. 

(B-16} b0 = 1 

(B-17) ( 
1- a) b· = 1--- b· 1 J j 1-
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Figure 8.3. Results for the Grunwald-Letnikov technique, in which - Llt = 10-4 
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. 

0.8 1 

This recursive approach is superior with respect to computing these coefficients directly using the factorial and 

r operator. For large numbers of m, the denominator ( m! f(a - m + 1)) is regarded as infinitely large and the 

corresponding coefficient becomes zero, see Figure B.2. This figure compares the direct and recursive method 

fora = 0.1. Form :5 171 the absolute difference between the two techniques is of the order of the machine 

number 10-16 . Form> 171 onlythe recursive approach is nonzero. 

ldentical conclusions are drawn from the results corresponding to the Grunwald-Letnikov approach. 

138 1 P age 



I 
t 

( 

I , 
• --

l----

\. 

{\ 





The aim of this appendix is to provide a profound understanding of the concept passivity. First, passivity is 

introduced in both time domain and frequency domain. lt also translates the first to the latter. 

The second part visualizes passivity in the time domain based on a property in the frequency domain. This mix 

intuitively provides an understanding of passivity. Section C.3 discusses passivity for the hybrid operator. 

C.l. PASSIVITY fORMULATIONS 

This section describes passivity in terms of energy (time domain) and in terms of transfer functions (frequency 

domain) and successfully derives the latter expression from the first. Finally, these properties are graphically 

represented . 

C.1.1. TIME DOMAIN 

In the most genera! sense, passivity means we cannot extract more energy than is stored, or: the system does 

not provide energy that is not in its storage elements . 

t 

(C-1) E(t) - E(O) + d = J F(r)v(r)dr 
0 

lf this integral is positive, E(t) > E(O) - d, energy has been used (dissipated), if it's negative, energy has been 

provided by the system. 

C.1.2. FREQUENCY DOMAIN 

lf the transfer function is entirely in the right half plane (so no negative real parts), the transfer function is 

passive. This can be derived as follows (also see (146]), based on the initia! description of passivity in terms of 

lack of energy consumption by the system. 

Passivity in terms of frequency can be derived from the passivity requirement in time domain presented in 

Equation (C-1). Fora passive system, the system becomes at rest at some given time t > 0, so 

t ex, 

(C-2) J y(r)u(r)dr = J y(r)u(r)dr 
0 0 

Transforming this in the Laplace domain (according to Parseval's theorem) gives, 
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00 00 

(C-3) J y(r)u(r)dr = 
2
~ J y(jw)u*(jw)dw, 

0 -oo 

Where u* (jw) is the complex conjugate of u(jw ). Applying y(jw) = h(jw )u(jw) leads to, 

00 00 

(C-4) 
2
~ J y(jw)u*(jw)dw = 

2
~ J h(jw)u(jw)u*(jw)dw. 

-oo 

And for any real-complex number u(jw) = in( u(w)) + j3( u(w) ), so 

(C-5) 

(C-6) 

Which leads to 

(C-7) 

u(jw)u*(jw) = ( in( u(w)) + j3( u(w))) ( in( u(w)) - j3( u(w))) 

= in(u(w))2 + 3(u(w))2, 

00 00 

2
~ J h(jw)u(jw)u*(jw)dw = 

2
~ J h(jw)lu(iw)l 2dw. 

-oo -oo 

Also, when the coefficients are real (which is always the case fora physical system), h(-jw) = h*(jw), because 

(C-8) 

(C-9) 

(C-10) 

This means that the imaginary part for some frequency w has equal magnitude but opposite sign with respect 

to the positive counterpart w. And that real parts for negative and positive frequencies are equal. When 

integrating the entire frequency domain, the integrated imaginary part in the negative frequency domain 

counteracts the integral over the positive frequency domain. So, in the integral only the real part is taken into 

account. Multiplication by two only takes the positive frequencies into account. 

00 00 

(C-11) 
2~ J h(jw)lu(jw)l 2 dw = ¾ J h(jw)lu(jw)l 2 dw 

-00 0 

lf the transfer function is negative over some frequency domain, choosing the input signal very large in this 

frequency domain would lead to a negative integral and thus loss of passivity. This corresponds with a phase 

requirement. 
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(C-12) -90° < Lh(jw) < 90° 

Note that in this case it does not matter whether this transfer function is an impedance or an admittance. Fora 

certain impedance 

(C-13) Z(jw) = m(z(w)) + J~(Z(w)), m(z(w)) > o, 

the admittance equals 

(C-14) 

such that 

(C-15) 

C.1.3. A GRAPHICAL REPRESENTATION 

The visualization of passivity in Figure C.1 is inspired by work of Flemmer, (147). His approach of modeling of 

passive systems based on the phase-property of passive systems gives a very intuitive understanding of 

passivity in the time domain . The phase-property of passive system corresponds to Equation (C-16) . 

(C-16) -90° < Lh(jw) < 90° 

Assume a sinusoidal force F = sin (wrt) that is exerted on a motion system with impedance w ith period time 
2rr 

equals T = - such that 
w 

(C-17) 

The resulting scaled velocity becomes 

(C-18) 

Figure C.1 shows the scaled velocity represented by (C-18) and the resulting power and energy behavior for 1.5 

periods. Five different equidistant impedance phases </Jz are compared ranging from purely active to purely 

passive. Inherent to the formulation of supplied energy and power, the passivity criterion can only be applied 

on transfer functions between velocity and power. Figure C.1 gives rise to the following insights. 

• For relative large phase lags, -180° ~ </Jz ~ -90°, force and velocity have opposite signs for the 

majority of the time. This leads to an active system . For </Jz = - 180°, force and velocity always have 

opposite signs. 
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Figure C.l .. This figure shows the velocity resu/ting /rom a sinusoidal force on the left, the 

corresponding power in the middle and the dissipated energy on the right. These are plotted 

against the relative time f The impedance phase ranges /rom a purely active phase <pz = 
-180° at the top toa purely passive phase <pz = 0 at the bottom. 

• Similarly, for relative small phase lags, -90° :5 </Jz :5 0°, the force and velocity have similar signs for the 

majority of the time. Therefore the system is passive. For <Pz = 0°, force and velocity always have 

similar signs. 

• For nonzero phase lag, <Pz > 0°, there exists a period of active behavior. Whether a system is passive or 

active depends on the ratio between active and passive behavior. 

• The amplification factor Az only amplifies the force and therefore the power and energy level. lt has no 

effect whether the system is active or passive. 
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C.2. PASSIVITY IN TERMS OF THE SCATTERING OPERATOR 

The scattering approach is advantageous when dealing with time delayed problems, (148]. The scattering 

operator uses a combination of force and velocity: an incoming/ incident wave, F(t) + v(t), and 

outgoing/reflected wave, F(t) - v(t). 

(C-19) 

{C-20) 

F(t) - v(t) = S(F(t) + v(t)) 

F(s) - v(s) H(s) - I 
S(s)--------

- F(s) + v(s) - H(s) + I 

These relations between incoming waves and outgoing waves result from the same principle of power 

difference (omitting time dependencies). 

(C-21) 

(C-22) 

(C-23} 

The scattering operation gives F - v = S(F + v) and (F(t) - v(t)f = (F(t) + v(t)f ST. 

(C-24) 

So, independent of the sign of the wave (F + v) and to meet the requirement that !iP > 0, we need the 

maximum singular value of the scattering matrix to be smaller than 1, or 

(C-25) IISUw)ll oo :5 1. 
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C.3. PASSIVITY IN HVBRID NETWORKS 

Figure C.2. Representation of a two-port hybrid system. 

In addition to the simulations shown in Chapter 6, this appendix focuses on the hybrid application of passivity. 

C.3.1. ONE-DIMENSIONAL CASE 

Chapter 6 results showed that for large phase lags, -180° :5 <pz :5 -90°, the force and velocity have opposite 

signs for most of the time. Therefore the system is active. For <pz = -180°, force and velocity always have 

opposite signs. Opposite conclusions are drawn for the passive phase domain, -90° :5 </Jz < 0°. To finalize, for 

nonzero phase lag, <pz = 0°, there exists a period of active behavior. Whether a system is passive or active 

depends on the ratio between active and passive behavior. This ratio depends on the phase lag, <pz. 

Inherent to the formulation of supplied energy and power, the passivity criterion can only be applied on 

transfer functions between velocity and power. 

C.3.2. HYBRID NETWORK 

For a general hybrid matrix representation, the output velocity and force on each side are dependent on the 

specific admittance or impedance (Y2 or Zi) and of the transfer of the input velocity and force. Each bilateral 

component can be rewritten in this format. 

In this simulation the input velocity and force are a summation of N1 arbitrary frequencies that are 

logarithmically normally distributed between 1 and 1000 Hz. 
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Nt 

(C-26) v1 (t) = L sin(2nfv,it) 
i=l 

Nt 

(C-27) F2 (t) = L sin(2nfF,it) 
i=l 

Fora specific output, for example Fi, the impedance Z1 has a different phase lag as the transfer Hp. Also, we 

introduce a certain amplitude ratio, A, between these two transfer functions. This amplitude ratio is a measure 

of the amount of coupling: larger amplitudes correspond to more coupling. The coupling amplitude is identical 

for bath outputs. 

(C-28) 

The phase for the coupling transfer functions are identical, i.e. <PHv = <PHF and the phase differences of the 

impedance/admittance are identical, i.e. </Jz
1 

= </Jy
2

• The two outputs become 

Nr Nr 
(C-29} v2 (t) = L sin(2nfv,it + <PHJ +AL sin(2nfF,it + <PzJ, 

i=l i=l 

Nr Nr 
(C-30) F1 (t) =AL sin(2nfv,it + <PzJ + L sin(2nfF,it + <PHJ• 

i=l i=l 

Figure C.3 and Figure C.4 show two subsequent simulations where only the values of the frequencies have 

randomly changed. These simulations give rise to the following conclusions. 

1. Small amplitude ratios A « lor Zi, Y2 » Hp, Hv 

The first system {Fi, vi} and second system {F2 , v 2 } are uncoupled because Hv and HF are much smaller than 

Z1 and Y2 . The system is passive because as long as transfer functions Z1 and Y2 are passive, so for ilî(Z1 ) > 0 

or -360° < </Jz
1 

< -270° or -190° < </Jz
1 

< 0°. This is present in bath results . 

2. Large amplitude ratios A » lor Zi, Y2 « Hp, Hv 

The first system {F1, vi} and second system {F2 , v2 } are coupled because Hv and HF are much larger than Z1 

and Y2 . Nothing can be said whether the total system is passive based on the passivity of transfer functions Hv 

and Hp. 
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Figure C.3. Active (red) and passive (green) behavior /or a randomly chosen set of frequencies 

/or sinusoidal inputs of the hybrid matrix /or different amplitude ratios. 
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Figure C.4. Active (red) and passive (green) behavior /or a different randomly chosen set of 

sinusoidal inputs of the hybrid matrix /or different amplitude ratios. 

The phase difference between velocity and force tor each couple {h vd determines whether that couple is 

passive. Due to the large amplitude ratio there is no impedance/ admittance and no relation between the phase 
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differences between force and velocity. Results show the region that becomes passive is arbitrary and unrelated 

to the phase differences of the transfer functions, only that similar 180 degrees wide regions occur in vertical 

direction. 

The absence of impedance and admittance, Z1 = Y2 = 0 is a measure for perfect transparency. As others have 

stated and based on these simulations, it is clear that perfect transparency is undesired . 

C.4. PASSIVE STABILITY VS. ACTIVE STABILITY 

The major (dis)advantages of passive stability with respect to active stability are given below. 

© Conclusions can be drawn of the total system when each subsystem is passive. 

© Passivity in terms of energy usage can be applied to non-LTI systems in contrast to stability. 

® lt is unrealistic to achieve complete passive systems: the human acts as a power source and the 

environment could be a beating heart. 

® Passivity is a more conservative property than stability. 

This section elaborates on the interconnection of passive subsystems. In (149], Marquez shows similar and 

more extensive derivations. 

C.4.1. PARALLEL COUPLING OF PASSIVE SUBSYSTEMS IS PASSIVE 

lf a system consists of the summation of several passive subsystems, linked in parallel, the total system is 

written as (where Pi is the initia! energy of system i); 

(C-31) 

(C-32) 

(C-33) 

This total system is also passive. 

(C-34) 
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Yi = Hiu for i = 1,2, .. . , n 

n 

y= LYi 
i=l 

t 

f yJr)u(r)dr ~ Pi for i = 1,2, ... , n 
0 

t n t n 

f Yi(r)u(r)dr = L f Yi(r)u(r)dr ~ L Pi= p 
O i=l O i=l 



C.4.2. CLOSED LOOP WITH PASSIVE CONTROLLER AND PLANT IS PASSIVE 

The closed loop in many control architectures (left) is characterized as a local closed loop and a controlled 

reference (right). The reference r, error e and output y are velocities, the input u is a force. The controller and 

plant are bath passive. 

_r_.i C Cr + u 

Cy 

Figure C.5. Two formulations of a feedback loop consisting of a passive controller and a passive 

plant. 

The controller and plant are assumed passive. So if also the local closed loop is passive, the total closed 

controlled loop is passive also (due to the summation property) . 

(C-35) 

t 

J e(r)u(r)dr ~ Pc because controller Cis passive 

0 
t 

J y(r)u(r)dr ~ PP because plant Pis passive 
0 

For the closed local loop, the input signal is Cr. The system is passive because 

t t 

J y(r)Cr(r)dr = J y(r)(u(r) + Cy(r))dr 

(C-36) 
0 0 

t t 

= J y(r)u(r)dr + J y(r)Cy(r)dr ~ PP + Pc = p. 
0 0 

C.4.3. PASSIVITY OF SE RIAL PASSIVE HYBRI D SVSTEMS 

The series of two hybrid passive systems is represented by the following set of equations. 

t t t t 

(C-37) J vif1 dt + J vzf2dt ~ P12, J V2f2dt + J V3f3dt ~ p23 
0 0 0 0 
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t t t 

(C-38} J vif1 dt + 2 J vzf2 dt + J v 3[ 3 dt 2:: /312 + /J23 
0 0 0 

The system can be rewritten as fellows. The added black is not passive per se, in this black velocity and force 

are not dependent on each other. Assuming the impedance Z2 is passive, 

(C-39} 

t 

2 J vzf2 dt 2:: /32, 
0 

Figure C.6. Rewritten series of two hybrid passive systems 

So, each individual velocity-force pair should be passive. Thus, the prior /3 va lues can be rewritten as {312 = /31 + 
/32 and /323 = {32 + {33. Subtracting this from the prior accumulation of passive requirements leads toa passive 

serial system. 

t t 

(C-40} J vif1 dt + J vJ{3 dt 2:: /31 + /33. 
0 0 
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Chapter 6 makes use of rewritten forms of Llewellyn's absolute stability and Raisbeck's passivity criterion. The 

rewritten format can be used to graphically illustrate for which frequencies a hybrid two-port network (see 

Appendix B) is passive, possibly active, stable or possibly unstable. This approach has been introduced by Haykin 

(127]. This appendix derives criteria that are used in such a stability-activity diagram. They result from the 

general conditions of Raisbeck and Llewellyn . 

Furthermore, the stability-activity diagram is extended. A third axis is added that takes into account the 

environmental impedance. In this way three areas can be distinguished : (1) an area for which the teleoperation 

system is passive for certain environmental impedance, (2) an area for which the teleoperation system is sta bie 

for all environmental impedances, (3) an area for which the teleoperation system is passive for all 

environmental impedances. 

D.1. LLEWELLYN'S ABSOLUTE STABILITY 

Among other criteria, Llewellyn 's absolute stability is governed by 

(D-1) 

The last condition can be rewritten as follows. 

(D-2) 

The real part can be expressed in terms of the angle and the absolute value (radius) according to 9î(h) = 
lhlcos (Lh). 

(D-3) 

Combining (D-2)and (D-3) gives 

(D-4) 

Using the well-known trigonometrie identity cos 20 = 2 cos 2 0 - 1 equation (D-4) reduces to 

(D-5) 
lh h 1 

2 (Lh12h21) 12 21 cos 2 
--------- < l. 

29î(h11)9î(h22 ) -

The numerator term can be rewritten as 

(D-6) 

Because 
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(D-7) 

and according to Le Moivre's theorem 

(D-8) 

Squaring both sides gives 

(D-9) 

Combining result (D-9) with (D-5) results to 

(D-10) 

which is identical to 

(D-11) 

This corresponds with requirement (D-12). 

(D-12) XsAD :5 1 

(D-13) 

D.2. RAISBECK'S PASSIVITY 

The third Raisbeck's condition for passivity is governed by 

(D-14) 

Which is rewritten as 

(D-15) 

Applying inverse factorization gives 
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m(h12)2 + m(h21)2 + 2m(h12)m(h21) + 3(h12)2 + 3(h21)2 - 23(h12)3(h21) 

(D-16) 49{(h11)m(h22) 

:s; 1. 

Because 

(D-17) 

equation (D-16) equals 

(D-18) 
29{(h12h21) + 9{(h12)2 + 9{(h21)2 + 3(h12)2 + 3(h21)2 

49{(h11)9{(h22) :s; 1. 

The absolute values for each transfer function equals lhl = ✓m(h) 2 + 3(h)2. 

Substituting into (D-18) leads to 

(D-19) 

Finally, Equation (D-19) is rewritten, using 1h12 12 + 1h21 12 = (1h12 1 - 1h21 1)2 + 2lh12 h21 1, leads to 

(D-20) 

In the analysis of Llewellyn's stability, it has been proven that 

(D-21} 

such that 

(D-22) 4m(✓h12h21)
2 

+ Clh12I - lh21D2 

49{(h11 )m(h22) :s; 1. 

With XsAD defined in(D-13), and YsAD defined in (D-23), 

(D-23) 

the Raisbeck's criterion is rewritten as 

(D-24) 

where 

(D-25) 
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D.3. BOUNDED ENVIRONMENT PASSIVITY 

In the approach of Willaert in (130), the transmitted impedance to the operator is taken in the passivity analysis, 

such that the environmental impedance is taken into account. Their approach is very insightful, but lacks 

generalization. This section derives a general passivity requirement that results in a passive transmitted 

impedance to the operator. lt finalizes with the implementation of this requirement into the stability-activity 

diagram. A third axis zsAD is introduced that takes into account the environment. 

This analysis starts with the notion that the transmitted impedance to the operator should be positive. 

(D-26) 

(D-27) 

(D-28) 

The denominator 9î(1 + h22Ze)2 + 3(1 + h22Ze)2 is positive real irrespective of hybrid elements, i.e. positive 

real numerators lead to positive real transfer functions. Therefore we focus on the numerator only: 

(D-29) 

which leads to(D-30). 

(D-30) 

The terms 

and 

(D-34) 

9î(Llh)(9î(Ze) + 9î(h22)1Zel 2) + 3(Llh)(-3(Ze) + 3(h22)1Zel2) + 9î(h11) 

+ 9î(h11)9î(h22)9î(Ze) - 9î(h11)3(h22)3(Ze) 

+ 3(h11)9î(h22)3(Ze) + 3(h11)3(h22)9î(Ze) ~ 0 

are then substituted into (D-30). The next step is simplification through factorization. This ultimately leads to 

expressions (D-35) and (D-36). 
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(D-35) 

(D-36) 
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9l(Ze)(29l(h11)9l(h22) - 9l(h12h21)) - 3(Ze)(29l(h11)3(h22) - ~(h12h21)) 

+ 9l(h11)(l + 1Zel 2lh221 2) 

- IZe 12 (9l(h12h21)9l(h22) + ~(h12h21)3(h22)) 2':: 0 

9l(h11)( 1 + IZe 121h2212 + 29l(Zeh22)) 

- 1Zel 2(9l(h12h21)9l(h22) + ~(h12h21)~(h22)) 

- 9l(h12h21Ze) 2':: 0 



156 1 Page 





EXPERIMEN 

PRECEY 



Chapter 1 introduces frequencies / 95%,[99% and velocities v, v95%, v99% for each degree of freedom - task 

combination. These frequencies and velocities bound 95% or 99% of all movements of the surgeon in terms of 

power spectra! density or encountered velocities respectively. This appendix elaborates on the concepts on 

which these frequencies and velocities are computed. 

2 
-M 
3 

1 
-M 
2 

1 
-M 
3 

Figure E.l . The placement of intervals (with their length) fora time signa/ t E [t0 , te] for 50% 

overlap. 

E.1. BACKGROUND ON POWER SPECTRAL DENSITY 
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In Chapter 1 Power Spectra! Density (PSD) plots are shown of several movements during various tasks. This 

appendix discusses all steps necessary to translate a time signal of the movement of a surgeon to a power 

spectra! density and subsequently frequencies that bound 99% of all energy involved during that movement. 

Sections E.3 and E.4 list acquired results. 

This section describes several methods that can be used to compute a power spectra! density plot. Hereafter 

the issue of coupling is handled: the master is connected to the slave only a limited part of the total time. A 

Fourier transformation translates the time domain signal into a frequency spectrum . 

00 

(E-1) /(0 = J f(t)e-zrrit{ dç 
-00 
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This transformation can be applied to the full time signal or to overlapping intervals of the full time signal. 

When no overlaps are involved the power spectra! density is made with a periodogram spectra! estimator. The 

Welch's method is applied when there are multiple intervals. 

This section (1) elaborates on how to choose intervals and (2) discusses the effect of windowing intervals on the 

power spectra! density. Spectra! analysis is applied on unbiased sinusoid of 1 Hz. 

E.1.1. HOW TO CHOOSE INTERVALS 

The interval length Mint fellows from (1) the amount of overlap fiint~tint and (2) the number of intervals nint· 

The entire time signal of length ~t is split into nint intervals of length M int of which nint - 1 overlapping 

intervals exist of time fiMint, i.e. 

(E-2) 

(E-3) 

(E-4) 

Figure E.2 and Figure E.4 show the (accumulative) PSD fora pure sinusoid of lHz, measured 60 seconds with a 

sample frequency of 1000. The accumulative PSD (or APSD) is governed by 

(E-5) 
l PSD(f)df 

APSD(f) = ~ · 100%. J
0 

PSD(f)df 

In theory, an increase in overlap leads to (1) langer interval lengths and more averaging which can improve the 

approximation and (2) more correlation between intervals which can violate the assumption of uncorrelated 

intervals. 

This corresponds with findings in the (cumulative) PSD plots. For increasing amounts of overlap, the sinusoid is 

estimated more precisely: in the PSD the peak is smaller and the remaining frequency domain contains less 

energy, in the APSD the transition to 100% is smaller. Also, there is more oscillatory behavior in the remaining 

part due to violation of uncorrelated intervals. A sensible trade-off between these two effects seems to be 50%. 

The second parameter to choose is the number of intervals nint· In theory, more intervals (1) lead to more 

averaging but (2) puts more bounds to the resolution (and minimum value) of the frequency range. The first 

effect is visible in Figure E.2: more averaging leads to wider peaks in the PSD plot and wider transitions in the 

APSD plot. 
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Figure E.2. (Accumulative) Power Spectra/ Density of sinusoid with Hann window (is exp/ained in 

follawing section). The PSD is calcufated using several numbers of intervals and amounts of 

overlap. For multiple intervals PSD plots the overlap equals: - 10% - 50% - 75% 

- 95%. 
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Surgical tasks are primarily executed in the low-frequent domain, between 0 and 2 Hz. In this frequency range 

at least 20 points should be taken into consideration. In this case we take, 

1 
(E-6) !:J.f = f min < 

20 
Hz, 

such that 

(E-7) /:J.tint > 20 s. 

Finally, the topic of spectra! leakage is addressed. Spectra! leakage is inherent to discrete Fourier transformation: 

transforming a time signal to a spectrum affects the contents of that signal. Spectra! leakage is present in each 

PSD plot, but it is best visible in the PSD plot corresponding to a single interval. The sinus at 1 Hz is not only 

present in the green area (called the main lobe) but also in the remaining part, in the red area (called side lobes). 

From these results an important distinction is made. 

1. To find a smooth PSD in which side lobes are suppressed maximally the goal is to find the maximum 

number of intervals such that (E-7) is satisfied. 

2. In the accumulative PSD plots, averaging has a more negative effect than side lobes. Therefore to find a 

smooth accumulative PSD plot, the goal is to use one interval as long as is satisfied (E-7). 

E.1.2. HOW TO CHOOSE WINDOWS 

Whether the full time signal is subdivided or not, each interval should be weighted with a certain window to 

avoid a sudden movement from O to whatever value at t = t 0 and t = t0 + !:J.t. This changes the actual time 

signal into a weighted time signal. This section describes three windows. These (normalized) windows are given 

in Figure E.3. 

1. The rectangular window. 

(E-8) w(n) = 1 

2. The Hann window (sometimes erroneously referred to as the Hanning window, in Matlab's hanning.m 

function for example). 

(E-9) 

3. The Hamming window. 

(E-10) w(n) = 0.54 - 0.46 cos ( 2rr N ~ 
1

) 

The extent to which spectra! leakage is present is also dependent on the applied window. The Hann window is 

notable for its side lobe suppression, [150). This is also clearly visible from Figure E.4. This makes the Hann 

window most favorable, although the actual differences between the Hann and Hamming window in the APSD 

plots are small. 
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Figure E.3. Normalized windows applied in discrete Fourier transformation: 

- Hann - Hamming. 
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E.2. EVALUATION OF RAW DATA 

Before elaborating on results two important topics are addressed: the sampling frequency and the coupling 

between master and slave. 

9 

5 

3 

1 
0o 10 20 30 40 50 60 70 80 90 100 

NOISS [%: 

Figure E.5. Number Of ldentical Successive Samples (NOISS) for 24 experiments. 

E.2.1. SAMPLING 

The eye-RHAS robot works with a sampling frequency of 1000 Hz. The actual update rate with which output 

data is stored is lower. The data acquisition system makes use of zero-order hold, so an output is kept constant 

until new information arrives in the case the update rate is lower than the sampling frequency. This means that 

a sample is followed by identical samples if there is not yet an updated sample available. The Number Of 

ldentical Successive Samples (NOISS) is an indication of the usefulness of the chosen sampling frequency: a large 

percentage means the update rate is the bottleneck and the sampling frequency should be lowered. 

In total, 24 experiments have been carried out. Figure E.S shows the distribution of the NOISS of these 24 

experiments. In all experiments at least 30% of the samples is identical to the previous ones. Especially when 

computing the velocity (which is dependent on the relative difference between successive samples) it is 

undesired to have a large NOISS. 

For this reason, the data set is modified as fellows. The sampling frequency !sample is reduced with a factor 

Nred, 

(E-11) 
- /sample 

/sample= N · 
red 

New data points x(t) result from the mean of Nred neighboring data points of the old data points x(t), 

(E-12) x(n), for n = 1: fsamplete 
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(E-13} x(n), for n = 1: ! sample te 

(E-14) 

Figure E.6 shows that averaging greatly reduces the PISS as expected. A sampling frequency of S0Hz is 

sufficiently large for the relative low-frequent behavior of surgeons du ring surgical tasks (as the next section will 

indicate). 
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Figure E.6. Percentage ldentical Successive Samples (NOISS) for 24 experiments, reduced with a 

factor 10 (left) or 20 (right}. 

E.2.2. COUPLING BETWEEN MASTER AND SLAVE 

The acquired signal cannot be used entirely; the master is coupled to the slave only a fraction of the total time. 

Master and slave are decoupled because (1) the surgeon is unhappy with the position of the master or (2) the 

master has reached the final possible position and can not be moved further. Only the coupled part of the signal 

is of importance: only du ring coupl ing the surgeon carries out the task. 

During experiments, a Boolean coupling indicator is extracted (together with position measurements). With 

this information transition points between coupling and uncoupling can be found and the signal can be split into 

several coupled and uncoupled intervals. These intervals are divided into non-overlapping subintervals of length 

M int = 20s such that the average (A)PSD fellows easily from the individual subintervals. 

Figure E.7 shows the total time signal for a cutting task and the corresponding (A)PSD. lt also illustrates the 

windowed subintervals and the Boolean coupling indicator. These subintervals are windowed with a Hann 

window and only the subintervals that satisfy Equation (E-7) are shown and used in the subsequent 

computation of the average (A)PSD. The APSD plot shows also the APSD = 99% line and the corresponding 

frequencies up to which 99% of the total APSD is reached, or / 99%. This means 99% of all energy is transmitted 

in the frequency range up to this frequency. For coupled subintervals, the APSD = 99% line is crossed at a 

lower frequency with respect to the total signal. 
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Figure E. 7. Time signa/ (upper), the PSD (lower left) and APSD (lower right) for rotation ip du ring 

cutting task, in which: - original signa/ - coupled subintervals - Boolean 

coupling indicator. For the (A)PSD plots, the bold lines represent the average (A)PSD and the 

dashed lines represent the (A)PSD fora each subinterval. 

E.3. PSD RESUL TS 

This leads to the PSD and APSD results on the following pages, based on 1 cutting experiment, 2 peeling 

experiments and 3 vitrectomy experiments. The frequencies / 99% are shown in Table 1.4. 

Comparing all subintervals with only those du ring coupling shows that the bounding frequency / 99% for all DoF

task combinations is smaller for the coupling subintervals. This suggests that the surgeon applies relative high 

frequent movements when uncoupled and verifies that only the coupled part should be used. 

These are in most cases independent on the earlier defined fi.tint = 20s. Simulations with fi.tint = 10s, 30s 

give rise to frequencies that are in a 10% range of results stated in Table 1.4. Several bounding frequencies are 

equal to the minimum frequency f min = fi.tbi} ~ 0.049. lncreasing fi.tint lowers the minimal frequency and 

lowers the bounding frequency in that case. So, if the bounding frequency is equal to minimal frequency f min, 

the approximation is conservative in the sense that is very likely that the actual bounding frequency is lower. 

An example of these (A)PSD plots is provided (for rotation <P) in Figure E.8. These results are interpreted in more 

detail in Chapter 1. 
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Frequencies [Hz] 

Cutting Pealing Vitrectomy 

Dof lntervals !95% !99% !95% {99% !95% !99% 

All 0.049 0.14 0.10 0.48 0.088 0.29 
</> [deg] 

Coupled 0.049 0.049 0.14 0.29 0.049 0.18 

All 0.049 0.19 0.58 1.0 0.18 0.53 
tjJ [deg] 

Coupled 0.049 0.12 0.17 0.29 0.17 0.47 

All 0.049 0.051 0.32 0 .76 0.049 0.17 
0 [deg] 

Coupled 0.049 0.049 0.049 0.049 0.049 0.085 

All 0.71 1.3 0.79 2.0 0 .68 1.4 
z [mm] 

Coupled 0.33 0.93 0.87 1.5 0.49 1.3 

Table E.1. Frequencies at which the APSD = 95%, 99% lines are crossed, [ 95%, [ 99%. 
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Figure E.8. PSD and APSD of</) rotation in which: - original - coupled subintervals. 

Bold lines correspond to averages. 
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E.4. VELOCITY RESUL TS 

Section E.2 showed a technique that compensates for the excessively large sampling frequency. One of the 

purposes is a better approximation of the velocity. The technique lowers significantly the amount of successive 

identical samples (see Figure E.5 and Figure E.6) . This improves the velocity analysis because velocity can be 

computed as a function of successive elements, namely 

(E-15) 
x (n + 1) - x (n - 1) 

v(n) = /:J.t . 

Cutting Pealing Vitrectomy 

Dof lntervals v V95% V99°/o v V95% V99°/o v V95% V99°/o 

All 3.1 13 30 12 44 82 7.6 26 58 
<p [deg] 

Coupled 2.8 12 24 10 34 59 6.3 22 37 

All 3.0 12 29 12 50 97 5.3 18 38 
ij; [deg] 

Coupled 2.6 11 21 9.4 34 57 4.4 17 28 

All 4.3 16 62 26 136 344 6.2 22 65 
0 [deg] 

Coupled 4.2 15 63 19 98 292 5.1 20 50 

All 2.9 15 38 5.9 30 75 3.4 20 51 
z [mm] 

Coupled 2.5 14 27 5.9 29 71 3.3 18 44 

Tab/e E.2. Mean velocities v and ve/ocities that bound 95% (v 95 o1o) or 99% (v99o1o) of all velocity 

content. 

Table E.2 shows the mean velocity v and the bounded velocity v99% (in which v can represent both angular as 

translational velocities) . The bounded velocity is defined in similar fashion as [ 99% : 99% of all measured 

velocities are below this velocity. Corresponding plots for these results are given on the following pages. 

Similar to the PSD analysis in the previous section, these results again stress the need to take only into account 

coupled intervals. The bounding velocity v99% for all DoF-task combinations is smaller when only coupled 

intervals are used. This suggests that the surgeon applies more speed. 

See Chapter 1 fora more detailed analysis of these results . Figure E.9 shows velocity plots for z . 
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Figure E.9. Velocity analysis for z translation: a bar chart of the velocity distribution (displayed 

logarithmically in grey) and the accumulation of the distribution for: - original 

coupled subintervals. Dashed lines correspond to the bounding velocity v99ow dash-dotted lines 

correspond to the mean velocity v. 
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This Appendix first lists general info regarding the use of the PHANToM device for future purposes. To this end, 

a CD-rom is also available at the DCT-lab that consists of all the required software for installation, the 

information of integration of digital filters, two test cases that can be carried out and existing literature for the 

PHANToM Premium 1.5A (SN 2020001 PN 01068). Additionally, identification of the three degrees of freedom 

of the PHANToM device are shown, raw experimental data applied in paper 1 and an introduction and 

application of Analysis of Variance (ANOVA), applied in paper 1 to investigate significant differences. 

F.1. GENERAL INFO 

This section briefly discusses what you can find on the CD-rom and aims in no way to fully explain all the details. 

For that, please proceed to the subfolders of your interest: you can find elaborate manuals on various individual 

items. For any questions concern ing this CD-rom, the use of the Phantom or the proposed models, please 

contact me (06-30026258, geertjanevers@hotmail.com). The PHANToM device is ownership of the faculty 

lndustrial Engineering & lnnovation Sciences. For reservation of the PHANToM device, please contact Martin 

(M .D.) Boschman. 

The CD-rom provides 1. lnstallation Files, 2. Filters, 3. Models, 4. Chirp Signal, 5. Literature. 

1. lnstallation Files: all files necessary for the setup of software and hardware for Phantom use. Only 

successful installation was possible with a windows XP 32-bit operating system. Visual Studio C++ 6.0 

was used to compile adapted codes for Open Haptics (not provided on th is CD-rom). 

Folder consists of the following subfolders, see the specific subfolder for more information. 

a. Hardware: first step is to install the Phantom driver PDD 4.2.49. 

b. Software: second step is to install Open Haptics version 2. 

Only this combination of software has led to successful results . 

2. Filters: filters defined in c++ which can be used for the control of the Phantom or to compute virtual 

environments/controllers within the Open Haptics environment. 

Folder consists of the following subfolders, the re is a manual in the 2.Filters folder. 

a. DFILTERS: provides a number of digital filters . 

b. Polynomial : needed for successful computat ion of DFILTERS. 

3. Models: two models have been made: the JND model and the LineTracking model. One folder 

corresponds to one test example. This example can be edited by opening the file with ".dsw" extension 

in Visual Studio. Each example is associated with 6 source files, and each file provides a brief description 

of its place in the complete architecture. More concrete, these 6 files govern the following relations. 

a. main .... . cpp: input for filters, the virtual slave and the base environment. 

b. contactmodel ..... cpp: defines the environment. For the JND experiment, the relative difference 

between the two presented stiffness magnitudes is defined here also. 

c. helper .. ... cpp: governs the visualization on-screen. 

d. DLeadLag .... . cpp: computes a Lead-Lag filter, see 2.Filters for an elaborate manual on this topic. 
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e. polynomial. ... . cpp: is needed for the Dleadlag filters and should only be changed with extreme 

care. 

The subfolders correspond to the following parts. 

a. Original: original test-file on which changes can be made. 

b. JND_ForceScaling: the JND experiment tests the ability of human operators to distinguish 

between two different stiffness magnitudes. Two rectangles are shown on -screen, which can 

be palpated by the human operator. The force sealing transferred back to the human operator 

can be va ried. 

c. JND_Architectures: the JND experiment in which not force sealing, but the type of architecture 

is varied. 

d. LineTracking: experiment in which the human operator is required to follow a line. Different 

position sealing factors can be applied. 

e. Executables: this map provides a number of executables of the aforementioned experiments. 

f. ldentification: although the ".dsw" -file is named line, and a line is presented on-screen, this 

example can be used for identification purposes. A pre-defined chirp signal (in " .txt" format) 

should be placed inside the Testlnput folder. Variables are (after a pre-defined number of 

seconds, originally 125s) written to files in the Output folder. 

4. Chirp Signal: this folders includes a Simulink-model that can be used to compute a chirp signal: a 

sinusoid signal that increases in frequency and decreases in magnitude. This signal can be applied to the 

force input of the Phantom device for identification purposes. 

5. Literature: lists a number of papers in which the Phantom device has been applied. 

a. ldentification: three approaches concerning the identification of the Phantom device. 

b. Experiments: two papers that use the Phantom device for their experiments. 

c. C++: fundamentals of programming in C++. 

d. Bachelor Thesis: two Bachelor students have conducted their Bachelor thesis using the 

Phantom setup. 

F.2. IDENTIFICATION 

The transfer functions between applied actuator force and the resulting translational position is identified per 

degree of freedom, x, y or z through the use of a chirp signa 1. For the x-direction, the following admittance is 

identified. 

(F-1) 
-1 X 

s Ym.x = F, 
X 
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The degrees of freedom for the PHANToM device are formulated as shown in Figure F.l. The measured and 

fitted transfer functions are presented in Figure F.2. 

co -20 · 

"O 
.... -40 1 
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.... 
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z 

Figure F.1. The translational degrees of freedom of the PHANToM device. 
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Figure F.2. The measured and fitted transfer function between applied actuator force and the 

position of the end-effecter. 

The fits correspond to a pure mass Mi in combination with an anti-resonance peak at frequency fu, prior to a 

resonance-peak at f 2 ,i, where i = x, y, z denotes the degree of freedom. The corresponding parameters per 

degree offreedom are listed in Table F.l. 

(F-2) 
( 

S )2 2/31 ;S 

- 1 - 1 ~ +ziij;; 
s Ym,i - -M 2. 2 2a 

;S ( S ) + 1'2,iS 

2rrf2,i 2rrf2,; 

DOF f1,i [Hz] [2,i [Hz] Pu [-l P2.i [-] 

X 22.5 32.2 1.6. 10-2 1.1 . 10-1 

y 23.9 54.2 2.0. 10-2 8.0 · 10-2 

z 21.5 30.3 1.6. 10-2 1.4. 10-1 

Table F.1. Parameters of transfer functions of the PHANToM device per degree of freedom. 
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F.3. RAW EXPERIMENTAL DATA 

This section lists the raw data acquired from experiments with the PHANToM device and applied in the paper 

concerning human and task centered performance measures. The palpation experiment is presented in Table 

F.2 and the instrument positioning experiment is shown in Table F.3. 

A single stiffness difference is noticeable to a subject if at least 8/10 answers are correct (p = 95%). IF this is 

the case, but lower stiffness differences (less difficult) are present for which less than 8/10 answers are correct, 

these results can be combined to evaluate the probability the subject is able to notice at least the less difficult 

stiffness difference. For example, subject 2 for Ä = 3 is able to get 7 /10 correct answers for Ke = 14. This result 

can be combined with a more difficult perceivable environment stiffness difference Ke = 11, for which subject 

2 is able to get 8/10 answers correct. Combined, 15/20 answers are correct for the stiffness differences 

combined, hereby rejecting the null hypothesis with p = 98% probability. Therefore, an environment stiffness 

difference Ke can be perceived if for this difference 8/10 answers are correct and all higher {less difficult) 

environment stiffness differences Ke reject the null hypothesis (the hypothesis it is a random process) where 

combinations with lower (more difficult) environment stiffness differences are allowed for which 8/10, 15/20, 

20/30 or 26/40 answers need to be correct. 

Force sealing 
Number of correct answers out of 10 for stiffness difference Ke [-] 

Subject Ä [-] 25 20 17 14 11 5 

1/3 8 6 6 6 6 7 

1 1 10 10 9 6 8 7 

3 10 6 8 8 6 7 

1/3 10 9 8 9 8 8 

2 1 10 9 7 8 6 6 

3 9 9 9 7 8 6 

1/3 9 5 5 5 2 6 

3 1 8 5 4 5 5 5 

3 9 9 7 7 6 6 

1/3 9 8 7 6 9 5 

4 1 10 7 8 8 6 7 

3 9 8 7 8 8 7 

1/3 5 9 9 7 4 5 

5 1 6 9 8 8 9 1 

3 9 6 10 7 4 6 

Table F.2. Raw experimental results of the palpation experiment for 5 subjects and three force 

sealing parameters per subject. 
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Bandwidth Position sealing 
Subject Wco [Hz] factorµ Average position error e [mm] 

5 1 2.6043 2.3424 2.2773 

25 1 2.4018 2.1115 2.6383 

1 1 2.2988 2.1313 2.0914 

100 1/3 2.8557 2.1601 2.6935 

3 3.7601 5.2397 5.1854 

5 1 3.0807 3.6182 3.1249 

25 1 3.4696 3.4096 3.4270 

2 1 2.3947 3.0484 3.5615 

100 1/3 3.2506 3.6099 3.6434 

3 4.4488 5.1330 7.5812 

5 1 2.6776 3.1186 2.5407 

25 1 3.5991 3.1107 2.0636 

3 1 2.2846 2.3788 2.1664 

100 1/3 2.8375 3.0299 2.1632 

3 5.8784 6.3042 3.8472 

5 1 2.7084 2.5081 2.4427 

25 1 2.3613 2.8584 2.7642 

4 1 2.5405 3.0460 2.4462 

100 1/3 2.9777 2.4705 3.1570 

3 3.7721 4.0816 3.2498 

5 1 2.3482 1.8091 1.6262 

25 1 1.9307 2.2484 2.0756 

5 1 2.0983 1.8606 2.1265 

100 1/3 1.8990 1.8682 1.4676 

3 2.3512 2.7499 2.6551 

5 1 2.5895 2.0603 2.0301 

25 1 2.3541 2.3588 1.9652 

6 1 1.8789 1.9871 1.9811 

100 1/3 1.9183 2.3051 2.5127 

3 2.9873 4.2966 3.9314 

Table F.3. Raw experimental results of the instrument positioning experiment for 6 subjects and 

three position sealing parametersand three bandwidth frequencies per subject. 
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F.4. ANALYSIS OF VARIANCE (ANOVA) 

The Analysis of Variance, or ANOVA, compares the variation within a certain group to the variation between 

groups to determine whether multiple groups are significantly different. This section briefly discussed the 

background of the ANOVA method and computed the probability whether two are significantly different. For 

more information about ANOVA, please refer to the book of Andy Field (151]. 

Assume there aren groups of mj samples per group. Then the variation within groups follows trom the residual 

sum of squares, SSR, 

(F-3) 

where µj is the mean per group. The variation between groups is represented by the model sum of squares or 

SSM. 

(F-4) 

n 

SSM = I mlµi - µtot/ 
j=l 

where µtot the grand mean of the means of all groups. The degrees of freedom for SSM is the number of groups 

minus one. 

(F-5) dfM = n-"1 

The degrees of freedom for SSR are the total degrees of freedom minus the degrees of freedom for the model, 

i.e. the total sample size minus the number of groups. 

(F-6) dfR = dfr - dfM = n(m - 1) 

Then, the mean squares MSR and MSM are computed as follows. 

(F-7) 

Then the F-ratio is the ratio between these mean squares. 

(F-8) 

This value is then compared to the F distribution for the degrees of freedom in SSM and SSR . For the palpation 

experiment, the ANOVA Table is presented in Table F.4. There is 80% probability that the differences between 

the different force sealing groups are pure chance. For the instrument positioning experiment, the ANOVA is 

computed for the variation in position sealing and bandwidth. A different position sealing affects significantly 

1741P age 



the position error p < 10-6). For varying bandwidth there is significant probability (p ::::: 25%) the effects on 

the error in position tracking are random. The corresponding box-plots are shown in Table F.3. 

The different position sealing factors are compared to each other through the student t-test. The highest sealing 

position factor is significantly different from the other two (p < 10-4
). 

M: Between 

R: Within df ss MS F p 

M 2 7.00 3.50 0.22 0.8034 

Force sealing R 12 188 15.7 

Total 14 196 

M 2 34.4 17.2 19.8 4.40. 10-7 

Position 
R 51 44.4 0.870 

sealing 

Total 53 78.7 

M 2 0.649 0.324 1.42 0.250 

Position 
R 51 11.6 0.228 

bandwidth 

Total 53 12.3 

Table F.4. ANOVA Table far the different groups corresponding to the palpatian experiment, 

À = .!. , 1,3 and for the different groups corresponding to the instrument experiment for varying 
3 

position sealing, µ = .!. , 1,3 and varying position bandwidth, Wco = 5,25,100 Hz. 
3 

e [mm] e [mm] 
• 

20 
3.5 

3 6 

15 
2.5 4 

10 2 
2· 

• 
À= 1/3 À= 1 À=3 Wco Wco Wco µ = 1/3 µ=1 µ=3 
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Figure F.3. Box-plots for the effect of force sealing du ring palpation (left), the effect of position 

bandwidth on instrument positioning (center) and position sealing on instrument positioning 

(right) . 
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