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ABSTRACT OF THE DISSERTATION 

 

An Investigation into the Benefits of Tactile Feedback  

for Laparoscopic, Robotic, and Remote Surgery 

 

by 

 

Christopher Robert Wottawa 

Doctor of Philosophy in Biomedical Engineering 

University of California, Los Angeles, 2013 

Professor Warren Grundfest, Chair 

 

Minimally invasive surgery (MIS) provides profound and well-known benefits to patients 

at the cost of increased technical difficulty for surgeons. In all types of minimally invasive 

surgery, including robotic, laparoscopic, and remote surgery, tactile information is altered, or in 

the case of robotic procedures, completely absent. 

The first version of a tactile feedback system for robotic surgery was completed in 2008. 

During the course of this research, the feedback system was iteratively redesigned in order to 

address some of its shortcomings, improve its performance, and to allow the necessary expansion 

to other applications and in-vivo use. 

When the improved tactile feedback system was integrated with a non-robotic 

laparoscopic grasper, it was found that tactile feedback significantly decreased the grip force of 

novice subjects during laparoscopic training, but had little impact on experts. 
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After designing a new water insulation methodology, the system was integrated with the 

da Vinci surgical robot and used for the first time in a live tissue experiment. This experiment 

showed that there was a high variability between subjects, and that there was a correlation 

between the amount of force used and amount of damage observed. Most expert and novice 

subjects used significantly decreased grasping forces, and had significantly fewer sites of 

damage when evaluated by a blinded pathologist, but some of this may have been caused by 

familiarization with the task. 

The first prototype remote surgery system with tactile feedback was developed by 

combining three existing systems: The University of Washington RAVEN-II, the UCLA 

LapaRobot, and the improved tactile feedback system. In a preliminary investigation of remote 

surgery over a simulated network with delays of 100 ms and then 1 ms, there were decreases in 

grasping force for most subjects, and more significant retention when the time delay was 

minimized. 

Together these findings suggest that tactile feedback may be a beneficial addition to 

minimally invasive surgical systems – especially for cases with heavy cognitive demand, such as 

training of novice users, challenging control schemes, and when handling delicate tissue – and 

that efforts should continue to advance the feedback system towards clinical viability.  
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 1 

1 Introduction 

Minimally invasive surgery (MIS) has revolutionized surgical care by reducing cost, 

pain, and trauma to the patient, decreasing the need for medication, and shortening recovery 

times [1-3]. In all types of minimally invasive surgery, including robotic, laparoscopic, and 

remote surgery, the surgeon is no longer directly interfacing with the patient. As a result, tactile 

information is altered, or in the case of robotic procedures, completely absent. 

A tactile feedback system was previously designed at CASIT [4] and integrated with the 

da Vinci Surgical System. It measured forces at the tips of a robotic grasper and provided 

proportional forces to the fingertips of the operating surgeon. Preliminary investigation showed 

that adding supplemental tactile feedback significantly reduced grip force during robotic surgery 

training and with tissue phantoms [5]. 

The purpose of this research was to extend the tactile feedback technology to three new 

minimally invasive surgery (MIS) applications – non-robotic laparoscopic surgery, remote 

surgery, and in-vivo robotic surgery – and to perform studies to evaluate the benefit of tactile 

feedback in each of these applications. 

In 2008, this research inherited a functioning tactile feedback system. An analysis was 

performed on this system that determined improvements necessary for expansion of the system 

to live tissue studies and remote surgical applications. Some aspects of the system were retained, 

such as the optimized actuator configuration, while others, such as the pneumatic system, 

electronics, and software, were completely redesigned. Additional subsystems were designed and 

integrated, such as a new data acquisition interface and methods to protect the sensors from in-

vivo moisture. The improvements were essential for bridging the gap between in-vitro testing and 
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in-vivo feasibility and resulted in a system that showed faster, more reliable performance, 

increased robustness, and better ergonomics. 

This new tactile feedback system was integrated into a non-robotic laparoscopic grasper, 

which required the design of a new single-tube actuator. After a subsequent grip force study, it 

was found that tactile feedback significantly decreased the grip force of novice subjects during 

laparoscopic training, but had little impact on experts. 

A new water insulation methodology was designed and implemented to protect the force 

sensors and allow preclinical evaluation of the system in an animal model. The improved tactile 

feedback system was integrated into the da Vinci surgical system and used for the first time in 

live tissue experiments. When attending surgeons and surgical residents used this system to run 

porcine bowel, it was found that tactile feedback resulted in significantly decreased grasping 

forces and significantly fewer sites of damage when evaluated by a blinded pathologist. These 

low force and damage levels were retained for the third block of trials, indicating that the 

improvements may have also been caused by increased familiarity with the task. A significant 

correlation was found between high average forces and incidence of damage, which suggested 

that decreasing grasping force may have clinical benefit. 

The tactile feedback technology was expanded for use in remote surgery. Two remote 

surgical systems were considered for integration: The University of Washington’s RAVEN-II, 

and the UCLA LapaRobot. Because of limitations in each of the systems, a new combination 

system, The LapaRaven, was developed. The tactile feedback system was expanded to remote 

surgery through leveraging the communication protocol and adding Ethernet-connected 

computers to the loop. When integrated into the LapaRaven, this demonstrated the first prototype 

remote surgery system with integrated tactile feedback. A preliminary investigation (five 
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subjects) was performed over a simulated network with a 100 ms time delay. This investigation 

showed that tactile feedback resulted in significant decreases in grasping force for three of the 

five subjects, and that this low force was not retained when the system was deactivated for the 

third block of trials. When the study was repeated with a minimal time delay (1 ms), results were 

similar to the live tissue study: decreased grip force that was retained when the system was 

deactivated in the third condition. 

It is widely cited that one of the most significant technical disadvantages associated with 

robotic surgery is the complete lack of haptic feedback [6-8]. This research has shown that 

reductions in grasping force are correlated with reductions in damage to tissue, and that tactile 

feedback tends to be most beneficial when there is a large cognitive demand, such as novices 

learning to perform laparoscopic or robotic surgery, or subjects struggling to use the LapaRobot 

controller. 

Together these results lend support for continued improvement of the tactile feedback 

technology towards clinical viability, either for training of novice surgeons or long-term use with 

surgical robotic and minimally invasive training systems.  
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2 Background 

2.1 Minimally Invasive Surgery (MIS) 

Traditional approaches to surgical intervention underwent a paradigm shift in the mid 

1980’s with the introduction of video-based laparoscopic surgery. In open surgery, a surgeon 

views the field directly through a single large incision and manipulates tissue directly with his or 

her hands or hand-held tools. In minimally invasive surgery (MIS) procedures use smaller 

incisions (typically < 2 cm) to accomplish similar tasks. In MIS, a surgeon views the surgical 

field indirectly through the use of an endoscope and external monitors and accesses internal 

anatomy with the help of specialized instruments. 

2.1.1 Laparoscopic Surgery 

Minimally invasive surgery that occurs around a patient’s abdomen is called 

laparoscopic surgery. A comparison between laparoscopic and open cholecystectomy is shown 

in Figure 1. 

 

Figure 1. Laparoscopic surgery involves several small "keyhole” incisions around a patient’s abdomen. Open 
surgery provides access to internal structures through a single large incision. 
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In laparoscopic surgery, the abdomen is insufflated with carbon dioxide to create a larger 

working area. Incisions are made and ports created into the body using trocars. The endoscope 

and laparoscopic instruments are inserted through the trocars and into the working space. 

Various laparoscopic instruments have been made for different applications (Figure 2), 

including needle drivers, staplers, retractors, scissors, electrocautery hooks, and bowel graspers. 

 

Figure 2. Laparoscopic Graspers 

 
Currently, over 96% of cholecystectomies are performed laparoscopically, with a 5% 

estimated rate of conversion to open [9]. Laparoscopic techniques have also found use in 

adrenalectomy [1], gastric bypass [10], Nissen fundoplication [11], hysterectomy [12], colorectal 

resection [13], gastrectomy [14], nephrectomy [15], and splenectomy [16]. 

Despite the advantages of laparoscopic surgery, there are still technical difficulties. 

Laparoscopic instruments have only four degrees of freedom, compared to the six available in 

natural wrist motion (yaw and pitch are missing). This decrease has an adverse affect on range of 

motion and surgeon dexterity. There is a reduction in depth perception due to monoscopic 

endoscopes [17]. During open procedures, surgeons can directly interface with tissue, but during 

laparoscopic surgery, there is no direct contact between surgeon and patient, and therefore haptic 
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information altered, dampened, or lost. This loss of haptic information can lead to excessive grip 

force which has resulted in reported events of tissue damage [18-23]. 

Due to these drawbacks and the difficulty in performing these procedures, laparoscopic 

surgeries can sometimes have increased operating times and higher equipment costs. Moreover, 

these technical difficulties require surgeons re-learn how to perform operations with significant 

handicaps due to limited access to the patients’ body cavities. 

2.1.2 Robotic Surgery 

Robotic surgical systems were developed in the late 1990’s to overcome some of the 

inherent limitations of laparoscopic surgery [6,24-28]. While still offering video-based, 

minimally-invasive approaches to surgical intervention, the evolving robotic systems provided 

surgeons with modifications such as increased degrees of freedom to better mimic natural hand 

and wrist gestures, stereoscopic video displays to mimic more natural visual interpretation of the 

surgical field, and scaling of surgical gestures to enable precision movements and eliminate 

natural tremor [29-30]. As of 2013, commercial robotic systems offer no mechanism for 

restoring lost haptic information. 

Commercial robots for minimally invasive laparoscopic surgery started with the 

introduction of the Automated Endoscopic System for Optimal Positioning (AESOP) by 

Computer Motion Inc, and continued with the da Vinci Surgical system (Figure 3) by Intuitive 

Surgical in 1999 [31-32], and the Zeus Surgical System in 2001 by Computer Motion, Inc [6]. In 

2003, there was a merger between Intuitive Surgical and Computer Motion and the Zeus and 

AESOP robots were discontinued. As of 2013, the da Vinci has seen three generations of 

improvements, including the addition of a fourth arm in 2003, the da Vinci S in 2006 and the da 
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Vinci Si in 2009 [33]. More recently, Intuitive Surgical has developed a dual console system and 

a Skills Simulator in collaboration with Mimic Technologies [34]. 

 

Figure 3. The da Vinci Surgical System 

 
Surgeons operate with the da Vinci system by using a control console to remotely 

manipulate robotic arms with mounted instruments (Figure 4). 

  

Figure 4. (Left) The da Vinci control console.  (Right) The EndoWrist robotic end-effecter 

 
Robotic surgery has found most acceptance in radical prostatectomy where estimates of 

cases performed robotically range from 67% to 85% [35]. The tight working spaces in urological 

procedures benefit greatly from the improved dexterity and precision afforded by the EndoWrist 

instruments. 

Robotic surgery has also been used for hysterectomy [36], gastric bypass [37-38], 

cholecystectomy [39], adrenalectomy [40], mitral valve repair [41-42], and coronary bypass [43], 
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among others. Despite the advantages of robotic surgery, traditional open or laparoscopic 

surgical techniques continue to be preferred for these types of procedures. Part of this is due to 

high equipment costs, the need for large equipment in a constrained operating room, the need for 

additional training, and the lack of evidence proving a realizable cost-benefit. A significant 

technical disadvantage associated with robotic surgery is the continued absence of haptic 

feedback [6, 7, 44]. 

2.1.3 Remote Surgery and Mentoring 

The development of surgical robotics has enabled the exploration of tele-surgery and tele-

mentoring. Tele-surgery refers to procedures where a surgeon operates on a patient in a remote 

location, whereas tele-mentoring refers to the ability of an expert to consult on procedures from a 

distance. 

A remote or tele-surgical cholecystectomy was successfully performed on a human in a 

transatlantic operation in 2001 [45-46]. Several porcine pyeloplasties were successfully 

performed remotely from Ontario to Nova Scotia in 2008 [47]. The NEEMO 7 underwater 

mission evaluated the feasibility of tele-surgery in a simulated space environment [48]. 

Many other research platforms have been developed for tele-surgery applications [49-55] 

with characterized time delays for control and video signals ranging from 155 ms to 800 ms. 

Much effort has been directed towards predictive algorithms and codecs to reduce critical latency 

[56-60], and the effect of latency on performance has been analyzed [61-64]. Interoperability of 

many robotic systems was also previously evaluated though a collaboration between fourteen 

institutions with distinct robotic platforms [65]. 

While it is thought that expansions in tele-surgery may improve surgical care in rural 

clinics, on the battlefield, and in space exploration, the prohibitive cost of dedicated 
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communication lines and the high availability of hospitals and surgeons in urban areas has 

limited its use to research [66]. 

In contrast to tele-surgery, the benefits of tele-mentoring are more apparent, especially 

for more unique cases where surgical expertise is limited [67]. Currently, tele-mentoring is 

achieved through a teleconferencing or tele-presence system, where the remote expert observes a 

video feed and provides auditory consultations to operating surgeons. Studies have shown 

significant performance improvements due to tele-mentoring [68], and the Society of 

Gastrointestinal and Endoscopic Surgeons (SAGES) has published guidelines for its continued 

use [69].  

In robotic surgery systems, there is no tactile contact between surgeon and patient. In 

tele-surgical systems and hands-on tele-mentoring systems, this separation is even more 

pronounced. In these cases, there is a complete absence of tactile feedback, which forces 

mentoring or remote surgeons to rely solely on the potentially delayed video feed. 

In laparoscopic, robotic, and remote surgery, the absence or altering of tactile information 

continues to be a significant technical drawback. Adding tactile feedback may allow surgeons to 

manipulate tissue with reduced grip force, significantly reducing the chances of causing tissue 

damage and the fatigue that may occur in longer procedures. This may accelerate the expansion 

of minimally invasive techniques, and its inherent benefits to the patient, into other specialties.  

The purpose of this research is to evaluate the benefits of tactile feedback in laparoscopic, 

robotic, and remote surgery, specifically with regards to reduced grip force and tissue damage.  

2.2 Feedback Modalities 

Feedback systems utilize sensory substitution or sensory augmentation to provide tactile 

information that is previously attenuated or unavailable to the user. 
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Restoring this tactile information can be accomplished through a number of different 

feedback modalities, including visual, auditory, electrical, temperature, and tactile stimulation 

[70-73]. Of these modalities, electrical, visual, and tactile stimuli have been the most widely 

explored [74]. 

Electrical stimulation uses either non-invasive surface electrodes (electrocutaneous or 

transcutaneous) or more invasive subcutaneous and intraneural implantation methods. Practical 

complications can arise due to noise from skin moisture or mechanical deformations, and issues 

of biocompatibility and immune responses to implanted objects [75]. These difficulties as well as 

the surgical requirements of implanted devices have limited widespread adoption of the 

technology [76]. 

While visual information may appear to be sufficient for many procedures, the 

neurological processing delay can add significant challenges for tasks that requiring precise 

finger movements. Van der Putten et. al. (2010) performed a study comparing visual and tactile 

feedback and found that tactile feedback offered slightly improved performance [77]. 

Translating forces from surgical tools directly to the skin of the finger avoids issues 

related to sensory substitution. Whenever a feedback modality utilizes a mode-change (i.e. tactile 

to visual), there is a large temporal deficit, leading to slower response times, and a loss of 

efficiency. This added step may even require active processing by the surgeon, potentially 

attenuating the benefits of real-time sensory feedback with time delays and added stress. Using 

tactile feedback to display tactile information to surgeons is natural, and requires no neurological 

training. 
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2.3 Tactile Sensing Physiology 

Haptics refers to the ability to perceive the environment through the sense of touch, and 

consists of the acquisition of both tactile and kinesthetic information [78]. Tactile perception is 

felt through pressure against or motion across the skin. Tactile sensations are generated by 

receptors on the skin in response to a mechanical deformation often caused by a local force. This 

differs from kinesthetic perception (i.e. proprioception), which relates to the movement of 

muscles and joints and is useful in determining a limb’s position in space [79]. 

Sensory nerve afferents are classified based on the physiological response (slow-adapting 

or fast-adapting) and size of the receptive field (small or large). Fast adapting (FA) afferents 

respond only when the skin initially contacts a stimulus, whereas slowly adapting (SA) afferents 

respond both to the initial contact and then continue to be active throughout the period of 

contact. Type I afferents respond to indentation over small regions of skin. Type II afferents 

respond to stimuli presented over larger areas, with SA-II afferents preferring skin stretch and 

FA-II afferents responding best to high frequency vibration. Together, these afferents describe 

the interaction between the skin and the physical world (Table 1, Figure 5) [80]. 

Table 1. Summary of mechanoreceptor classifications 

Type Receptive Field Adaptation Frequency Response Receptor 

SA-I Small Slow 0.4 – 10 Hz 
Merkel 
Disks 

SA-II Large Slow 0.4 – 100 Hz 
Ruffini 
Organs 

FA-I Small Fast 2 – 40 Hz 
Meissner  
Corpuscle 

FA-II Large Fast 100 – 1000 Hz 
Pacinian  

Corpuscle 
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Figure 5. Mechanoreceptors [81] 

 
When an object is held between the thumb and forefinger, it is held with just enough 

force to keep the object in place. Too little force drops the object, but too much force may 

damage it. This gripping force is usually determined by sensory-motor memory, but is fine tuned 

by reflexes that monitor slippage of the object. Although proprioception plays an integral role in 

motor control, the fine control of grip force is driven by a reflex mediated by tactile afferents 

innervating the fingertip [82-83]. 

2.4 Tactile Feedback 

Tactile feedback is commonly accomplished by applying mechanical deformations to the 

user’s skin, thereby activating sensory mechanoreceptors. These systems have found applications 

in surgical and industrial robotics, virtual reality, and video games [84-91]. Tactile feedback 

systems may also have application to rehabilitation systems for tasks such as restoration of fine 

motor control in the hands, balance correction, and lower-limb sensory restoration [92-94]. 

It has been suggested that the addition of tactile feedback to robotic surgical systems may 

improve the precision and control of existing robotic surgery procedures, reduce the occurrence 

of tissue damage, and reduce the fatigue associated with longer procedures. The improved 
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control may also reduce the learning curve associated with robotic surgery, and facilitate its 

expansion to a wider range of procedures. 

 

Figure 6. Tactile feedback system concept. 

 
Tactile feedback systems require three components: sensors for measuring touch or force 

at the robotic instrument, actuators for conveying this information to the operator, and a control 

system that translates between the two (Figure 6).  

2.4.1 Tactile Actuation 

Tactile actuation designs are driven by size, perceptibility, and response time objectives. 

The temporal and spatial resolutions of the fingertip in response to pin stimuli are approximately 

5.5 ms and 2 mm, respectively [95]. For circular or hemispherical stimuli to the fingers, Braille 

dots serve as a better model than pins. In Standard American Braille, Braille dots are 1.45 mm in 

diameter, 0.48 mm in height, spaced 0.89 mm apart, and grouped in 3.79 x 6.13 mm cells [96]. 

The slowly adapting (SA) mechanoreceptors of the finger are sensitive to spherical stimuli and 

encode Standard American Braille with high efficiency [97]. 

The da Vinci is a finger-controlled system with limited mounting space, and the master 

controls are subject to various rotational and translational movements. In order to provide 
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sufficient information to the operator while occupying a small footprint, the individual actuator 

array elements must be small (0.5 – 5.0 mm) and allow for narrow element-to-element spacing. 

2.4.2 Tactile Actuation Technologies 

Several tactile feedback actuation schemes have been developed by others as non-

invasive means to provide sensory feedback [98], including motor driven actuation [99-100], 

vibrotactile displays [74], piezoelectric actuators [101], shape memory alloys [102-103], 

rheological fluids [104, 105], vacuum systems [106], and pneumatically driven actuators [107-

111]. Caldwell et. al. (1999) designed an integrative tactile feedback array which included 

pneumatic actuators, piezoelectric elements, and a Peltier effect system for thermoreceptor 

stimulation [112]. Many of these tactile systems are effective for a variety of applications. 

Limitations with these designs to medical applications can include adaptation effects, low force 

output, slow response time, or large and bulky mechanical configurations. 

Vibrotactile actuators, which are among the most popular tactile actuation schemes, have 

been shown to function with the greatest spatial resolution at 250 Hz [113], innervating the fast 

adapting Pacinian corpuscle sensory receptors (FA II) [114]. While vibrotactile actuators can 

operate with high spatial resolution, stimulation of the fast adapting sensory receptors has a 

desensitizing effect, decreasing perception in the long term [74]. Therefore, this technology may 

not be clinically viable for extended use in surgical robotics [71]. 

Pneumatic balloon actuators are well suited for surgical robotics, since they address many 

of the design constraints described above. They have the advantage of large force output, large 

deflection, rapid response time, and low mass [115]. Actuation frequency and intensity can be 

electronically specified to respond to adaptation limitations. This concept has been explored 
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previously for different applications, including aerodynamic control and tactile feedback to the 

fingertip [110, 116-117]. 

2.4.3 Force Sensing 

The limited application of tactile feedback to minimally invasive surgical systems has 

been primarily due to the challenge of integrating sensors into surgical graspers. A variety of 

force and pressure sensors have been developed, but few current technologies meet the size 

constraints of current laparoscopic equipment, sterilization and biocompatibility criteria, and 

appropriate force resolution for use in surgical operation [118]. 

Pressure sensing systems are primarily constrained by small mounting surfaces. The da 

Vinci’s Cadiere graspers (Figure 7), which are among the largest instruments, have a contact area 

of 5 mm x 14 mm, and an end-effecter thickness of 3 mm. Force sensors any wider or thicker 

than this results in a complete loss of functionality, as the tool no longer fits through the trocar.  

 

Figure 7. Da Vinci Surgical Grasper 

 
Sensor systems must survive wet, in-vivo environments, be biocompatible, survive high 

temperature or chemical sterilization procedures, and not interfere with nearby electrocautery 

devices. The sensor must have negligible obtrusiveness and negligible latency. Forces felt by 



 16 

surgical tools are typically in the 0–5 N range, but can go as high as 20 N and last an average 

duration of 2-3 seconds [119]. 

2.4.4 Force Sensing Technologies 

Tactile sensing has becoming a mature field, with two commercially available thin-film 

sensors (Tekscan and Pressure Profile Systems) and many prototype designs across various 

research institutions, employing a vast array of sensing modalities and configurations. Many 

technologies, including capacitive, piezoresistive, and piezoelectric sensing modalities, have 

been used for thin film force sensing in research prototypes [120-121].  

Piezoresistive Sensing 

Piezoresistive sensors make use of semiconductive materials’ property of changing 

electrical resistance when under mechanical strain. When combined with a voltage driving 

circuit, changes in applied force can be converted to changes in output voltage. There are many 

different types of piezoresistive sensor designs. Geometries include membrane designs (strain 

gauge) and sandwich designs where a piezoresistive substrate sits between two metal electrodes. 

High stiffness semiconductor materials (polysilicon), doped elastomers, and commercial 

piezoresistive pastes have all been used as piezoresistive substrates. Many research groups have 

developed piezoresistive sensors, but none of these yet meet the size and precision constraints of 

surgical graspers [122-126]. 

Tekscan commercially sells Flexiforce sensors, which are single element piezoresistive 

sensors with a circular 1 cm diameter contact area, and dynamic ranges of 1, 25, and 100 lbs 

force [127]. The Flexiforce sensors utilize a piezoresistive paste from Electro Science 

Laboratories (ESL RS15114) and vary the thickness to vary the sensor’s dynamic range.  
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Figure 8. (Left) Flexiforce commercial piezoresistive sensor from Tekscan. (Right) The layers of a Flexiforce 
sensor. The Pressure sensitive ink is the piezoresistive material. 

 
The CASIT feedback system uses modified Tekscan Flexiforce sensors (Figure 8). 

Benefits of using this sensor include low cost, low manufacture overhead, thin film profile, quick 

response time, and appropriate force resolution. It is too large for a grasper, but can be trimmed 

to fit. When trimmed, it is not resistant to wet environments and possibly not biocompatible 

(ESL RS15114 is proprietary). These constraints require additional processing to prepare sensors 

for in-vivo environments. 

Piezoresistive sensors are cited as having disadvantages of nonlinear responses, 

hysteresis, the need to optimize the mechanical and electrical configurations of the piezoresistive 

elastomer, and a high dependence on temperature. Advantages include wide dynamic range, and 

durability. 

Piezoelectric Sensing 

Piezoelectric sensors differ from piezoresistive sensors in that certain ferromagnetic 

materials, such as polyvinylidene fluoride (PVDF) or lead zirconate titonate (PZT), will generate 

a voltage when under an applied load, rather than a change in resistance. Dargahi et. al. (2000) 

developed a 1 × 4 piezoelectric sensor array using thin film PVDF on a custom made 

laparoscopic grasper [128-130]. They cited a good response for a constantly changing 120 Hz 
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sinusoidal force input. However, with the application of a constant load, the piezoelectric sensor 

output quickly decays; therefore these types of sensors are most suited towards measuring 

dynamic force, rather than static force. 

Capacitive Sensing 

Most capacitive force sensors utilize a spring-like dielectric positioned between two 

conducting plates. The applied force compresses the dielectric, altering the distance between the 

plates and thus changing the capacitance. Circuitry measures this capacitance and translates it 

into a force differential. In 1996, Gray and Fearing introduced a capacitive pressure sensor array 

using rows of orthogonal copper strips (Figure 9) [131]. 

 

Figure 9. Pressure Profile Systems Digitacts Technology 

 
Pressure Profile Systems (Los Angeles, CA) uses this method in their commercially 

available DigiTacts and TactArray systems [132]. These commercial sensors may not be suited 

for minimally invasive surgical applications due to size, the use of proprietary signal 

conditioning electronics, susceptibility to wet environments, and the use of potentially non-

biocompatible materials in their design. 
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Other research groups have also developed sandwich geometry capacitive sensors [133-

134], but these designs are generally too large for surgical instruments or only measure small 

force ranges. 

In another capacitive sensing method, the applied force compresses two semi-conducting 

plates over a spherical electrode (Figure 10). In addition to changing the dielectric distance, this 

force increases the size of the contact area, thus increasing the capacitance. In 2006, Schostek et. 

al. used this method to develop a sensor array with 32 hexagonal elements into a customized 10 

mm grasper tip [135]. Drawbacks cited with their array included element-to-element crosstalk 

and the need to individually calibrate each element. In 2010 Zhenan Bao et. al. used a similar 

technique with a PDMS dielectric layer and a geometry of tiny square pyramids to achieve force 

detection over a range of 0.003 – 0.03 N [125]. 

 

Figure 10. Cross section of capacitive sensor by Schostek et. al. [135] 

 
Generally, advantages associated with capacitive sensors are wide dynamic range, high 

sensitivity, and precision. Limitations with these sensors include susceptibility to noise and limits 

in spatial resolution due to the physical area dependence of capacitance [120]. Due to the area 

constraints on capacitive sensors, fitting a high resolution sensing array onto a small mounting 

surface, such as the tip of a grasper, can be challenging. Potential element-to-element crosstalk 

increases the required spacing between elements that is required to achieve a particular signal to 
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noise ratio. Because of parasitic capacitance present in cabling, any signal processing electronics 

would need to be on the same chip. 

Other Methods 

Additional methods of measuring force include fluid filled elastometric skin [136], 

optical sensors [137-138], a membrane-enclosed vacuum chamber [139], and inductive sensor 

technologies [130]. These methods are not suitable for minimally invasive surgery due to thick 

size requirements, high complexity (moving parts), and interference to and from electrocautery 

systems that are commonly used during surgery. Many commercial load cells and strain gauges 

are also available, but are not practical for surgical robotics. 

2.4.5 Complete Tactile Feedback Systems 

In addition to sensors and actuators, some research groups have published designs for 

complete tactile feedback systems for minimally invasive surgery. 

Howe et. al. (1999) used a capacitive sensor array similar to that proposed by Gray and 

Fearing [131]. Tactile information is relayed back to the operator using shape memory alloys. 

Using this system, they demonstrated successful detection of sensor contact and feature 

localization. Drawbacks with the system include limitations in amplitude detection and encoding  

[8]. 

Moy et. al. (2002) used a similar capacitive sensor array mounted on a 1-DOF grasping 

jaw,  and a 5 x 5 pneumatic actuator array. This system was used to detect fluid flow in artificial 

blood vessel. This system experienced jitter artifacts from the electronic and pneumatic 

components [140]. 
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More recently, Ottermo et. al. (2009) used Pressure Profile Systems Digi-Tacts [132] 

commercially available capacitive sensor paired with an array of motor driven pins for providing 

feedback (Figure 11) [141]. This system was incorporated into a laparoscopic training simulator. 

(Figure 12) 

 

Figure 11. The grasper mounted sensor and motor driven tactile display by Ottermo et. al. 

 

 

Figure 12. Ottermo et. al. tactile feedback system laparoscopic training simulator. 

 
Kianzad et. al. (2011) paired commercial load cells with shape memory alloy wires to 

automatically control closure of minimally invasive graspers. In their system, force information 

was extracted from cable tension rather than directly from the tip of the grasper [142]. 

Harsha et. al. (2008) used linear motors to adjust handle resistance on a bilaterally 

controlled tactile feedback laparoscopic grasper master-slave robot (Figure 13) [143].  
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Figure 13. One degree of freedom tactile feedback grasper from Hasha et. al. 

 
Schoonmaker et. al. (2006) designed a vibrotactile feedback system, with a magnetic 

vibration actuators mounted near the surgeon’s foot. Force was measured by a commercial 

force/torque sensor mounted near the shaft of the tool [144]. 

Van der Putton et. al. (2010) also designed a feedback system where forces were 

measured using commercial load cells. In this system feedback alerts were displayed during 

times of excessive force through both visual and vibrotactile modalities. Using this system they 

found that augmented feedback improved grasping performance [77]. 

Rizun et. al. (2005) applied tactile feedback to a surgical laser system, where a the built-

in force feedback of a PHANToM Omni haptic controller indicated contact between the laser’s 

focal point and a surface [145]. 

Sarmah et. al. (2010) integrated a tactile-force feedback system onto a laparoscopic 

grasper. Piezoresistive sensors were used to measure force as was done with the CASIT tactile 

feedback system. This information is fed back to the surgeon through a visual display [146]. 
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Custom tactile feedback devices have also been built for remote palpation applications. 

Zbyszewski et. al. (2008) used a fiber optic distance sensor paired with an air cushion to detect 

changes in soft tissue properties [147-149]. This method was successfully used in a tissue 

phantom [150]. 

2.4.6 Initial Version of the CASIT Tactile Feedback System 

A tactile feedback system was previously designed at CASIT to measure forces at the tips 

of a robotic grasper and provide proportional forces to the fingertips of an operating surgeon. [4]. 

This system used piezoresistive force sensors mounted on a surgical grasper, silicone-based 

pneumatic balloon actuators mounted near the surgeon’s fingertips, and electrical and pneumatic 

control systems that measure sensor values and control balloon inflation. A block diagram of this 

system architecture is shown in Figure 14. 

 

Figure 14. Tactile Feedback System Block Diagram.  
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Primary effort on this system included an optimization, characterization, and perceptual 

analysis of assorted balloon actuator configurations [5, 115, 151]. As a result of these 

experiments, it was determined that 3 mm diameter balloons, with 1.5 mm element spacing and 

300 µm membrane thickness provided the highest level of performance both mechanically and 

perceptually (Figure 15). Fatigue tests were performed and found the balloon actuators to have 

negligible hysteresis over at least 150,000 inflation-deflation cycles. 

 
Figure 15. Optimized actuator configuration in the  

CASIT tactile feedback system 

 
The system was integrated with the da Vinci Surgical System and used to perform four 

system evaluations and investigations into the benefits of tactile feedback during robotic surgery  

[152-153]. 

The first study explored the effect of tactile feedback on grasping. Subjects were asked to 

run a tissue phantom with an attached pressure-indicating film (Fuji Prescale Film LLLW). 

(Figure 16). All four films had fewer and lower intensity red spots when tactile feedback was 

used, indicating a lower grip force. 
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Figure 16. (Right) Grasping of the tissue phantom with the da Vinci robotic system. Marks appeared on the film at 
grasping locations; color intensity of the marks was proportional to the grasping force. (Left) Pressure-indicating 

film resulting from a grasping trial without tactile feedback (top)  and with tactile feedback (bottom). 

 
A second study quantified the effects of tactile feedback on grip force [152]. Twenty 

subjects (16 novices, 4 experts) used the da Vinci to perform a single-hand peg transfer task 

adapted from the Fundamentals of Laparoscopic Surgery (FLS) education module developed by 

the Society of American Gastrointestinal Endoscopic Surgeons (SAGES). Trials with tactile 

feedback resulted in significantly reduced grip force (Figure 17). 

 

Figure 17. Mean grip force results for one expert subject 

 
A third study, which examined system operability, found no significant difference in task 

performance (p = 0.078, Wilcoxon Sign Rank test) with and without the inactivated actuators, 

during peg transfer tests, indicating that the mounted, inactive actuators and pneumatics did not 

hinder task performance, ergonomics, or finger or arm movements [154]. 
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The fourth study asked subjects to identify the location and/or sequence of the actuated 

stimuli on a 3 × 2 element sensor array. The spatial perception tests found that there was a high 

accuracy in detection of single elements (> 96%) (Figure 18) [152]. 

 

Figure 18. Results from perceptual study, (D-C-P: Dorsal, Central, Proximal / L-R: Left-Right). 
 All elements successfully identified with 96% accuracy. 

 
Together these studies demonstrated and quantified the benefit of tactile feedback, 

specifically in regards to reduced grip force for robotic surgery. However, further development 

of the system was needed to complete additional studies and to extend tactile feedback to other 

minimally invasive surgical applications, such as remote surgery and in-vivo use where more 

stringent design criteria are required. 
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3 Research Objectives 

This research sought to accomplish three objectives: 

(1) Improve the tactile feedback technology, including sensors, actuators, 
electronics, software, and pneumatics. 

(2) Expand the tactile feedback technology to other minimally invasive 
surgical applications, specifically non-robotic laparoscopic surgery, 
remote surgery, and robotic surgery in an in-vivo environment for clinical 
evaluation. 

(3) Perform studies to evaluate the benefits of tactile feedback in minimally 
invasive surgery 

These objectives were achieved through the completion of four tasks:  

Task I – Improve Tactile Feedback System Design: The previously designed system had 

sufficient functionality for initial evaluations of tactile feedback, but could not be used for future 

studies without modification. The purpose of the first task was to analyze the existing system, 

determine improvements necessary for future evaluations, and then perform an iterative redesign 

to implement these improvements. 

Task II – Evaluate Tactile Feedback in Laparoscopic Surgical Training: In laparoscopic 

surgery, the surgeon is not directly interfacing with tissue, and therefore tactile information is 

lost or altered. The purpose of this task was to determine if the addition of tactile feedback to 

non-robotic laparoscopic surgery helped novice and expert subjects perform training tasks with 

reduced grip force. 

Task III – Evaluate Tactile Feedback in Robotic Surgery for Potential Clinical Application 

using an Animal Model: The previous robotic surgery study suggested that tactile feedback 

reduced grip force during training tasks. The purpose of this task was to determine if this result 

extended to grip force when handling tissue, and if these differences in grip force resulted in a 
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reduction of tissue damage. For this purpose, a study was performed in a porcine model that 

evaluated grip force and tissue damage through pathological inspection of the grasped tissue. 

Task IV – Evaluate Tactile Feedback in Remote Surgery. In remote surgery, like robotic 

surgery, there is a complete absence of tactile information. Additionally, latencies in the visual 

feed potentially compound this loss. The purpose of this task was to integrate tactile feedback 

with a remote surgery system, and to perform a preliminary investigation on the impact of tactile 

feedback on training tasks when performed over-a-distance. A suitable, fully functioning remote 

surgery system was not available, and so a new one was designed by combining two available 

systems: The University of Washington RAVEN II and UCLA LapaRobot.  

The rest of the dissertation will explore the methods and results of each of these four 

tasks in more detail. 
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4 Improvements to Tactile Feedback System Design 

 While the previously developed tactile feedback system was a suitable starting point for 

evaluating tactile feedback, an analysis of this system pinpointed ergonomic and functional 

deficiencies that prevented integration with other minimally invasive surgical systems as well as 

investigations using animal models. 

When live tissue experiments were attempted with the original tactile feedback system, 

sensors quickly stopped functioning due to damage caused by the wet environment. 

 Surgeons and other expert users commented on the distracting nature of unintentional 

vibrations present in the actuator output, which was a result of the particular pneumatic system 

design. 

The previous electrical system and control software only contained components for 

interfacing with the previous pneumatic system and needed to be redesigned. Additional 

practical concerns limited this system’s use in the surgical setting, including excessive wiring 

that stretched from the da Vinci robot system to the da Vinci master control and the need for 

three separate power supplies. 

The redesigned system operated with the same overall feedback architecture as before, 

but improvements were made to force sensors, pneumatics, electronics, and software (Figure 19). 

A new user interface was developed for data collection, troubleshooting, and adjusting threshold 

parameters during runtime, and a new single-tube actuator designed for non-robotic laparoscopic 

instruments. 
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Figure 19. System Block Diagram for Improved Tactile Feedback System 

 
The remainder of this section describes each of the subsystems in more detail, including 

descriptions of initial versions as well as the iterative redesign that resulted in the system used 

for later tactile feedback studies. 

4.1 Force Sensors 

All versions used commercially available piezoresistive force sensors (Tekscan, 

Flexiforce®) mounted directly onto the end effectors of the minimally invasive surgical graspers, 

interfacing with the surgical environment by converting mechanical forces to changes in 

resistance. Improvements to the force sensor included increases in sensitivity, robustness of the 

mounting procedure, and a new methodology for insulating sensors from moisture. 
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4.1.1 Initial Version 

 
In the initial system, the 25 lb model Flexiforce sensor was chosen due to its thin-film 

profile (208 µm) and small diameter (10 mm) as a low cost way of validating other components 

of the tactile feedback system.  

The sensors were trimmed to match the size of the grasper tools (4.75 mm × 12.5 mm) 

(Figure 20) and mounted onto a grasper (Figure 21) [4]. Silver paste joined thin magnetic wire to 

the sensor leads. 

 

Figure 20. Example initial version of trimmed sensor. 

 
A single element sensor had been converted into an array by incorporating a 3 × 2 

element array of gold electrode pads into the sensing pad. The gold sensing electrodes, traces, 

and interconnect electrodes were deposited on 127 µm thick polyimide film (Dupont Kapton HN 

type) using a microfabrication process [154].While the sensor array showed high perceptibility, 

in the end it was too large to fit comfortably on the tip of the laparoscopic grasper. 
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Figure 21. Initial version of force sensor. (Left) Single Element and (Right) Six element array. 

 
The sensors were characterized using an Instron mechanical loading system (Instron 

5544) over a force range of 0 to 25 N [154]. Both the single-element sensors and sensor array 

elements demonstrated a linear (R2 > 0.99) decrease in resistance with increases in force. 

Despite its advantages, this sensor design suffered from drawbacks that limited both its 

clinical viability and short term use. Trimmed sensors often caught on objects in training field 

and tore. Silver paste didn’t sufficiently hold the wires to the sensor pads. The thin magnetic wire 

became easily tangled, especially when stretched across the operating room. When this system 

was tested in an animal model, sensors quickly stopped functioning due to moisture damage. 

4.1.2 Sensor Improvements 

To improve sensitivity, the 1 lb Flexiforce sensor was used instead of the original 25 lb 

sensors. This allowed for detection of lighter forces, but also resulted in more frequent 

saturation. 

To improve durability, the sensor modification and mounting procedure was completely 

redesigned. The sensor trimming process was changed so that the two tails were replaced with a 

box to provide access for the grasper (Figure 22). 
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Figure 22. Improved trimming process replaces two 
 tails with box slit for mounting on grasper. 

 
Magnetic wire was replaced with 30 gauge wire wrap wire, which was better insulated, 

slightly sturdier, and also still flexible. The silver paste connection was replaced with sturdier 

crimps. Finally, heat shrink tubing was used as an added measure to secure the wires to the shaft 

of the non-robotic grasper.  

   
Figure 23. Improved sensor mounting process,  (Left) on a laparoscopic instrument (Right) On a da Vinci Grasper 

 
These modifications resulted in a more robust grasper-mounted force sensor (Figure 23). 

4.1.3 Insulating Sensors From Moisture 

When live tissue experiments were attempted with the original tactile feedback system, 

sensors quickly stopped functioning due to damage caused by the wet environment.  

Several moisture insulation methods were tested, including thin-film lamination, sealing 

with adhesives, heat shrink tubing, melting sensor edges, and parylene coating, but none of these 
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methods worked individually. Thin lamination (250 um) and heat shrink tubing materials were 

too stiff, resulting in a significant damping effect. Sealing with tape did not offer sufficient 

protection from water. Other adhesives, such as RTV, added too much thickness to the sensor 

pad. 

Parylene coating is a common method of coating materials. Some of the benefits of 

parylene coating include thin deposition (< 1 um), uniformity, high resistance to moisture, 

biocompatibility, electrical insulation, and high resistance to acids, bases, solvents, and bacterial 

agents. Parylene is coated through a process of chemical vapor deposition (CVD) using 

specialized equipment (PDS 2010, Specialty Coating Systems®) (Figure 24).  

 

Figure 24. Parylene Coater from Specialty Coating Systems 

 
Despite its advantages, parylene coating on its own resulted in malfunction of all sensors. 

After several experiments, it was determined that the parylene coating failure was caused by 

parylene flowing into the crevices of a trimmed sensor. 

To take advantage of the benefits of parylene, a multi-layer approach to water insulation 

was designed. A flow chart of the entire process is shown in Figure 25.  
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Figure 25. Flow chart for sensor insulation process. (1) Start with full sensor. (2) Cut bottom and crimp wires (3) 
Trim top of sensor to size. (4) Wrap trimmed sensor completely using parafilm. (5) Coat in parylene. (6) Perform 

submersion tests. (7) Trim box out of center. (8) Coat box using Silithane 803. Allow it to dry overnight. (9) Add a 
second coat of parylene. (10) Perform a second submersion test.  

 
After trimming the sensor to size and crimping the wire connections, the sensor was 

wrapped in overlapping strips of Parafilm (Pechiney Plastic Packaging) using the “tennis racket” 

method. This parafilm layer protected the sensor from seeping parylene. 

Parylene functioned as the second layer to ultimately protect the sensor from water and 

provide mechanical support for the Parafilm. For the box cut-out, Parafilm could not be used 

because of the harsh corners. However, thickness was also not a constraint in this area. Several 

paste adhesives were used in experiments for this box-cut out, including PSI-326 (Polymeric 

Systems, Inc), Silithane-803 (Polymeric Systems, Inc), and RTV-108 (Momentive). Ultimately 

Silithane-803 provided the most effective seal. 
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After coating the box cut-out using Silithane-803, another layer of Parylene was added. 

After each stage of the process, each sensor was re-tested using the LabVIEW User 

Interface/DAQ. After each Parylene coating step, the sensors were subjected to water, first using 

a paper towel and then a more rigorous submersion test (Figure 26). Due to variability in the 

layered coating process, not all sensors survived these submersion tests. However, the yield was 

high enough to fabricate a sufficient number of sensors for later experiments. 

  

Figure 26. (Left) Sensors wrapped in a wet paper towel. (Right) Sensors submerged in a water bath 

 
Prior to animal experiments, further tests were performed to validate the waterproofing 

process. 

4.1.4 Validation of Waterproof Sensors 

Sensors insulated using the previously described process were validated through two 

experiments. In the first, a peg board was submerged in a water tank (Figure 27). Sensors were 

then mounted onto the ends of a robotic graspers and the da Vinci used to perform an underwater 

peg transfer.  
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Figure 27. Waterproof sensors were validated by performing an underwater peg transfer. 

 
In the second method, sensor-equipped graspers were used to grasp small intestine in a 

leporine cadaver. Functionality of the sensors during the grasping of tissue was validated, and 

sensor readings recorded (Figure 28). 

  

Figure 28. (Left) Sensor-equipped graspers on tissue in a leporine cadaver. (Right) Grip force recordings. 

 
These experiments demonstrated the initial feasibility of using sensors coated with this 

process for subsequent studies in animal models. 
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Figure 29. Moisture insulated sensors used for live tissue experiments 

 
Following these validation studies, a dry run experiment was performed to evaluate and 

iterate on the animal study protocol. During this dry run, moisture insulated sensors functioned 

for the length of the four hour experiment (Figure 29).  

A characterization was performed to determine the impact of the coating layers to sensor 

sensitivity (Figure 30). Known forces were applied to coated and uncoated sensors using an 

Instron mechanical loading system, with all other aspects of the feedback system (specifically the 

hardware potentiometer position) remaining unchanged.  

 

Figure 30. Characterization of coated and uncoated sensors. Dashed lines are a linear fit. 
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During this characterization, it was determined that the coating increased the dynamic 

range by a factor of four to five. More importantly, this increase was linear over the range of the 

system, and so could be accounted for by adjusting the gain of the electrical hardware. During 

this particular characterization, the hardware gain had been adjusted so that coated sensors could 

detect light forces (1 N). 

4.2 Balloon Actuators 

The primary engineering effort in the initial tactile feedback system was devoted towards 

developing an optimal actuator configuration for robotic surgery [4]. This six-tube actuator 

design was integrated successfully with the components of the new tactile feedback system 

without significant modification. The only additional actuator work required was to develop a 

second actuator configuration that was compatible with integration into a non-robotic 

laparoscopic instrument.. 

4.2.1 Initial Version: Six Tube Actuator for Robotic Surgery 

Pneumatic actuators provided pressure stimuli to fingertips using hemispherical silicone 

balloons, targeting the SA mechanoreceptors through constant deformation of the finger pad. The 

actuators were composed of a macromolded polydimethylsiloxane (PDMS) substrate housing a 3 

× 2 array of pneumatic channels and a thin film silicone membrane (Figure 31). Previously, each 

actuator element was independently controlled, resulting in six tube connections. These actuators 

were mounted onto the da Vinci master controls using Velcro straps and used in the live tissue 

robotic surgery feedback study (Section 6). These actuators were also integrated with remote 

surgery systems (Section 7). 
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Figure 31. Initial version of actuators 

 
These actuators were beneficial in that each of the six elements could be independently 

inflated. However, this function could only be utilized with a matching six element sensor array. 

Because the previously designed sensor array could not fit onto a surgical grasper, a single 

element sensor was used. For robotic and remote surgery applications, each of the six actuator 

elements was connected through external pneumatic fittings so that all six elements inflated in 

unison in response to the single element sensor. 

For the non-robotic laparoscopic surgery application (Section 5), the six tubes could not 

integrate effectively with the instrument handle, and so a new single-tube actuator was designed. 

4.2.2 Single Tube Actuator for Laparoscopic Grasper 

A single-tube actuator was designed by linking the vertical chambers with an internal 

horizontal tunnel (Figure 32). These actuators were fabricated through transfer molding in the 

same process as the six-tube actuators, except by using the newly designed actuator mold. 
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Figure 32. (Left) CAD Drawing of mold for single tube actuator. (Right) Single tube actuator 
during fabrication 

 
In order to improve the way that the actuator joined with the substrate, a portion of the 

tubing was halved (Figure 33) and rotated so that the open area connected with the vertical 

channels and air could flow to the balloon elements. The bottom half was used keep the actuator 

and tube connection supported while the RTV adhesive was curing.  

  

Figure 33. The single tube is cut so that it joins easily and supports the actuator substrate 

 
This size of the single-tube actuator was set to fit into the custom handles of the non-

robotic laparoscopic grasper and therefore was taller than the original robotic surgery actuators. 

For this reason the original six-tube actuator design was used for the robotic and remote surgery 

applications. The original six-tube actuator mold and the new single-tube actuator mold are both 

shown in Figure 34. 
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Figure 34. (Left) Single-Tube actuator mold for laparoscopic surgery  
(Right) Six-Tube actuator mold for remote and robotic surgery 

 

4.3 Pneumatic System 

The pneumatic system receives signals from the electrical system and correspondingly 

routed air pressure levels to the balloon actuators. The initial version used electro-pneumatic 

regulators, but caused unintentional vibration stimuli that was distracting to surgeons or other 

users. Two more iterations were developed using different configurations of digital valves. These 

new designs addressed the shortcomings of the previous system and achieved three-level and 

five-level inflation respectively. 

4.3.1 Initial Version (Electro-Pneumatic Regulator) 

The initial version of the pneumatic system utilized ITV-0010 electro-pneumatic 

regulators (Figure 35) which converted analog voltages into variable pressure outputs.  
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Figure 35. (Left) SMC ITV-0010 pressure regulators mounted in the da Vinci Surgical System (Right) Functional 
Block diagram of initial pneumatic system 

 
This design suffered from several drawbacks, including unintentional vibratory feedback 

and excessive sound that often distracted operators from the surgical task. Two new iterations of 

the system were designed to address these drawbacks. Additional objectives included a reduction 

of the system footprint while maintaining the five discrete inflation levels available in the 

previous system. 

4.3.2 Three-Level Digital Valve System 

In the second version of the pneumatic system, the analog electro-pneumatic regulators 

were replaced with on/off solenoid valves that could be controlled with digital signals rather than 

analog voltages (Figure 36, Figure 37). 

 

Figure 36. Three-Level Valve Pneumatic System 
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Figure 37. Block Diagram of Three-Level Valve Pneumatic Systems 

 
This smaller system eliminated the unintentional vibrations and also the auditory noise, 

but reduced the number of output inflation levels from five to three. Additionally, while 

complete deflation functioned properly (Level 2 � Level 0), this system could not successfully 

perform intermediate deflation (Level 2 � Level 1). 

4.3.3 Five-Level Digital Valve System 

The third iteration of the pneumatic system offered two major changes. First, the standard 

pressure regulators were replaced with high precision regulators (SMC IR1000-N01). This 

allowed for intermediate deflation and increased repeatability in actuator outputs. Second, a new 

tiered arrangement of solenoid valves increased the resolution of actuator output from three to 

five distinct levels (Figure 38, Figure 39). 
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Figure 38. Version 3 of pneumatic system (five-level) with high precision regulators and solenoid valves. 

 

 

Figure 39. Block diagram for Five-Level Valve Pneumatic System 

 
The resulting system was smaller, operated more quickly than the initial version (<60 ms 

response), and provided more repeatable inflation. It maintained five discrete inflation levels, 

while effectively eliminating vibratory and  auditory noise. 
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4.4 Electronic System 

The purpose of the electronic system was to acquire and interpret the values from the 

force sensors, process them, and control the pneumatic system. The initial version used a Texas 

Instruments Evaluation circuit board and suffered from several limitations, especially in its 

ability to interface with future developments of the technology. 

Therefore, a new, two-part wireless electronic system was designed.  

4.4.1 Initial Version (Texas Instruments Evaluation Board) 

The previous version of the control hardware utilized a two-part circuit for each grasper, 

which included a DSP evaluation board from Texas Instruments (TI ezDSP2808) and a signal 

conditioning board connected using a ribbon cable (Figure 40).  

  

Figure 40. (Left) Two part control system with using DSP Evaluation Board (TI ezDSP2808) and a custom signal 
conditioning board. (Right) Block diagram for Version 1 Control Hardware 

 

This system was suitable for the initial evaluation of other tactile feedback components 

and allowed for rapid prototyping, but did not allow for further improvement of the technology. 

The system was designed specifically for robotic surgery and interfaced only with the initial 

version of the pneumatic system. Adjustment of control parameters required disconnecting the 

electronic system and reprogramming the Texas Instruments microcontroller. Data collection 

required a third circuit board and an external data acquisition system. 
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Additional practical concerns limited this system’s use in the surgical setting. This 

included excessive wiring that stretched from the da Vinci robot system to the da Vinci master 

control and the need for three separate power supplies. 

4.4.2 Two-Part Wireless System (dsPIC / Bluetooth) 

A new two-part wireless electronic system was designed to improve upon the previous 

system (Figure 41) [155]. The required functionality was split into two custom printed circuit 

boards (PCBs): a transmitter that interfaced with the sensors. and a receiver that interfaced with 

the pneumatics and actuators. These two circuits communicated over a Bluetooth serial 

connection. Separating the control components into two boards eliminated the external wiring 

between the da Vinci robot and control console. 

 

Figure 41. Block diagram for second version of electrical control system.  

 
The transmitter board (Figure 42, Figure 43) measured sensor outputs, encoded this 

information, and transmitted over Bluetooth. 
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Figure 42. Transmitter mounted on the da Vinci robot 

 

 

Figure 43. Transmitter Circuit Board, System Block Diagram 

 
Sensor resistances were converted to voltages using operational amplifiers in an inverting 

amplifier circuit. These voltages were read into to the dsPIC Microcontroller (MCU) using the 

built-in analog-to-digital controller (ADC). The MCU software encoded this information into a 

data message and output it over the Universal Asynchronous Receiver/Transmitter (UART) 

through a MAX-232 Serial Converter to a Roving Networks Bluetooth Dongle (RN-270). The 
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Bluetooth dongle converted the RS-232 serial transmission into a wireless Bluetooth 

transmission. 

The receiver board (Figure 44, Figure 45) decoded the Bluetooth message and sent 

control signals to the pneumatic system. 

 

Figure 44. Receiver circuit placed near the da Vinci console 

 

 

Figure 45. Receiver Circuit Board, System Block Diagram 

 

The receiver used a Bluetooth dongle that had been paired with the one on the 

transmitter. The data was read into the dsPIC using the UART. The dsPIC’s software decoded 
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this data message and activated the appropriate digital outputs lines on the Digital Input/Output 

module (DIO). The dsPIC could not provide sufficient current to drive the solenoid valves, so the 

digital outputs instead acted as switches on an electronic relay circuit. 

Both circuit boards used a dsPIC30F4011 microcontroller. This microcontroller was 

chosen because it included digital outputs for actuator control, two UART channels (one for 

Bluetooth communication, one for PC interface), eight analog inputs for sensors (at least four 

were needed for robotic surgery), and up to five analog outputs for backwards compatibility with 

the first version of the pneumatic system. 

The transmitter board functioned using a single 7.4 V battery. The receiver board 

required more power to drive the electronic load of the pneumatic valves, and could use either a 

high capacity 7.4 V battery or an external DC power supply. 

This version of the electronic system was four times smaller than the previous version, 

two times less expensive, more versatile, interfaced with all versions of the pneumatic system, 

eliminated excessive wiring, was flash programmable, and connected readily with a PC for data 

acquisition. 

4.5 User Interface 

A user interface (UI) was developed using National Instruments LabVIEW® to simplify 

data acquisition and system troubleshooting. Later, features were added to display force values, 

tag events during data collection, control actuators directly, activate/deactivate tactile feedback 

during runtime, and adjust software thresholds without the need to reprogram the 

microcontroller. 
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The system also allowed for the saving and loading of threshold profiles for particular 

subjects or subject populations, such as increasing grip sensitivity for experts, although adjusting 

the hardware potentiometers ended up being more effective. 

The UI software ran on a Windows PC and interfaced with the receiver circuit using a 

KeySpan® USB to RS-232 Converter. It included windows for data collection (Figure 46) and 

parameter adjustment (Figure 47). 

 

Figure 46. Haptic Controller Interface – Data Collection Window 
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Figure 47. Haptic Controller Interface – Parameter Adjustment Window 

 
 This system was used for data collection during the non-robotic laparoscopic grasper grip 

force study (Section 5.2) and experienced no errors or slow-downs. 

During the robotic surgery animal studies (Section 6.2), it was found that the UI software 

caused a drop in system performance. To account for this, a reduced version of the UI software 

was designed that eliminated all but data display and logging. The reduced version was 

connected directly to the Tx circuit rather than the Rx circuit for data collection during the 

animal studies. 

This reduced UI software was also used as a starting point during development of the 

remote tactile feedback system (Section 7.1). 

4.6 Control Software 

New control software was designed to support the wireless embedded hardware and  

pneumatic components. This included a custom message protocol and support for simultaneous 
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interleaved communication between the two control circuits and the user interface. Additionally, 

this software improved upon existing algorithms by eliminating level transition jitter. 

A hierarchical block-based approach was utilized to maximize the re-use of code and 

allow components to be shared among surgical and other tactile feedback applications. 

Control software was developed in PICC (a version of C specific to PIC MCU’s) and ran 

on the dsPIC30F4011. Development of the communication protocol was done in concert with the 

user interface software in order to maintain consistency across platforms. 

4.6.1 Functional Overview 

The surgery tactile feedback system used two main PICC programs (HapticTx and 

SurgeryRx), and one library (CASIT_SerialComm). These programs achieved four main 

functions: Data Collection, Communication, Data Processing, and Actuator Control, as shown in 

Figure 48. 

 

Figure 48. Control Software, top level functional block diagram. 

 

4.6.2 Data Collection 

The Data Collection functional block (Figure 49) controlled the reception of sensor data 

over the microcontroller’s built-in Analog-to-Digital Converter (ADC), the subsequent 
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construction of a data message, and transmission of this data message over the Bluetooth 

module. This software operated on the transmitter (Tx) circuit board. 

 

Figure 49. Data Collection Block Diagram 

 

4.6.3 Communication 

A communication algorithm was required due to the wireless hardware and integration 

with remote surgery. This software block organized communication between the transmitter (Tx) 

circuit, the receiver (Rx) circuit, and the user interface (PC) (Figure 50). 

 

Figure 50. Communication block. Arrows represent different message types. 

 
The communication protocol used a hierarchical  approach to generalize software (Figure 

51).  
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Figure 51. Layered code Infrastructure 

 
The Serial Comm Layer included functions for directly sending and receiving characters 

over the serial ports and Bluetooth interface, as well as error checking for all message types. The 

Message Layer built upon the Serial Comm Layer and contained functions for constructing and 

handling specific message types. This Message Layer can be shared among all tactile feedback 

applications. The Application Layer chose which message types to send and when, and differed 

depending on the application. Four types of messages have been implemented (Table 2). 

Table 2. Communication Protocol Message Types 

 
 

Communication messages were constructed as a string of ASCII characters transmitted 

over the serial UART.  All messages used the following format:  

Y[type][length][data][checksum]Z 

The letters Y and Z define the start and end points of the message. 

Type is a single character that defined one of the four message types: 

o L – Level Packet: contained data for desired level of each actuator element 
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o S – Sensor Packet: contained digitized force data values, typically a number 
between 0 and 660, representing an ADC reference voltage between 0 and 3.3. 

o T – Threshold Packet: contained desired threshold levels, including center points 
and region sizes. 

o A – Activation Packet: contained the desired activation state of feedback 
(ON/OFF). 

Length contained the number of characters that were sent with the message. For a Sensor 

message, this number is typically 19 when four channels are used and 13 when only two are 

used. By checking the length field with the number of characters received, errors could be 

avoided despite dropping characters in the transmission. 

Data was the content of the message and could be either sensor values or desired 

parameters. The format of the data was dependent on the message type. 

Checksum is a two character decimal representation of the sum of all of the characters in 

the message and is used for error checking. By calculating the checksum on the receiving end 

and comparing it with the value that was sent, it could be determined whether any bits were 

flipped during the transmission. 

4.6.4 Data Processing: Jitter Reduction Algorithm 

The data processing block (Figure 52) converted sensor data values into desired inflation 

levels. 
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Figure 52. Data Processing Block 

 
Initially, this was done with a simple threshold algorithm (Figure 53). In this algorithm, 

the received sensor value was simply compared with a set of thresholds, and the level 

determined. Level transition jitter occurred when the sensor value fluctuated around the 

threshold level, resulting in rapid transition between two adjacent levels. As a result, balloon 

actuators rapidly inflated and deflated. 

  

Figure 53. Simple threshold algorithm suffers from sporadic balloon inflation/deflation when the sensor signal hovers 
around the level transition threshold. 

 
To address this issue, an anti-jitter algorithm was implemented, where rising thresholds 

were separated from falling thresholds (Figure 54). The inflation level was only increased when 
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sensor values crossed the rising threshold, and was only decreased when it fell below the falling 

threshold. This algorithm eliminated level transition jitter. 

  

Figure 54. Anti-jitter algorithm separates the rising and falling thresholds, resulting in smoother balloon behavior.  

 

4.6.5 Actuator Control 

The actuator control block (Figure 55) converted the desired inflation levels into a set of 

digital output signals that directly interface with the pneumatic system.  

 

Figure 55. Actuator Control Block 

 
This valve encoder block was organized around the physical arrangement of the 

pneumatic system and actuators, and their connections with the receiver circuit. 

4.6.6 Complete System 

A complete block diagram of the software system is shown in Figure 56. 
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Figure 56. Full Block Diagram of Control Software 

 

4.7 Summary of System Improvements 

 
In 2008, this research inherited a functioning tactile feedback system. An iterative 

redesign was performed on all aspects of the system. This was necessary in order to address 

some of the initial system’s shortcomings, improve its performance, and to allow the necessary 

expansion to other applications and use in live tissue. 

The pneumatic system was redesigned to remove unintentional vibration and provide 

direct inflation feedback as originally intended, without sacrificing the number of discrete 

inflation levels. A new two-part, wireless electronic system was developed that was smaller, 

cheaper, and more versatile for other minimally invasive and tactile feedback applications. New 
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control software was written to support wireless communication, the new hardware, and the new 

pneumatic system. This software utilized an anti-jitter threshold algorithm and a custom message 

protocol to handle wireless communication. A user interface was designed that allowed for easier 

data collection and run time adjustment of control parameters. The sensor mounting process was 

improved, and a new process was developed for protecting sensors from moisture damage, thus 

enabling in-vivo use. 

A primary focus of the initial system was optimizing the actuator configuration for 

maximum perceptibility. This six-tube actuator design was retained for the robotic and remote 

surgery applications. A new single-tube actuator was designed for integration with a non-robotic 

laparoscopic instrument. 

Together these improvements allowed the integration of tactile feedback into additional 

applications and a further evaluation of its benefit in minimally invasive surgery. 

The following sections describe the evaluation of tactile feedback in three new 

applications: non-robotic laparoscopic surgery (Section 5), robotic surgery for potential clinical 

benefit in an animal model (Section 6), and remote surgery (Section 7).  
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5 Evaluation of Tactile Feedback in Laparoscopic Surgical 
Training 

In robotic surgery, tactile feedback is entirely absent. In laparoscopic surgery, tactile 

feedback during grip is attenuated and limited to the resistance felt in the tool handle. In previous 

robotic surgery studies it was determined that adding supplemental tactile feedback significantly 

reduced grip force [153]. The purpose of this task was to determine if that same effect could be 

observed in non-robotic laparoscopic surgery. 

The improved tactile feedback system was first integrated into a non-robotic laparoscopic 

grasper [156]. This system was used to perform a study to evaluate the role of tactile feedback 

during laparoscopic training [157]. 

5.1 Laparoscopic Grasper Tactile Feedback System Integration 

Laparoscopic grasper integration focused on the mounting of sensors and actuators and 

construction of an enclosure for pneumatic and electrical components. The completed 

laparoscopic grasper is shown in Figure 57. 

 

Figure 57. (Top) Completed Laparoscopic grasper. (Bottom left) Piezoresistive force sensors mounted onto the 
grasper tip. (Bottom Right) Single-tube actuators mounted flush in the handles.  
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New handles were designed and fabricated for the purpose of effectively integrating the 

tactile actuators into commercial laparoscopic tools. Actuators sat in small rectangular pockets in 

the tool handles in such a way that the balloon actuator surface was flush with the surface of the 

tool handle. 

The actuators were placed to provide an ergonomic contact surface to the thumb and 

forefinger of the surgeon. Grooves were cut to allow for easy routing of the pneumatic tubing. 

Wires secured to the grasper shaft using heat shrink tubing.  

Single element force sensors were mounted onto the tips of a grasper, and new actuators 

designed to fit into a laparoscopic handle so that all balloon elements inflated synchronously.  

The control and pneumatic systems were housed in a portable plastic enclosure, mounted 

vertically to support the air canister (Figure 58). 

 

Figure 58. Tactile feedback system mounted in a plastic project enclosure. 

 
The complete system was validated by having users perform single handed peg transfers 

in a typical Fundamentals of Laparoscopic Surgery (FLS) box trainer using the tactile feedback 
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system. Qualitatively, these users indicated perceptible inflation while gripping the rubber 

objects. 

5.2 Laparoscopic Grasper Grip Force Study 

Once integration was complete, a study was performed to determine the effect of tactile 

feedback on a subject’s grip force during peg transfer training tasks using a non-robotic 

laparoscopic grasper (Figure 59) [157]. 

 

Figure 59. Tactile Feedback system integrated into a non-robotic laparoscopic grasper. 

 
The purpose of the experiment was to test the hypothesis that providing tactile feedback 

would result in subjects gripping objects with reduced levels of force. Using safe levels of force 

during laparoscopic surgery could reduce the incident of tissue damage and decrease the learning 

curve associated with complex minimally invasive techniques. 

5.2.1 Methods 

Eleven novice (no experience with laparoscopic surgery) and four expert (FLS certified) 

subjects used laparoscopic instruments with integrated tactile feedback to perform single-handed 
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peg transfer tasks in three blocks of trials. Prior to the task, novice subjects were trained by an 

expert to pick up rubber pieces using the instrument and instructed to use just enough force to 

complete the task. Subjects were allowed to practice for five minutes to demonstrate that they 

could perform the task. 

In the first block, the subjects were tested with the tactile feedback system inactivated to 

determine baseline force. In the second block, the tactile feedback system was activated and the 

trials repeated. In the third block, the tactile feedback system was again deactivated to determine 

possible short term learning effects. In each block of trials, the novice subjects performed six peg 

transfers using their dominant hand followed by six transfers using their non-dominant hand. 

Expert subjects performed 18 peg transfers with each hand. The forces at the tips of the grasper 

were recorded during each grasping event. This protocol was nearly identical to the one that was 

used in the previous robotic surgery study [153]. 

Each data set consisted of continuous, time-stamped, grip force measurements (Sample 

rate = 20 Hz). In each data set, grip events were manually tagged during the course of the trial 

using the data acquisition aspect of the user interface (National Instruments LabVIEW®). Peak 

and average forces were calculated for each grasping event. Blocks of trials were compared 

using a Wilcoxon signed rank test, where each subject served as their own control. Because 

twelve comparisons were being evaluated (three conditions, dominant/non-dominant hand, 

average/peak force) the Bonferroni correction was used, and a p-value of 0.05/12 = 0.004 

considered for significance. 

Grip force data was originally recorded as a raw 10-bit ADC value. An Instron® 

mechanical loading system was used to determine the conversion factor from ADC value to 

Force (Newtons). For novice subjects, there was a trade-off between saturating the force sensor 
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signal and failing to detect light forces. Gain was adjusted so that these light signals were always 

detected, but as a result force sensor signals saturated during times of higher force, such as when 

the tactile feedback system was deactivated in the first trial. This had an effect on the variance of 

peak and average forces and therefore non-parametric statistical methods were used.  

5.2.2 Results 

For novice subjects, the sets of trials with tactile feedback (Trial 2) showed significantly 

reduced grip force when compared to those without tactile feedback (Trials 1 and 3) (Figure 60). 

The results of hypothesis testing using the Wilcoxon signed rank test are shown in Table 3.  

  

Figure 60. Novice subjects: peak and average grip force results 

 

Table 3. Non-Robotic Training Study: Hypothesis Testing for Novices 
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For the four expert subjects there were no significant differences between any trials due 

to tactile feedback (Figure 61). 

  

Figure 61. Expert subjects: peak and average grip force results. 

 
Hypothesis testing results for expert subjects is shown in Table 4. As before, differences 

were considered significant if the p-value was less than 0.004. 

Table 4. Non-Robotic Training Study: Hypothesis Testing for Expert Subjects 

 

After Trial 2, average and peak grip forces increased significantly (p < 0.004) for the 

dominant hand. This could be due to fatigue after a large number of trials or acclimation and 

reliance on the feedback. 
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5.2.3 Discussion 

The results indicate that supplementary tactile feedback using this system helped novice 

subjects perform the laparoscopic training task with reduced grip forces. These results are similar 

to those that were found for robotic surgery where tactile feedback is entirely absent. 

Limited tactile feedback is present in laparoscopic surgery and is conveyed through 

changes felt in the mechanical resistance of the tool handle. Novices are not as sensitive to these 

changes as experts and tactile feedback appears to augment perception of these changes. While 

there were minor improvements due to learning, the improvement due to tactile feedback was 

more appreciable. 

Tactile feedback using this system did not affect the already low grip forces applied by 

expert subjects. This may be due to the presence of significant kinesthetic memory for fine 

control of grip using laparoscopic instruments, enhanced sensitivity to subtle changes in the 

forces used to grasp objects, or both. 

This study suggested that tactile feedback may be beneficial for laparoscopic training of 

novice surgeons or for those learning new techniques [157]. 
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6 Evaluation of Tactile Feedback in Robotic Surgery for 
Potential Clinical Application using an Animal Model 

Until now, tactile feedback systems and system components have not been compatible for 

use in clinical robotic surgery environments and therefore the potential benefit of tactile 

feedback in robotic surgery has been difficult to study. Through work with insulating sensors 

from moisture (Section 4.1.3), this research has developed the first tactile feedback system that 

could be used in live tissue. 

The objective of this next task was to integrate the improved tactile feedback system with 

the da Vinci Surgical System and perform a study to evaluate the system and effects of tactile 

feedback in live tissue. 

In a previous study [151], it was found that tactile feedback helped reduce grip force in a 

dry environment. The purpose of this study was to determine if there would be a similar result 

when handling tissue. An additional objective of this study was to validate operation of the 

system in a live tissue environment and to identify further technical limitations. 

6.1 System Preparation and Integration with da Vinci Surgical System 

The improved tactile feedback system was integrated into the da Vinci Surgical System®. 

Waterproof sensors were mounted onto the robotic graspers using a layer of thin adhesive 

(Figure 62). Stronger adhesives imparted additional stress on the sensors, locking them in an 

activated position. 
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Figure 62. Waterproof sensor mounted on robotic grasper 

 
The transmitter circuit and its battery pack were attached to the da Vinci robot near the 

sensors using Velcro (Figure 63). 

 

Figure 63. The transmitter circuit mounted on the da Vinci robotic system. 

 
Six-tube actuators were mounted onto the da Vinci master controls (Figure 64). Each of 

the six actuator elements were connected externally through pneumatic fittings so that all 

elements would inflate together. Since one sensor and two actuators were used for each hand, the 

two actuators were also connected externally through pneumatic splitters. 
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Figure 64. Actuators mounted on the da Vinci master controls. 

 
 The pneumatic system and receiver circuit were housed in a plastic enclosure and 

positioned near the da Vinci console (Figure 65). Because of the wireless connection between 

transmitter and receiver, no extra wires were needed between the da Vinci robot and control 

console. 

 

Figure 65. The receiver circuit and pneumatic system housed in a plastic enclosure and positioned near the da Vinci 
console, along with a back-up air canister. 
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Prior to the study, sensors were calibrated by grasping a foam block and adjusting 

transmitter circuit potentiometers. The potentiometers were further adjusted after a practice run 

on the actual bowel thirty minutes prior to the animal experiment. Due to the dynamic range of 

the electronics, there was a balance between detecting small forces and saturating at larger 

forces. When these objectives came into conflict, the system was adjusted with preference for 

small force detection, and this resulted in frequent saturation, which artificially decreased the 

variance between these measurements. For this reason, subsequent hypothesis testing was 

performed using non-parametric statistical methods.  

Pneumatic regulators were adjusted to provide the pressure outputs shown on Table 5 as 

determined by surgeon feedback. These pressure outputs created the largest impulse from level 0 

to level 1, indicating a force sufficient to hold the object. Burst pressure varied by actuator, but 

was experimentally determined to be approximately 50 PSI. 

Table 5. Pressure Outputs for Live Tissue Experiments 

Level 0 0 PSI 

Level 1 25 PSI 

Level 2 30 PSI 

Level 3 35 PSI 

Level 4 40 PSI 

 
Software thresholds were adjusted so that the minimal force required to hold the tissue 

would cause a transition to level 1, but also to avoid pneumatic activations caused by system 

noise (Table 6). These thresholds were adjusted based on surgeon feedback. 
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Table 6. Live Tissue Experiment Software Thresholds 

Transition 

Point 

Center Point 

(ADC Units) 

Anti-Jitter Region Size 

(ADC Units) 

Level 0/1 80 20 

Level 1/2 160 30 

Level 2/3 350 30 

Level 3/4 600 30 

 
Integration of the tactile feedback system into the da Vinci robot was evaluated by 

grasping foam blocks using the system and observing actuator inflation in response to grasping 

events. 

6.2 Robotic Surgery Grip Force Study in an Animal Model 

A study was performed to evaluate the effects of tactile feedback on grip force and tissue 

damage during robotic surgery procedures in a porcine model. This was be done by having 

expert and trainee subjects run a pig bowel, and assessing the measured grip force and observed 

tissue damage with and without the feedback system. It was hypothesized that tactile feedback 

would result in both reduced grip force and a reduction in tissue damage. 

6.2.1 Methods 

Nineteen subjects (seven surgeons and twelve surgical residents) used the da Vinci 

surgical system to pass porcine bowel from one grasper to the other (“run the bowel”), until they 

had grasped the bowel ten times with each grasper (Figure 66). An expert robotic surgeon 

explained the task, and then verbally guided subjects during the procedure by counting grasps 

and instructing them when to begin and end (Figure 67). 
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Figure 66. The da Vinci with tactile feedback being used to run porcine bowel 

 

 

Figure 67. Observing surgeon during the dry run of the live tissue study 

 
Subjects were also classified as experts and novices, where experts had performed six or 

more robotic surgery cases and novices had performed five or fewer (most often, none). One 

senior urology resident and four attending surgeons were considered experts based on their 

answers to the exit surveys. The remaining fourteen subjects were considered novices. 

For each subject, the bowel run was performed three times in the following conditions: 

(T1) tactile feedback off, (T2) tactile feedback on, and (T3) tactile feedback off. This staggered 

structure was designed to help establish short term learning effects using the system. 
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 When the subject had completed all three blocks of trials, the observing surgeon 

harvested the grasped bowel using electrocautery. The bowel segment was photographed prior to 

being fixed in formalin in preparation for histopathological sectioning and inspection. Specimens 

were embedded in paraffin and stained using standard Hematoxylin and Eosin stain. 

A porcine model was used because it is a well-established model for abdominal surgery. 

A total of four pigs were used for all studies, one for a dry-run experiment, and three for the 

study at 5-10 subjects per pig. Experiments were performed in the UCLA Division of Laboratory 

Animal Medicine (DLAM) Surgery Suite with help and supervision from attending veterinarians. 

The study was approved by the Animal Research Committee (ARC) under protocol number 

2008-172-12A. Work with human subjects was approved by the Institutional Review Board 

(IRB) under protocol #11-000077. 

The study was performed on three separate dates to facilitate scheduling of surgeons and 

residents. 

 Following the study, subjects filled out a questionnaire (Figure 68). 
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Figure 68. Questionnaire for Robotic Surgery Tactile Feedback Study 

 
Grip force was measured during each of these trials using the grasper-mounted force 

sensors and logged using the data acquisition aspect of the user interface (National Instruments 

LabVIEW®). These sensors had a saturation point at ADC Value = 660, and a minimum 

detectable value at ADC = 60. An Instron® mechanical loading system was used to determine 

the conversion factor from ADC value to Newtons by measuring ADC output in response to 
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known loads. The results of this characterization showed a linear relationship (R2 > 0.98) 

between the ADC value and Force (Newtons), a saturation point at approximately 4.5 Newtons 

(ADC=660), and a minimum detectable force at 0.9 Newtons (ADC=60) (Figure 69). 

 
Figure 69. Linear relationship between ADC values and force for coated  

sensors and live tissue study potentiometer settings 

 
Grasping events were extracted through rising and falling thresholds and manually 

verified during data analysis. During post-processing, false positives were removed and missed 

events added. Time-averaged force was calculated for each grasping event using a Riemann sum 

divided by the event’s duration. 

Tissue damage was evaluated by gross inspection of the damaged areas of bowel by a 

blinded pathologist, along with controls. The pathologist counted the number of sites of 

observable damage and scored each damage site as either level 1 (light), level 2 (medium), or 

level 3 (heavy) damage. 

Prior to the experiments, a dry run was performed by research collaborators. Pathological 

inspection of the histology of the dry run tissue was performed by two blinded analysts. These 

evaluations found that the histological examination matched closely with a previously performed 

gross exam (Figure 70). From this, it was concluded that damage could be evaluated from gross 

inspection.  
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Figure 70. Example of damaged bowel. (Left) Gross exam indicated hemorrhagic tissue (Right) Corresponding 
histology image shows focal hemorrhage in muscularis propria 

  
At the end of the experiment, data consisted of tissue damage scores and a vector of time-

averaged grip forces for each subject. 

6.2.2 Statistical Analysis and Results 

Both the grasping forces data and tissue damage results showed non-normal distributions. 

For the grasping force, this was due to frequent saturation on high end of the scale. For tissue 

damage, this was due to a majority of segments ranked with zero or one site of damage. For these 

reasons all statistical analyses were performed using non-parametric methods. 

Five statistical analyses were performed on the data from the live tissue experiment: 

(1) Population Analysis of Force Data 

(2) Population Analysis of Tissue Damage Scores 

(3) Analysis of Force / Damage Correlation 

 (4) Classification of Subjects by Force Data (Subject-By-Subject Analysis) 

(5) Analysis of Survey Answers 
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In the population analysis of force data, Friedman’s Test was performed to distinguish 

differences in grip force between the conditions (T1 – OFF, T2 – ON, and T3 – OFF), for each 

subject group (All Subjects, Novices, Experts, Attendings, and Residents). 

In the tissue damage analysis, a Wilcoxon Signed Rank Test was performed to 

distinguish differences in the number of sites of tissue damage for each subject group. 

To test the correlation between force and damage, a linear regression test was used on the 

mean forces used across a segment of bowel and its damage score.  

In the subject-by-subject analysis, each subject was analyzed independently using the 

Wilcoxon Rank Sum Test and then categorized based on the combination of their individual p-

values for each of the pair-wise comparisons (T1/T2, T2/T3, T1/T3). 

Finally, survey data was analyzed by calculating and comparing the mean scores for each 

of the questions for each of the subject groups. 

Force Data: Population Analysis 

Because of the non-Gaussian distribution of the data, it was analyzed by median and 

interquartile range and displayed using box-and-whisker plots. Mean force plots are displayed 

alongside for comparison. The force data for each of the subject groups is shown in Figure 71 - 

Figure 75. 
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Figure 71. Live tissue grip force results, all subjects. 

 

 

Figure 72. Live tissue grip force results, expert subjects  

 

  

Figure 73. Live tissue grip force results novice subjects  

. 
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Figure 74. Live tissue grip force results, attending surgeons. 

 

  

Figure 75. Live tissue grip force results, surgical residents  

 
Subjects in each of the five groups (All Subjects, Experts, Novices, Attendings, 

Residents) were compared using Friedman’s Test, with seven repetitions for each subject. 

Friedman’s Test is a non-parametric test similar to the parametric repeated measures ANOVA 

that detects differences across two or more measures. When the number of grasping events was 

different for each subject, seven events were randomly selected from those available. 

The following hypotheses were tested: 

H1,a: There were significant differences across all three measures 

H2,a: There were significant differences between condition 1 (T1) and condition 2 (T2) 

H3,a: There were significant differences between condition 2 (T2) and condition 3 (T3) 
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H4,a: There were significant differences between condition 1 (T1) and condition 3 (T3)  

To test all four hypotheses, Friedman’s test was run four times: once across all three 

measures, and then three pair-wise comparisons. Because four comparisons were made, a  

Bonferonni correction was used and P < 0.0125 considered for significance. Table 7 shows the 

resulting p-values.  

Table 7. P-Values for force data hypothesis testing using Friedman's test 

Group Hand P (All) P (T1 / T2) P (T2 / T3) P (T1 / T3) 

Right 1.33e-018*** 1.22e-016*** 0.826 4.01e-013*** 
All Subjects (n = 19) 

Left 3.15e-014*** 3.15e-011*** 0.455 7.66e-012*** 

Right 5.68e-006*** 4.22e-006*** 0.0814 0.000228*** 
Experts (n = 5) 

Left 6.03e-005*** 0.000228*** 0.71 0.000115*** 

Right 4.18e-014*** 1.56e-012*** 0.339 3.31e-010*** 
Novices (n = 14) 

Left 8.11e-010*** 1.75e-008*** 0.0877 1.74e-007*** 

Right 5.42e-006*** 5.54e-008*** 0.106 0.0357 
Attendings (n = 7) 

Left 4.92e-008*** 4.49e-007*** 0.00735* 2.38e-005*** 

Right 1.43e-015*** 8.83e-012*** 0.319 3.69e-013*** 
Residents (n = 12) 

Left 4.76e-008*** 5.71e-006*** 0.113 2.42e-007*** 

 
The data showed a significant decrease in grasping force from T1 to T2 for all groups (P 

< 0.0125) for both the dominant and non-dominants hands. All groups showed no significant 

differences in the distributions between T2 and T3 indicating that, overall, the lower forces were 

retained. This implies that the benefit from T1 to T2 could be caused by either the addition of 

tactile feedback or an increased familiarity to the task, or both. 
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The box and whisker plots showed that for all groups except for experts, the median and 

interquartile range of forces for T1 were clustered near the saturation point, whereas experts 

showed both higher and lower forces in T1. T2 also showed a large degree of variability across 

all subject groups, indicating that the feedback system had impact on some subjects, but not 

others. T3 showed a similar degree of variability, indicating that the retention of low force values 

also varied by subject. 

For this reason, a subject-by-subject analysis was also performed. 

Tissue Damage: Population Analysis 

Tissue damage was quantified by a blinded pathologist who counted the number of sites 

of damage on each section of bowel and rated each site as L1 (light), L2 (medium), or L3 

(heavy) damage (Figure 76). An example of light (L1) damage was a faint or superficial 

hemorrhage. An example of medium (L2) damage was a 2 – 3 mm raised hematoma or an 

intermediate (grade 2) lesion. An example of heavy (L3) damage was disrupted serosion or a 

hemorrhagic area with a 2 mm scab and 6 mm area of discoloration. 
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Figure 76. (Left) An example of light (L1) damage. (Right) An example of  heavy (L3) damage where pathologist 
noted a possible disrupted serosion 

 
Statistical methods were performed to test the following hypotheses 

H1,a: There were significant differences in total number of damage sites between 

at least two of the three measures. 

H2,a: There were significant differences in total number of damage sites between 

condition 1 (T1) and condition 2 (T2) 

H3,a: There were significant differences in total number of damage sites between 

condition 2 (T2) and condition 3 (T3) 

H4,a: There were significant differences in total number of damage sites between 

condition 1 (T1) and condition 3 (T3)  

Damage scores were compared using Friedman’s test across all three measures (T1, T2, 

and T3) with one repetition per subject. Pair-wise comparisons were made using a Wilcoxon 

Signed Rank Test (non-parametric) as data was matched, but not normally distributed. There was 

not enough statistical power to analyze the different levels of damage independently, so 

significance testing was performed on the total number of damage sites. Because four 
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comparisons were made, Bonferonni’s correction was used and P < 0.0125 considered for 

significance. 

 Charts showing the mean number of damage sites for each of the experience levels is 

shown in Figure 77 – Figure 81 and the p-values from the hypothesis testing is shown in Table 8. 

  

Figure 77. Tissue damage results, all subjects 

 

  

Figure 78. Tissue damage results, expert subjects 
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Figure 79. Tissue damage results, novice subjects 

 
 

  

Figure 80. Tissue damage results,  attending surgeons 

 
 

  

Figure 81. Tissue damage results, only surgical residents 

 

Table 8. P-Values for tissue damage hypothesis testing. 

Group P (All)a P (T1 / T2)b P (T2 / T3)b P (T1 / T3)b 

All Subjects (n = 19) 0.00082012** 0.0017553** 0.95728 0.017142 

Experts (n = 5) 0.46547 0.25 1 0.6875 

Novices (n = 14) 0.0011183** 0.0046387* 0.69336 0.0097656* 

Attendings (n = 7) 0.11456 0.0625 0.5 0.25 

Residents (n = 12) 0.0049443* 0.018555 0.36328 0.035156 

a Friedman’s Test, one rep per subject 
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b Wilcoxon Signed Rank Test 
 

 Each subject group showed a decrease in mean number of damage sites between T1 and 

T2, but statistical significance was only obtained for all subjects (n=19) and novice subjects 

(n=14). This is more likely due to a lack of statistical power as these two groups had the largest 

number of subjects. 

 The All Subjects group showed a significant decrease in the number of damage sites 

between T1 and T2 (P < 0.002*). The test showed no significant differences between T2 and T3 

(P > 0.9). In the comparison between T1 and T3, the p-value was 0.017, which would not be 

significant with the Bonferonni correction, but is close. These results are similar to the force 

damage results, and indicate that the decrease in damage could be due to tactile feedback or 

familiarity with the task. 

Force / Damage Correlation Analysis 

An analysis was performed to determine if there was a significant correlation between 

mean force and the number of observed sites of tissue damage. This was done by calculating the 

mean grasping force applied to a section of bowel, matching it with that bowel’s damage score, 

and performing a linear regression on the results. (Figure 82). 
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Figure 82. Correlation analysis of damage and mean grasping force.  

 
The results showed a significant correlation (P= 0.008) between the mean force across 

both hands and the number of sites of damage. This suggests that that using consistently higher 

levels of force may lead to higher incidence of damage. For bowel segments with fewer than two 

damage sites, there appeared to be similar occasions of low and high force. Bowel segments with 

three or more sites of damage occurred more often when higher forces were used. 

This data suggests that decreasing grip force may have a beneficial on damage to tissue. 

Force Data: Subject-By-Subject Analysis 

The initial results indicated a large amount of variability between subjects. An additional 

analysis was performed to compare each subject individually. In this case, time-averaged grip 

force values were compared using a Wilcoxon Rank Sum test, a non-parametric test between 

groups of independent samples. Pair-wise comparisons were made to test the following 

hypotheses for each subject: 

H1,a: There were significant differences between condition 1 (T1) and condition 2 (T2) 

H2,a: There were significant differences between condition 2 (T2) and condition 3 (T3) 
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H3,a: There were significant differences between condition 1 (T1) and condition 3 (T3)  

At the end of this analysis each subject had a vector of three p-values. Based on these p-

values, subjects were classified into one of the following six groups: 

(1) No Effect: Subject showed no significant differences between T1 and T2, and 
the mean forces in all conditions were greater than 2.5 N. 

(2) Already Low: Subject showed no significant differences between T1 and T2, 
and the mean forces in all conditions were less than 2.5 N. 

(3) Higher: Subject used more force with tactile feedback. (T2 > T1) 

(4) Lower and Completely Retained: Subject used less force with tactile feedback. 
When system was turned off in T3, this low force was completely retained. T2 
and T3 were indistinguishable.  

(5) Lower & Not Retained: Subject used less force with tactile feedback. When 
the system was turned off in T3, the force raised up to the level of T1. T1 and T3 
were indistinguishable. 

(6) Lower and Partially Retained: Subject used less force with tactile feedback. 
When the system was turned off in T3, the force increased, but not as high as T1. 
T1, T2, and T3 were different, and T1 > T3 > T2. 

Each hand was analyzed independently, so for 19 subjects, there were 38 cases. There 

were occasions where a subject’s dominant hand was placed in one group and non-dominant 

hand placed into another group. 

The following section describes the criteria for placing a subject-hand into each of the 

aforementioned groups. H(T1/T2) refers to the hypothesis comparing T1 and T2. H = 0 implies 

there is evidence for the null hypothesis whereas H = 1 implies evidence to reject the null 

hypothesis. 

Subjects were classified as No Effect if H(T1/T2) = 0, and mean forces in all conditions 

were over 2.5 N. An example is shown in  Figure 83.  
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 Figure 83. An example of a subject with no effect due to tactile feedback. 

 
Subjects were classified as Already Low if H(T1/T2) = 0, and the mean forces in all 

conditions were under 2.5 N. An example of an expert subject is shown in  

 

Figure 84. An expert subject with already low forces 

 
Subjects were classified as Higher if H(T1/T2) = 1, but mean(T2) > mean(T1). This 

occurred for both hands on one of the nineteen subjects. The mean force data for this subject is 

shown in Figure 85. 
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Figure 85. One subject showed higher forces with tactile feedback 

 
Subjects were classified as Lower and Completely Retained in the following two cases: 

(1) H(T1/T2) = 1, H(T2/T3) = 0, H(T1/T3) = 1. T2 was indistinguishable from T3 and 
they were both lower than T1. 

(2) H(T1/T2) = 1, H(T2/T3) = 1, H(T1/T3) = 1, and T3 < T2. T3 is lower than T2. 

These cases implied that a subject learned throughout the course of the experiment. It is 

unclear whether the improvement is due to tactile feedback or subject’s increasing familiarity 

with the task or some combination. An example of a subject’s data is shown in Figure 86. 

 

Figure 86. A subject with lower and completely retained forces 

 
Subjects were classified as Lower and Not Retained in the following two cases: 

(1) H(T1/T2) = 1, H(T2/T3) = 1, H(T1/T3) = 0. T1 is indistinguishable from T3 and T2 is 
lower than both.. 
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(2) H(T1/T2) = 1, H(T2/T3) = 1, H(T1/T3) = 1, and T3 > T1. The force increases in T3, 
but is higher than the force in T1. 

This case implied that a subject did not learn throughout the course of the experiment, 

and that the improvements were solely due to the tactile feedback in the second trial. An example 

of a subject’s data that was Lower and Not Retained is shown in Figure 87. 

 

Figure 87. An example of subject with force results that were Lower and Not Retained. 

 
Subjects were classified as Lower and Partially Retained in the remaining two cases: 

(1) H(T1/T2) = 1, H(T2/T3) = 1, H(T1/T3) = 1, and T1 > T2 > T3. T1, T2, and T3 are all 
different. T3 is greater than T2, but smaller than T1. 

(2) H(T1/T2) = 1, H(T2/T3) = 0, H(T1/T3) = 0. T2 is less than T1. T3 was highly varying 
and indistinguishable from both T2 and T1. 

This implied that there was some impact due to learning, but that the effects due to tactile 

feedback were more appreciable. An example of a subject’s data that was Lower and Partially 

Retained is shown in Figure 88. 
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Figure 88. An example of subject with force results that were Lower and Partially Retained. 

 
 Once the classification criteria was established, each subject-hand was placed into these 

categories according to the p-values from the pair-wise comparisons. The following pie charts 

(Figure 89 – Figure 92) show the percent of subjects who fell into each category for all subjects, 

when grouped by experience level, and for dominant/non-dominant hand. 

 

Figure 89. Subject-by-Subject Analysis: Classification of all subjects, both hands. 

 
Approximately 8% of subjects (all experts) used forces lower than 2.5 N. Approximately 

61% of subjects showed decreased forces from the first condition (T1) to the second condition 
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(T2). Approximately half of the subjects that improved grip force completely retained the lower 

forces, whereas the other half only partially retained this information, if at all. The remaining 

30% of subjects (all novices) had no effect due to tactile feedback or learning. 

  

Figure 90. Subject-by-Subject Analysis: Classification of all subjects, (Left) only dominant hand (Right) Non-
dominant hand. 

 
A comparison of dominant and non-dominant hand showed that the dominant hand had a 

higher incidence of initially low forces, and when improvement was observed, a higher incidence 

of complete retention. 
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Figure 91. Subject-by-Subject Analysis: (Left) Classification of the five expert subjects (six or more robotic surgery 
cases).  (Right) and the Novice subjects 

 

  

Figure 92. Subject-by-Subject Analysis: Classification of (Left) attending surgeons and (Right) surgical residents. 

 
A majority of expert subjects (80%) had low forces in the third condition (T3), due to 

either already low forces (30%), or complete retention of benefit (50%). One expert subject had 

no improvement due to tactile feedback. This subject showed forces at around 2.8 N, which was 

slightly higher than the category’s threshold. 
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For novice subjects, 61% of subjects showed significant decreases in grip force from T1 

to T2. A majority of these did not completely retain the low forces in the third condition, 

indicating that the while there may have been some learning, the impact due to tactile feedback 

was more appreciable. Thirty-nine percent (39%) of novice subjects saw no improvements across 

the experiment and all of these showed forces higher than 2.5 N. 

At the end of the experiment, subjects filled out a questionnaire. This was analyzed to 

help determine possible reasons or way to improve the system.  

Survey Analysis: 

Following the experiment, subjects were asked to fill out a survey. It contained questions 

concerning the subject’s level of experience – both in the medical profession and with regard to 

robotic surgery – as well as questions concerning the experiment. 

The survey scored subjects’ level agreement with nine statements:  

(1) Tactile Feedback helped me perform the task. 

(2) Tactile feedback had no effect on my performance. 

(3) With tactile feedback, I grasped tissue with less force. 

(4) The balloon inflations were easy to feel. 

(5) I found myself ignoring the balloon inflations. 

(6) The balloon inflations were intuitive. 

(7) The inflations became more difficult to feel over time.  

(8) Avoiding drops was my highest priority. 

(9) Delicate grasping was my highest priority. 
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For each statement, subjects indicated their level of agreement with one of five answers, 

which were scored on the following scale: Strongly Disagree: 1, Disagree: 2, Neither Agree nor 

Disagree: 3, Agree: 4, Strongly Agree: 5. 

For each group of subjects (All Subjects, Experts, Novices, Attendings, Residents), mean 

scores were calculated. Three additional groups were analyzed based on results of the force data 

analysis:  

(1) No Effect: subjects that showed no significant decreases in grip force for both hands 

(2) One Hand: subjects that showed a significant decrease in grip force for one hand. 

(3) Both Hands: subjects that showed a significant decrease in grip force across both 

hands. 

The results for the survey answers is shown in Figure 93 – Figure 95. 

 

Figure 93. Live Tissue Study Survey Results, Questions 1 to 3 
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Figure 94. Live Tissue Study Survey Results, Questions 4 to 6 

 

 

Figure 95. Live Tissue Study Survey Results, Questions 7 to 9 
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In general, the subject groups tended to give similar answers to the survey questions. 

Subjects noted that tactile feedback helped performance and decreased grasping force. Responses 

indicated that the balloon inflations were perceptible and not ignored, and that efforts were 

directed more towards delicate grasping, although residents paid additional attention to avoiding 

drops. 

There were also several notable differences. Expert subjects tended towards neutral in the 

first three questions. Additionally, the group that did not benefit from tactile feedback (“No 

Effect”) agreed more with the statements: Tactile feedback did not effect performance, I found 

myself ignoring balloon inflations, and the inflations became more difficult to feel over time. This 

group disagreed more with the statements: With tactile feedback, I grasped tissue with less force, 

the balloon inflations were easily to feel, the balloon inflations were intuitive, and Delicate 

grasping was my highest priority. 

This indicated some potential reasons for novice subjects showing no improvement. It 

was found that one novice subject had difficulty perceiving the balloons, and this became even 

more difficult farther into the trial, possibly due to acclimation. The three remaining novice 

subjects with no effect indicated challenges with interpretation of the balloons, which suggested 

a need for additional training in the use of the system. The final no effect subject was an expert 

with already low forces. 

6.2.3 Discussion 

The population analysis showed that both grasping force and the number of sites of 

damage decreased (P < 0.0125) between the baseline condition where tactile feedback was 

deactivated to when tactile feedback was activated. For both grasping forces and number of sites 

of damage, there were no distinguishable differences between the second condition with tactile 
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feedback, to when the system was deactivated in the third condition. These results suggest that 

the improvements could be due to the presence of tactile feedback, increased familiarity with the 

task, or some combination of the two. It is inconclusive whether the improvements due to 

learning would have occurred without the presence of feedback, and therefore a follow-up study 

is proposed (Section 9, Future Work). 

A linear regression showed a significant correlation between high grasping forces and 

incidence of damage. While other factors – such as location of grasp (i.e., proximity to delicate 

vessels), the duration of the hold, and the effect of tugging on the bowel – may also contribute to 

tissue damage, this observed correlation lends evidence to the claim that using high grip forces 

may lead to increased incidence of damage, and that reductions in grip force may have 

measurable benefits clinical outcomes.  

The wide distribution of grasping force and tissue damage scores for both T2 and T3 

indicate that the potential improvements were dependent on the particular subject being tested. 

The results from the subject-by-subject analysis lend further evidence to this claim. 

This subject-by-subject analysis showed that approximately 60% of subjects had a 

significant decrease in grip force in the second condition (T2), and that 40% showed no 

differences across trials. For experts, this “No Effect” group was largely due to  baseline forces 

within 2.5 N. For novices, the survey showed that one subject had difficulty perceiving the 

balloon inflations, and the remaining three were unsure how to interpret them. This suggests that 

the system could be improved for more intuitive use, or should be paired with an additional 

period of training. 

For 36% of novice subjects, there was a decrease in force from T1 to T2, and a 

subsequent increase in force in T3. These results match the original robotic surgery training 
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study performed prior to this research [153], and suggests that a tactile feedback system 

permanently incorporated with a surgical robotic system would result in decreased forces and 

damage while grasping.  

For approximately 32% of the total subject pool, there was a decrease in force from T1 to 

T2 and this low force was completely retained in T3. This matched the results from the 

population analysis. For these subjects, the benefits could be purely due to increased familiarity 

with the task. Further investigation is proposed in a follow-up study. The number of expert 

subjects with already low grip forces, and high incidence of retention, indicate that tactile 

feedback possibly served as a trigger for existing learned kinesthetic memory for fine control of 

grip when using the robotic surgery system, or attunement to feedback present in the visual 

display. Together, this may suggest benefit from the use of tactile feedback during robotic 

surgery training, with the idea that novices may see more retention of low forces over the long 

term. 

6.2.4 Conclusion 

This study has demonstrated the first successful and extended operation of a complete 

tactile feedback system in an in-vivo environment. Nineteen subjects, including five robotic 

surgery experts and fourteen novices used the da Vinci surgical system integrated with the 

improved tactile feedback system to pass porcine bowel. The results from this experiment 

showed a wide variability between subjects, and decreased levels of force and damage when 

tactile feedback was active that were retained when the system was subsequently deactivated. 

The retention of low forces in expert users suggests the potential of tactile feedback as a 

training device, with novices possibly acquiring expert-level force levels with practice over the 

longer term. Future studies should be completed to isolate the effects of tactile feedback on 
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training from improvements purely due to familiarization with the robotic controller, and to 

quantify the impact of the tactile feedback system on training of novices over the long term. 

The correlation between high levels of force and high incidence of damage shows that 

reducing grasping forces may have realizable clinical benefit. 
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7 Expansion of Tactile Feedback to Remote Surgical 
Systems 

In remote surgical systems, the disconnect between patient and subject is more 

pronounced than in robotic surgery due to potentially critical latencies in the visual feed. The 

purpose of this task was to expand the improved tactile feedback to remote surgical applications. 

This was completed by developing a remote tactile feedback system, integrating it with a remote 

surgical system, and conducting a preliminary investigation that evaluated the impact of tactile 

feedback on grasping force when performed over a network. 

7.1 Remote Tactile Feedback System 

7.1.1 System Development 

The updated tactile feedback system was converted into a remote tactile feedback system 

by adding Ethernet-connected computers to the loop and developing software (National 

Instruments LabVIEW®) for encoding and transmitting tactile information over the Internet 

(Figure 96) [158]. 

 

Figure 96. Remote Surgery Tactile Feedback System Architecture 
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The PC communication software (LabVIEW) was divided into two parts: a 

HapticSender.vi that ran on the Patient Side, and a HapticReceiver.vi that ran on the Surgeon 

side. 

HapticSender.vi received serial packets from the Tx Circuit through the Keyspan Serial 

Converter in RS-232, and forwarded them over a UDP socket. It also logged the force data for 

future statistical analysis. 

HapticReceiver.vi received packets on the UDP socket and then forwarded them to the 

Rx Circuit through a second Keyspan Converter. The Tx and Rx Circuits were designed to 

transmit or receive tactile information independent of the source or destination, and therefore 

these circuits functioned without any change to their software.  

Successful operation of the remote tactile feedback system was validated by setting the 

sensor and actuator subsystems in separate locations, manually triggering the force sensors, and 

observing actuator response. 

Latency is a critical issue in remote medical systems and so the next step was to 

determine a quantifiable estimate the system’s transcontinental time delay. 

7.1.2 Estimating Transcontinental Latency 

Latency of the remote tactile feedback system was broken down into three components: 

processing time, transmission time, and pneumatic filling time (Figure 97). 

 

Figure 97. Total latency of the remote tactile feedback system 
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Experiments were conducted to estimate the latency of each of these three components. 

Total latency was quantified by summing the results from the individual experiments and 

reporting the mean, standard deviation, and worst case scenarios. 

To capture processing latency, the tactile feedback system was run over a local area 

network (<1 ms round trip time), effectively setting the transmission delay to zero. Processing 

latency was then quantified by capturing operation of the system with a high speed (300 fps) 

camera, and counting frames between sensor triggering and pneumatic system activation (Figure 

98). This experiment was performed over ten trials. Processing latency had a range of 40 – 59 

ms, including error due to the 3 ms frame time. 

 

Figure 98. (Left) Neither sensor nor pneumatic system is activated at 17.890 s. (Center) Sensor contact at 17.894 s.  
A voltage divider circuit causes an LED to turn on. (Right) Pneumatic system LED turns on at 17.947 s. Processing 

latency for this trial was 53 ms. 

 
Transmission latency was estimated by sending 1000 packets sized to a tactile feedback 

data message (19 characters) over a standard internet connection from UCLA (CA) to a 

representative east coast location (Johns Hopkins, in this case) and halving the measured round 

trip time (Figure 99). Internet congestion can vary with time of day and day of the week. This 

experiment was performed at 2 PM, PST, on a weekday. 
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Figure 99. Histogram of the one-way transcontinental internet latency. 

 
Pneumatic filling latency was measured using the high speed camera and counting frames 

between signaling the pneumatic system (LED on) and full deflection of actuator membrane 

(Figure 100). Together these latency components provided an estimate of overall delay (Table 9). 

 

Figure 100. (Left) Pneumatic system LED off, and no balloon inflation at 50.142 s (Center) Pneumatic system 
activated (LED on) at 50.146 s. (Right) Balloon inflation at 50.182 s. Filling time for this trial was 36 ms 

 

Table 9. Summary of latency estimates for remote tactile feedback system 

 Range (ms) Worst Case(ms) Mean (ms) Std. Dev. (ms) 

Processing 40 – 59 59 51.1 4.9 

Transmission 38.1 – 79.0 79 (50*) 39.2 2.8 

Pneumatic Filling 30 – 39 39 35.0 1.7 

Total Latency 108 – 177 177 (148*) 125.3 5.9 

*98.4 % of packets arrived within 50 ms 
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The results showed a mean total latency of 125.3 ms with a standard deviation of 5.9 ms. 

The transcontinental surgery reported an overall latency of 155 ms, which was faster than the 

limits of human perception [46]. For over 98% of packets, the transmission latency from UCLA 

to Johns Hopkins was less than 50 ms. For these packets, the worst case latency was 148 ms, 

which considers the slowest processing time and filling times, as well as the experimental error 

of the camera capture measurement method (± 3 ms). For the remaining 2% of packets, the worst 

case latency measured in the experiment was as high as 177 ms. This can be theoretically higher, 

although the probability of this occurring decreases exponentially. 

Improvements can be made to future versions of the system to shorten this delay, such as 

using an MCU with a faster processor, or eliminating the MCU’s from the loop and using data 

acquisition systems to read and process data directly in the Client/Server computers. 

7.2 Initial Integration with Remote Surgery Systems 

Two remote surgery systems were accessible during the time of this research: the 

University of Washington RAVEN-II [51] and the UCLA LapaRobot Tele-mentoring System 

[52]. The next sections describe early integration efforts with each of these two systems, some of 

the associated challenges, and the eventual solution: a combination system that utilizes the best 

aspects of each. 

7.2.1 University of Washington RAVEN II  

The RAVEN and RAVEN-II surgical systems were developed as a collaboration between 

engineers at the University of Washington BioRobotics Laboratory and clinicians from the 

Center for Video Endoscopic Surgery. It consists of a pair of cable-actuated, seven degree-of-
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freedom (DOF) robotic manipulators (Figure 101). Kinematics optimizations were performed to 

select the best link angles for the surgical workspace [51].  

 

Figure 101. The RAVEN-II Surgical Robot 

 
Control software for the robotic manipulators was written in C and C++, runs on a Real-

Time Application Interface (RTAI) Ubuntu Linux platform, and integrated aspects of the 

Robotic Operating System (ROS) initially developed by the Stanford Artificial Intelligence 

Laboratory [159]. A programmable logic controller (PLC) acted as the interface between the 

control software and the motors. 

The robotic manipulators were operated remotely by two PHANToM Omni controllers 

(Sensable®) (Figure 102), and a USB foot pedal for engaging and disengaging the brakes. These 

controllers were chosen by the University of Washington as a cost-effective way of testing the 

robotic manipulators and for facilitating quick collaboration between multiple sites.  
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Figure 102. Commercially available force feedback controllers (Phantom Omni) used for RAVEN-II control. 

 
Software for the Omni controllers was written in Windows Visual C++  and ran on 64-bit 

Windows 7. It used the OpenHaptics SDK to interface with the omni controllers, and the Qt 

library for forming the GUI. Two main programs were needed to operate the RAVEN-II 

controllers: GUI_Server and Omni_Client. These two programs communicated over a TCP/IP 

socket, despite running on the same machine. 

Several experiments were performed by the University of Washington (UW) BioRobotics 

Laboratory using the RAVEN, including a Mobile Robotic Telesurgery in a remote environment 

(2006), remote training tasks between UW and Imperial College, London (2006), a locally 

performed suture tying experiment in live tissue (2007), and the NASA Extreme Environment 

Missions (NEEMO) at the underwater Aquarius Undersea Habitat (2007) [51]. 

In 2011, a research grant was written by the University of Washington and six other 

collaborating institutions (UC Santa Cruz, Harvard, Johns Hopkins, University of Nebraska, UC 

Berkley, and UCLA). This grant was awarded by the National Science Foundation (NSF), Major 

Research Instrumentation (MRI) group, and resulted in the construction of seven RAVEN-II 

systems that were sent to the contributing organizations [160]. In 2012, one of these RAVEN-II 
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systems was received and assembled at the CASIT research center at UCLA and used in this 

research. 

 Tactile feedback was integrated with the RAVEN-II system by mounting sensors onto 

end-effectors of the RAVEN-II graspers and balloon actuators onto the PHANToM Omni 

controllers. Tactile feedback control software ran on two separate computers using the 

previously described system architecture (Section 7.1.1). 

This integrated system was tested by using the PHANToM Omnis and the RAVEN-II to 

pick up rubber pieces and observing balloon inflation. During this experiment, it was discovered 

that the Omni controllers proved to be an awkward, non-intuitive method of control due to the 

frequent use of a foot pedal to clutch, and the need to push and hold buttons to open and close 

the graspers. Additionally, a mechanical weakness in the grasper tips and cable coupling caused 

the RAVEN-II to slightly open the grasper as objects were lifted. This eliminated contact with 

the force sensors and immediately caused the objects to drop. 

While the cable coupling challenge was solved through changes to RAVEN-II software, 

the non-intuitive control scheme prevented the use of the RAVEN-II / Phantom Omni system for 

a remote surgery grip force study. 

7.2.2 UCLA LapaRobot Tele-Mentoring System 

The initial version of the UCLA LapaRobot (Figure 103) was developed by the UCLA 

Graphics and Vision Laboratory in the Department of Computer Science. It functioned as a 

human-in-the-loop tele-operated robot and was composed of a control station and a surgical 

robot [52]. Magnetic position sensors tracked the motion of laparoscopic instruments 

manipulated by a surgeon at the control station. These motions were encoded and transmitted 
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over a standard Internet connection to the surgical robot. The robot received these commands 

and actuated the laparoscopic instruments. 

 

Figure 103. (Left) The LapaRobot Control Station allows the surgeon to tele-operate using standard laparoscopic 
instruments in a conventional arrangement. (Right) The surgical robot is operated to perform the training task. 

 
Integration of remote tactile feedback with this first version of the LapaRobot was 

completed using a Shuttle PC and Measurement Computing analog input board (Figure 104) on 

the sensor side, and a PC laptop on the actuator side. Rather than the LabVIEW described earlier, 

this software was written in C, and used COMEDI analog drivers and transmission over a UDP 

socket. 

 
Figure 104. Initial version of Remote Tactile feedback system with 

Data Acquisition Board and Shuttle PC connected to Internet. 

 
Later, a second version of the LapaRobot was developed by the Mechatronics and 

Controls Laboratory in the UCLA Department of Mechanical and Aerospace Engineering. 

(Figure 105). By using an arc-based motion scheme, this system made significant improvements 
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to range of motion, degrees of freedom, and dexterity. Additionally, the master and slave robots 

offered bilateral control, and the scope of the project directed towards tele-mentoring rather than 

purely remote manipulation. Control software for the second version of the LapaRobot was 

composed using National Instruments LabVIEW® and ran on the NI Real-Time Operating 

System (RTOS). 

 

Figure 105. Second Version of LapaRobot Telementoring System 

 
A second version of the remote tactile feedback software was written using National 

Instruments LabVIEW® to be compatible with the software of the second version of the 

LapaRobot. This was done by modifying the existing DAQ User Interface (Section 4.5) and 

leveraging the existing communication protocol. 

This software was integrated into the existing LapaRobot computers and merged with the 

LapaRobot control software. The combined systems were validated by enabling simultaneous 

operation of the LapaRobot and remote tactile feedback system observing successful 

performance. 
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Unfortunately, the second version of the LapaRobot suffered from occasional power and 

heating challenges when actuating the heavy laparoscopic instruments. These challenges made 

the system too unreliable to use in a remote surgery grip force study.  

7.3 The LapaRaven: A Combination Remote Surgery System with 
Integrated Tactile Feedback 

The primary difficulty in using the LapaRobot was the occurrence of power and heating 

issues when actuating the instruments. The primary challenge associated with the RAVEN-II 

was the awkward non-intuitive use of Phantom Omni controllers, which necessitated frequent 

use of a foot pedal and buttons to open and close the robotic graspers. 

A new remote surgical system, The LapaRaven, was designed by integrating the two 

systems and leveraging the most effective components of each (Figure 106) [161]. 

 

Figure 106. Overview of LapaRaven Concept 

 
In this combined system, the LapaRobot replaced the Phantom Omnis and acted as a 

more intuitive surgeon-operated control scheme. It communicated over a standard internet 

connection (UDP/IP) with the RAVEN-II system. The RAVEN-II interpreted the LapaRobot 
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messages and moved through the surgical environment. A visual feed was accomplished by 

using a webcam on the RAVEN-II side and communicating through Skype. 

There were several drawbacks of using this system, including the loss of RAVEN-II wrist 

actuation (pitch and yaw), difficulty in precise control of push-pull and grasping with the 

LapaRobot Controller, and the lack of depth perception provided by the webcam. 

Despite these drawbacks, the LapaRaven improved functionality over the Omni-

controlled RAVEN-II and LapaRobot systems alone. 

The following sections describe the hardware, software, and tactile feedback integration 

that was needed to make the LapaRaven usable for a preliminary investigation into tactile 

feedback in remote surgery. 

7.3.1 LapaRaven Hardware 

A block diagram of the combined system hardware is shown in Figure 107. No changes 

were made to the hardware on either the LapaRobot or RAVEN-II. 

 

Figure 107. LapaRaven Hardware 
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 The LapaRobot utilized two computers: a host PC running Windows that supported the 

LabVIEW development environment and the Skype connection, and a Target PC with the 

National Instruments Real-Time Operating System (RTOS) that ran the actual LapaRobot 

software. The target PC communicated to the ten motors and encoders (five for each arm) 

through a custom Motor Control FPGA and amplifier control box. In the LapaRaven, only the 

grasping motor was actuated, which was done to provide a spring back that was similar to non-

robotic graspers. All other motors were used only to provide encoder values for position sensing. 

 RAVEN-II software ran on a computer using Ubuntu Linux with real-time scheduling 

capability. This computer communicated over USB to a Programmable Logic Controller (PLC). 

The PLC in turn communicated to the seven motors and encoders on each arm through separate 

motor controller circuit boards. The E-Stop and Initialize buttons communicated directly with the 

PLC. 

Software development was performed on the Linux PC on the RAVEN-II side and the 

host/target PCs for the LapaRobot. Embedded software on the RAVEN-II’s PLC and the 

LapaRobot’s FPGA remained unchanged. 

7.3.2 LapaRaven Software 

The overall strategy with LapaRaven development was to write a new standalone 

software program, while leveraging as much of the existing code base as possible. This was done 

by systematically re-testing and re-enabling the needed modules of RAVEN-II software. These 

modules were copied to new files and modified as needed. 

For the LapaRobot, there was an existing LabVIEW VI written by the Mechatronics and 

Controls Laboratory. (“Master Server no clutch vfinal.VI ”) that was used for displaying and 

logging encoder values. This program was copied to LapaRaven_Master.VI and then modified to 
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eliminate data logging, and to add functionality for bundling encoder values into a single data 

message, and transmitting this data message over a UDP/IP socket to the Raven’s IP address at a 

specified port (Figure 108). 

 

Figure 108. Software Block Diagram for LapaRaven Controller (LapaRobot) 

 
Software on the RAVEN-II performed the following functions: 

• Initialize the PLC 

• Listen to the network port for information from the LapaRobot 

• Receive user input from the keyboard, (to initialize and change control types) 

• Calculate the desired RAVEN position based on these inputs. 

• Retrieve the RAVEN’s current position from the PLC 

• Write commands to the PLC to control and move the motors.  

• Display useful information to the console 

Software to provide this functionality was written using ANSI C, but with occasional 

C++ containers, such as vectors and arrays, and compiled using g++. 

The main source code file was laparaven_slave.cpp, and it used many additional header 

(*.h) and source code (*.cpp) files within the directory ~/Chris/laparaven/ on the RAVEN-II’s 

Ubuntu Linux computer. A wrapper script, run_laparaven, was written to execute the software.  

To improve performance, the system utilized multi-threading, achieved through POSIX 

pthreads in a similar way as the original RAVEN-II software. Three threads were used: one for 

networking, one for raven control, and one for the user interface (Figure 109). 
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Figure 109. LapaRaven Software Block Diagram 

 
The network thread managed the UDP socket and handled all communication from the 

LapaRobot. 

The control thread calculated the desired RAVEN-II position based on inputs from the 

console and LapaRobot, read the RAVEN-II’s current state from the PLC, and wrote motor 

commands. This thread operated over a defined 1 ms time slice and was scheduled with a real-

time priority. 

The user interface thread displayed information to the console, received user inputs, and 

passed flags to the control thread. Non-blocking user input and a customizable console display 

was achieved through using the ncurses software library [162]. Passing data between threads was 

protected through POSIX mutex locks. Shared flags were declared volatile so that the compiler 

would prevent data corruption. 

The LapaRaven console is shown in Figure 110. 
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Figure 110. LapaRaven Console Output 

 
At the top of the console are outputs indicating the number of packets received from the 

LapaRobot Master, followed by the number of packets transmitted to and received from the 

RAVEN-II PC to the Programmable Logic Controller (PLC) that interfaced with the motors. 

For the LapaRobot, the console displays the five encoder values for the right and left 

hand (Small Arc, Big Arc, Poke, Twist, Grasp). Beneath this are four values for each RAVEN 

joint: the actual encoder value (enc_val), the actual encoder value adjusted for cable coupling 

(enc_val_a), the desired encoder value (enc_val_d), and the current motor command (curr_cmd). 

The run level indicates the current state of the RAVEN. Possible states are shown in 

Table 10. 
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Table 10. LapaRaven Run Levels 

Run 

Level 

PLC 

State 
Description 

STOP 0 Initial state, follows start up or red e-stop. RAVEN cannot move. 

INIT 1 RAVEN is initializing. Enter this state from STOP by hitting the silver start 
button. When done, RAVEN will automatically enter WAIT. In the 
LapaRaven, initialization occurs rapidly, so that it appears to go directly from 
STOP to WAIT. 

WAIT 2 Pedal up state. RAVEN is initialized, but brakes are engaged. Desired encoder 
positions can change, but the RAVEN will not move. 

GO 3 Pedal down state. RAVEN is initialized and will proceed to the desired encoder 
position. Desired encoder positions will change as controller is moved. 

 
Following this is the control mode. Control modes are shown in Table 11. 

Table 11. LapaRaven Control Modes 

Control Mode Description 

LAPACONTROL LapaRobot control. 

Desired RAVEN position is calculated from LapaRobot encoder values. 

HOME Return to home position. Home position is the position that the RAVEN 
was in when the run_laparaven program was run. It is expected that the 
RAVEN will first be homed using UW’s original RAVEN-II program. 

Desired RAVEN position is set to zero for all joints. 

HOLD Safe mode. Do not engage the motors in any way. This does not actually 
keep the RAVEN in its position. Gravity or manually moving the joints 
will still have an effect. 

Desired RAVEN position is continually set to the actual RAVEN position. 
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These encoder values and other parameters that describe robotic arm data were stored in a 

robot_device structure (Figure 111). The robot_device describes the RAVEN II (or LapaRobot) 

as a whole. The mechanism substructure describes each robotic arm independently. Each 

mechanism has seven joint structures, one for each of the seven degrees of freedom. 

 

Figure 111. Robot Device Data Structure 

 
The param_pass data structure (Figure 112) described other useful information about the 

state of the system as a whole. 
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Figure 112. Param_pass data structure 

 
 Equations were needed for converting the LapaRobot Master’s set of encoder values to 

desired encoder positions for the RAVEN motors. These were determined by measuring the 

desired working space and ranges of the encoders on each of the machines in each degree of 

freedom. Both systems utilized arc-based approaches to position their robotic mechanisms in 

space, and so a one-to-one mapping scheme was used. 

 An additional challenge with using the RAVEN-II was that cable lengths for roll, yaw, 

and grasper closure were coupled with the absolute position of the push-pull platform, and  

therefore, the reported encoder values from the RAVEN-II’s PLC did not directly correspond to 

the position in these degrees of freedom. To account for this, adjusted encoder positions 

(enc_val_a) were calculated from both the joint’s reported encoder position and the platform’s 

encoder position. 

 The LapaRaven system was validated by enabling each of the joints, operating the 

LapaRobot Master, and observing similar motions from the RAVEN-II. 
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7.3.3 Tactile Feedback Integration 

The remote tactile feedback system and LapaRaven systems ran separate programs on 

separate computers, so there was no need for software integration. The LapaRobot host computer 

was additionally utilized as the Tactile Feedback Client. The overall block diagram for the 

LapaRaven with integrated tactile feedback is shown in Figure 113.  

 

Figure 113. LapaRaven with Tactile Feedback, System Overview 

 
Sensors were mounted on RAVEN-II grasper tips (Figure 114). The grasper tips for the 

RAVEN II had a slightly different geometry than da Vinci and Storz grasper tips. Sensors were 

trimmed to match the size of the new instruments. Wires were connected using silver epoxy 

because the previously used crimps interfered with the RAVEN-II operation and caused an 

electrical short through contact with the instrument. These silver epoxy connections were 
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delicate and broke easily. This issue can be solved by using da Vinci instruments and da Vinci 

tool adaptors. 

  

Figure 114. (Left) Raven grasper tip (Right) Flexiforce sensor mounted 

 
The LapaRobot was incompatible with the custom handles used in the non-robotic 

laparoscopic grasper, so standard Storz handles were used. Initially, actuators were mounted on 

LapaRobot handles (Figure 115). Because of challenges with using the LapaRobot instruments 

and forces required to overcome motor friction and weight of the instrument, it was often more 

comfortable to wear the balloon actuator around the user’s finger, rather than mounting it 

directly on the instruments. 

   

Figure 115. Pneumatic actuator mounted on LapaRobot instrument handle 

 
The complete LapaRaven with integrated tactile feedback was tested by using the system 

to pick up objects and observing balloon inflation. 
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While still improving over the Omni / RAVEN-II and LapaRobot systems, the LapaRaven 

was still a challenging system to control. These challenges derived mainly from motor stiffness 

in the push-pull and grasping joints on the LapaRobot Master and the monoscopic nature of the 

web camera that provided the visual feed. 

7.4 Remote Surgery Grip Force Study 

A preliminary investigation was performed to evaluate the impact of tactile feedback on 

grasping force while using the LapaRaven remote surgery system over a simulated network. 

Similar studies had been was performed for local robotic surgery [153], and with a non-robotic 

laparoscopic grasper [157]. The purpose of this investigation was to determine whether there 

were similar effects with an unfamiliar control scheme and effect of time delays over a network. 

Additional objectives of this evaluation were to determine technical shortcomings in 

using of the system, and impacts due to latency. 

7.4.1 Methods 

Five novice subjects used the LapaRaven to retrieve six vertically mounted dimes (Figure 

116) using their dominant hand in each of three conditions: (1) tactile feedback off, (2) tactile 

feedback on, and (3) tactile feedback off, in a similar method as previous studies. In initial 

observations, it was found that dimes were grasped more easily and in a more consistent, 

repeatable manner than the rubber blocks used in the traditional Fundamental of Laparoscopic 

Surgery (FLS) exams. They were preferred in the study because subjects were novices and 

because of additional difficulties in with the monoscopic camera and control scheme. 
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Figure 116. (Left) Subjects used the LapaRaven to retrieve six vertically mounted dimes. (Right) 
Perspective from the LapaRobot Master. 

 
In the initial set of trials, the LapaRaven was set to run on a simulated network with a 

specified time delay of 100 ms. For comparison, each subject complete the study a second time 

with the time delay removed. In an effort to control short-term learning effects, this second study 

was performed at least twenty-four hours later. 

 Prior to the experiment, subjects were instructed in the task and given a few minutes to 

practice operating the robots. Subjects were additionally instructed on challenges with the 

system: specifically the stiffness with manipulating the LapaRobot Master’s push-pull, and the 

lack of depth perception. Because of challenges with depth perception, subjects were verbally 

guided through push-pull (i.e. instructed to move the instrument higher or lower) until the dime 

was in the grasping field. Prior to the second condition, subjects were familiarized with the 

tactile feedback system by opening and closing the graspers and acknowledging perception of 

balloon inflation. 

During each grasping event, average grip force was measured through the sensors 

mounted on the RAVEN-II graspers and logged using the data acquisition aspect of the user 

interface (National Instruments LabVIEW®). Grasping events were manually tagged during the 

course of the experiment and verified in post-processing and data analysis. 



 126 

7.4.2 Statistical Analysis and Results 

Saturation of force sensors resulted in a non-Gaussian distribution of data, and so 

statistical analysis was performed using non-parametric statistical methods. A box and whisker 

plot shows the mean forces for both the 100 ms delay conditions and the 1 ms delay conditions 

(Figure 117). A bar graph is shown alongside for comparison. 

  

Figure 117. Mean grip forces for remote surgery grip force study, all five subjects. 

 
The pool of subjects was compared using Friedman’s Test with six repetitions per subject 

in order to test the following nine hypotheses. The first three describe the pair-wise comparisons 

when the delay was 100 ms, the second three when the delay under 1 ms, and the last three 

determine comparisons between the two delays. 

H1,a: There were significant differences between condition 1 (T1) and condition 2 (T2) 

with 100 ms delay 

H2,a: There were significant differences between condition 2 (T2) and condition 3 (T3) 

with 100 ms delay 

H3,a: There were significant differences between condition 1 (T1) and condition 3 (T3) 
with 100 ms delay 

H4,a: There were significant differences between condition 1 (T1) and condition 2 (T2) 

with under 1 ms delay. 

H5,a: There were significant differences between condition 2 (T2) and condition 3 (T3) 

with under 1 ms delay. 
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H6,a: There were significant differences between condition 1 (T1) and condition 3 (T3) 
with under 1 ms delay. 

H7,a: There were significant differences between 100 ms delay and under 1 ms delay for 

condition 1 (T1). 

H8,a: There were significant differences between 100 ms delay and under 1 ms delay for 

condition 2 (T2). 

H9,a: There were significant differences between 100 ms delay and under 1 ms delay for 

condition 3 (T3). 

A Bonferonni correction was used and (P < 0.0167) considered for significance. These 

results are shown in Table 12. 

Table 12. Hypothesis Testing for LapaRaven Grip Force Study 

Delay: 100 ms Delay: 1 ms Delay: 1 ms vs. 100 ms 

Comparison P-Value Comparison P-Value Comparison P-Value 

T1/T2 0.0093* T1/T2 0.0007* T1 0.2322 

T2/T3 0.00085** T2/T3 0.0787 T2 0.7918 

T1/T3 0.8175 T1/T3 0.0451 T3 0.0122* 

 
This analysis reveals that in both delay conditions, there was a significant decrease in 

grip force between T1 and when tactile feedback was activated in T2. The primary difference 

between the two delay conditions is that with 100 ms latency, there was limited to no learning 

effect for all subjects. In the situation with 1 ms latency, there was a wider distribution of grip 

forces in T3, indicating a higher variability between subjects. 

 Figure 118 shows the mean grips forces for each of the five subjects in all conditions. 
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Figure 118. Mean forces for all subjects when using the LapaRaven with (Left) 100 ms delay (Right) 1 ms delay 

  
This data shows that in the 100 ms delay condition, tactile feedback offered benefit for 

three of the five subjects, and for each of these subjects, the low forces were, at most, partially 

retained. 

In the 1 ms delay condition, there was noticeable benefit for four of the five subjects, and 

these values were retained in the third condition (T3), indicating a greater impact due to learning. 

One subject (s2) showed a decrease in baseline force (T1) when the network delay was 

removed. This could also be due to a long-term learning effect. One subject (s5) expressed 

difficulty in exerting precise control when grasping with the LapaRobot controller and showed 

no significant differences across any of the conditions. 

7.4.3 Discussion 

The population analysis for grasping force with a 100 ms network delay showed that 

grasping force was significantly lower (P < 0.0093) when the tactile feedback system was 

activated, compared to both the before (T1) and after (T3) states when tactile feedback was 

inactive. 

These results differed from the live tissue study which used a more easily controlled da 

Vinci robot. These differences may be due to increased challenge with manipulating the 
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LapaRaven, the difficulty exercising precise control over grasping, and the tendency for subjects 

to proceed more slowly when awaiting balloon inflation. 

When the network delay was removed, there was a significant decrease in grasping force 

(P = 0.0007) and observable benefit for four of the five subjects. With no network delay, there 

was a wider distribution in the third condition and more often the low forces were retained when 

the system was subsequently deactivated. The results for the low delay study are similar to those 

observed in the live tissue study. Together these results seem to indicate that learning is more 

often present in a system that is easier to use. 

There were no significant changes to baseline force (T1) when comparing the two 

network conditions. This could be due to the sensitivity of the system and the saturation point of 

the sensors. When looking at each subject individually, one of the five showed a significant 

decrease in baseline force when the network delay was removed.  

The LapaRaven demonstrated the first remote surgery system with integrated tactile 

feedback. While it is difficult to determine conclusive results with only five subjects, these 

preliminary findings suggest that the benefits due to tactile feedback may be more significant in 

systems that are harder to use, such as those with latency in the visual feed, and that tactile 

feedback could become a critical component of future telesurgical systems. 

It is suggested that future work be performed with additional subjects using a more robust 

control scheme and better camera, both on local networks with induced latencies, and at remote 

locations. 



 130 

8 Conclusion 

The aims of this research were to improve tactile feedback technology, expand the 

technology to other minimally invasive surgical applications, and perform studies to evaluate the 

impact of this feedback. 

To improve the tactile feedback technology, many of the components of the previous 

feedback system were re-designed. The pneumatic system saw two rounds of improvement that 

removed unintentional vibration and provided direct inflation feedback as originally intended. A 

new two-part, wireless electronic system was designed to interface with this new pneumatic 

system. New control software was written to support wireless communication, the new hardware, 

and the new pneumatic system. This software utilized an anti-jitter threshold algorithm, and a 

layered message protocol to handle wireless communication. The sensor mounting process was 

improved, and a new process developed for protecting sensors from moisture damage, thus 

enabling use in live tissue. A second actuator geometry was designed to fit in a custom handle 

for non-robotic laparoscopic surgery. 

This system was expanded and integrated with three minimally invasive surgical 

applications: non-robotic laparoscopic surgery, robotic surgery in an in-vivo environment for pre-

clinical application, and remote surgery. A suitable, fully functioning remote surgery system was 

not available, and so a new one was designed by combining two available systems: The 

University of Washington RAVEN II and UCLA LapaRobot. This LapaRaven system was the 

first prototype remote surgery system with integrated tactile feedback. 

For each of these three applications, studies were performed to evaluate the impacts of 

tactile feedback. In all three cases, it was found that tactile feedback helped some, but not all 
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subjects. In laparoscopic surgery it was found that tactile feedback helped novice subjects, but 

had no impact on experts. 

The in-vivo robotic surgery study showed that there was a high variability between 

subjects. Together, the pool of subjects showed significantly lower forces and fewer sites of 

damage when tactile feedback was activated, and that these low values were retained when the 

system was turned off. A significant correlation was found between higher average forces and 

incidence of damage. 

The preliminary investigation of remote surgery showed significantly decreased grasping 

forces for most subjects. With a 100 ms time delay, there was little to no retention of grasping 

forces, whereas when this delay was removed, subjects tended to learn and continue to use low 

forces after the feedback system was deactivated. 

Together these results suggest that reductions to grasping force may have a positive 

impact on damage to tissue and clinical outcomes. This lends support for continued improvement 

of the tactile feedback technology towards clinical viability, and the eventual use of integrated 

tactile feedback with surgical robotic and minimally invasive training systems. 
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9 Future Work 

The results from this research suggest several possible directions both in continuing to 

advance the tactile feedback technology, and further evaluations of its benefit. It is my hope that 

this section will serve as a starting point for those who wish to continue this research. 

9.1 Robotic Surgery Training Study 

The live tissue study (Section 6.2) concluded that for the subject pool as a whole – and 

for approximately 30% of participants when analyzed individually – forces were significantly 

lower when the tactile feedback system was activated and that these low values were completely 

retained when the system was deactivated for the third trial. These lower forces could have been 

caused by increased familiarity with the task (i.e., learning effect) or due to the presence of 

tactile feedback. 

The purpose of a robotic surgery training study is to separate the learning effect due to 

task familiarization from the effect due to tactile feedback. This experiment would have two to 

three matched groups of subjects performing a training task over several iterations until 

proficient (usually six iterations for peg transfer). One group will have no tactile feedback 

throughout the course of the experiment. The remaining groups will have a tactile feedback 

intervention at some specified iteration in the middle. In a task with six iterations, this 

intervention could occur after the second iteration for one group and after the fourth for another. 
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9.2 Evaluating Tactile Feedback on Additional Performance Metrics  

During the course of this research, grasping force was used as the primary metric in 

evaluating tactile feedback in minimally invasive surgery. Additional studies can be performed 

that evaluate tactile feedback against other performance metrics. 

A collaboration has been formed with researchers in the UCLA Graphics and Vision Lab 

(MAGiX) who have been developing a machine vision system for automatically assessing (Auto-

Assess) a person’s performance during Fundamentals of Laparoscopic Surgery (FLS) tasks 

[163]. Rather than just use time-to-completion to evaluate performance, the goal of this Auto-

Assess system is to track other factors, such as the path of the surgical instrument, jerk, and 

control effort. 

After the Auto-Assess system is refined, it may be used as a mechanism for evaluating 

the impact of tactile feedback on a person’s control of robotic, non-robotic, and remote surgical 

instruments. 

9.3 Custom Micro-scale Force Sensing Array 

Future tactile feedback systems will require a sensing array that is both small enough to 

fit on a surgical instrument and has sufficient signal to noise ratio to detect forces on the range of 

1 – 5 N. These sensors must not interfere with operation of the robotic system, and be 

sufficiently robust and sterilizable for continued live tissue work and eventual clinical 

application. 

Ideally, such a sensor could be integrated directly into a custom surgical instrument, 

although this may preclude the use of proprietary robotic systems (i.e. the da Vinci). Several 
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expert robotic users have also suggested the importance of measuring shear force as an aid for 

tensioning sutures and to prevent excessively tugging on delicate tissues. 

During the course of this research, several designs had been analyzed and a MEMS 

capacitive sensor determined as having the best precision within the size constraints, while still 

being practically-suited towards sterilization environments. 

Through a collaboration with Professor Robert Candler’s MEMS Research group, this 

force sensor was designed, modeled analytically and with a simulation (COMSOL), and then 

fabricated in the UCLA Nanoelectronics Research Facility (Figure 119 – Figure 120) [164]. 

 

Figure 119. Process flow of the capacitive sensor design. 

 

 

Figure 120. Capacitive sensor fabricated at UCLA Nanoelectronics facility 
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Capacitive sensors are limited by potential cross-element interference and parasitic 

capacitance present in cabling. Therefore, any signal conditioning electronics should be near the 

sensor at the tip of the surgical instrument. 

It was separately theorized that a tooth-shaped geometry could possibly improve signal 

resolution, although design of this sensor was constrained by unreasonable fabrication 

complexity and remains untested [165]. 

Further research and references concerning force sensing systems can be found in Section 

2.4.3. 

9.4 Improvements to the Tactile Feedback System 

While the improved tactile feedback system was sufficient for experiments in live tissue, 

there are still potential improvements to ease-of-use, ergonomics, and scalability.  

9.4.1 Scalable Continuous Pneumatic System 

Three iterations of the pneumatic system are described earlier in this work (Section 4.3). 

While the third iteration (and the one used in this research) improved upon the unintentional 

vibrations of previous systems, the use of solenoid valves does not effectively scale with 

increases in independent actuator elements. With this pneumatic design, a four actuator system 

utilizes sixteen valves. For a system with four separate six-element actuator arrays, there would 

be twenty-four (24) independent actuator elements, which would require ninety-six (96) valves. 

This adds significant cost (approximately $3000 for just valves), size, plumbing complexity, and 

severe challenges with maintenance in the event of a leak. 

After some experience with the pneumatic system, one could notice that output pressures 

can be adjusted by manually rotating the knob of the high precision regulators. This can be 
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automated by using a stepper motor with a mechanical link to the regulator knob and eliminating 

the valves entirely. This would maintain the performance of the current system (i.e., no vibration 

noise), be a continuous spectrum of inflation (rather than quantizing into levels), and have better 

scalability (one motor per output element). Cost and size comparisons will depend on the 

specifics of the design and precision of the motors.  

 

Figure 121. Design concept for motorized pneumatic regulator 

 
Much experimentation was performed using the initial version electro-pneumatic 

regulators (ITV-0010). It is strongly suggested that these not be used in any future designs. 

9.4.2 On-board Wireless Integration 

Having separate circuit boards for the sensors (Tx) and actuators (Rx) facilitated use of 

the system in space-constrained surgery suites and research laboratories. Currently, a Roving 

Networks Bluetooth dongle converts RS-232 from the dsPIC’s UART to a paired Bluetooth 

signal. This system is easy to use, but can be made smaller by integrating the Bluetooth (or other 

wireless) units directly onto a new PCB design. This is a sub-project that could be recommended 

for an enterprising undergraduate researcher. 

9.5 Continued RAVEN-II Collaborations 

While the LapaRaven system was sufficient in the short term for evaluating tactile 

feedback in remote surgery, difficulties in control and vision limit its longer term use. 
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Instead, it is recommended that a more robust and intuitive control scheme be used for 

the RAVEN-II in future studies. Specifically, a collaboration should be formed with Mimic, the 

company that designed the dV Trainer [34]. 

 

Figure 122. The Mimic dV Trainer 

 
Mounting Flexiforce sensors onto the RAVEN tools proved to be a delicate operation due 

to the use of silver epoxy. It is suggested that collaborations continue with the University of 

Washington BioRobotics Laboratory and the collaborating company, Advanced Dexterity, in 

pursuing da Vinci tool adaptors. The use of da Vinci instruments with Flexiforce sensors has 

proven to be robust enough to survive extended live tissue experiments and can be used with the 

RAVEN-II. 

For continued use of the RAVEN-II, it is suggested that there be an investment into a 

robust 3D Vision system, similar to the one used by the University of Washington BioRobotics 

Laboratory. 

With a robust dV Trainer control mechanism, a 3D vision system, and da Vinci tool 

adaptors, the RAVEN-II can possibly be used for more advanced studies, although the current 

software should be carefully evaluated specifically with variable grasping in mind (i.e. the ability 
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to control one’s grasping force). The RAVEN-II currently uses position-position control and 

often has trouble maintaining force on a grasped object with the current release of software. 

9.6 Trans-continental Remote Surgery Tactile Feedback Studies 

A preliminary investigation into tactile feedback for remote surgery showed that for some 

subjects tactile feedback significantly decreased grip force when operated over a simulated 

network. With an improved remote surgery system such as a Mimic-controlled RAVEN-II, more 

extensive studies can be performed both over a simulated network and over an actual network.  

A collaboration can be initiated with an interested research group at the Yale Department 

of Urology with CASIT Alumni, Richard Fan, who is familiar with this tactile feedback research. 

Other potential sources of collaboration can be found with any of the other RAVEN-II sites, 

including University of Washington BioRobotics, Johns Hopkins, Harvard BioRobotics, 

University of Nebraska, UC Berkley, and UC, Santa Cruz [160]. 
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