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Microrobot Actuation Mechanisms


I.
Introduction


A.
Overview




The project that we have chosen to implement – A Minimally Invasive Approach to Pelvic Osteolysis – divides very neatly into two sub-projects. The first involves achieving accurate access to a pelvic target location; the second involves the evacuation of the osteolytic process and retrograde filling of the created cavity. The clinical utility of our project depends largely on our ability to implement a solution to the second sub-project, and the design of the first sub-project hinges on the instruments that we can design to accomplish the second. Consequently, I decided to explore the technological options available to us in the design of the surgical instrumentation used in the evacuation and filling phase. Insofar as the effectors are more relevant to the accomplishment of our minimal deliverables, I have opted to investigate the principle microactuation technologies that are available today.  



B.
Reference Selection 




In an effort to gain exposure to most of the major available microactuation mechanisms I chose a collection of papers investigating specific technologies and one specific survey paper that more broadly addresses all of these technologies and the relative advantages and disadvantages of each. The survey paper served as my primary reference for this seminar presentation, while the remaining (and others) served as secondary references. 
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II.
Article Synopsis


A.
Overview





Since the primary reference paper takes the form of a survey, the critical review will have to diverge from the recommended outline as specified in the course syllabus; there is no conducted experiment or significant key result as such. Accordingly I will organize my critical review along the lines of Dario’s outline. 





Because the focus of his article is to survey the relatively novel field of microrobotics, Dario has invoked a reverse-triangular organization for his article. He starts broadly, addressing the promise of microrobotics and then broadly sets the technical stage for this field by establishing microdevice definitions and scale distinctions, along with applications and challenges unique to each scale. Dario then illustrates the gross components of microrobots and possible configurations that they can assume in real solutions. Finally, he focuses on specific microactuator technologies, emphasizing each technologies relative merits and limitations from a general perspective. 





Within each section, I will first present the content of Dario’s article and then evaluate its relevance with respect to our project. I will specifically attempt to extend the discussion of actuator technologies by considering each technology’s specific potential in Surgical Robotics. 



B.
Introduction




Content: 





Dario begins his discussion by addressing the scope of potential for microrobotics and some background in the evolution of this field. His technical content begins with a series of formal definitions to structure the ensuing review. He starts with a definition of two different classes of microdevice: Micromachines and Microrobots. While I will leave this formal definition out, suffice it to say that micromachines are passive instruments, while microrobots extend this technology by incorporating a level of adaptivity, controllability or reprogrammability. Dario subsequently divides the class of microrobots into three sub-classes based on scale. For each sub-class he describes its relative size and workspace, fabrication techniques, environmental interaction mechanisms and potential applications. These scale considerations are described in Table 1.

	
	Miniature Robot
	Microrobot
	Nanorobot

	Size &

Workspace
	Few cubic cm
	Few cubic 

micrometers
	Few hundred

Nanometers

	Forces
	Comparable to those applied by human operators during fine manipulation
	Much smaller for manipulation of cells and nanorobots
	Infinitesimal for interaction with cells

	Interaction
	Mechanical
	Mechanical, Electromagnetic, Chemical
	Principally Chemical

	Fabrication
	Same as for macrorobots but scaled down to miniature level
	‘Modified Chip’ design using silicon micromachining
	Nanoscale fabrication techniques; hoping to use microrobots for fabrication of nanorobots


Table 1 – Microrobot Scale Considerations




Project Correlation:





The evacuation of osteolytic processes through a long cannula approx 1.0 – 1.5 cm in diameter requires us to develop instruments that either incorporate a level of intelligence or, more immediately, allow some degree of remote controllability. Accordingly, we are more interested in developing instruments that fall into the category of microrobots. Within this category, our project will involve manipulation of tissue within lesions that are in the 2.0 – 10.0 cm size range. It follows that the instruments that we develop with this target workspace would be classified as ‘miniature robots’ based on the definition above. The remaining features of these microdevices appear to conform nicely to the requirements that our project has. That is, we are interested in creating devices that mechanically debride erosive tissue, which requires forces in the range that miniature robots generate. Fortunately, conventional fabrication techniques should allow us to design and develop our instruments without significant limitation. 



C.
Configuration and Design Considerations




Content:





Dario first describes the main microrobotics components: a physical structure, a controller, a power source, actuators and sensors. He further divides the actuator components into two varieties: actuators for positioning and actuators for operation. One specific design feature that Dario addresses is the level of mobility that the robot possesses. This feature is particularly relevant in robot design since the level of mobility will dictate the arrangement of components and the feasibility of wireless control. He then illustrates a number of different potential microrobot configurations, as shown in Figure 1, with wireless robot configurations on the right and umbilically-connected robots on the left. 

[image: image1.wmf]
Figure 1





According to Dario, the robots on the left are easiest to fabricate and control. The umbilical cable between the fixed physical structure and the operating part of the robot facilitates the connection between components like the energy supply and controller situated with the physical structure and the more versatile end effectors, which are teleoperated. This kind of apparatus requires that only the operating actuators and some positioning actuators be miniaturized, while the remaining components can be situated afar from the site of operation and are hence without size constraint. 





Dario subsequently describes the challenges unique to the wireless configurations on the right. The limits of remote control and onboard energy supply are measured with respect to the planned operating environment of the microrobot.  Unique challenges related to environmental forces emerge when designing microrobots that are both wireless and of the microrobot or nanorobot subclasses. Lastly, employing any degree of autonomy poses additional control and sensory challenges. Dario uses all of these arguments to justify the thesis that teleoperation is substantially more feasible today than remote control of microrobots. Discussion of these issues is beyond the scope of this review insofar as we are interested in microrobots of larger dimension that are initially non-autonomous. 




Project Correlation:





Our project design involves insertion of a cannula through the skin and soft tissue to the targeted surface of the pelvis. Since this cannula serves as a communication between the osteolytic lesion and the outside of the body, we can employ an umbilical cable connection between the end effectors and the controller and power supply, thereby invoking the relative benefits of teleoperation. Furthermore, we do not require any level of mobility or autonomy in our first implementation although there is potential for this in future clinical applications. The architecture that seems to best suit our application is the one illustrated in Figure 1-b since it allows non-rigid communication between controller and power source and the surgical instruments that we hope to design. Furthermore, we can employ more conventional power supplies, controllers and user interfaces in realizing our deliverables. 



D. General Considerations on Microactuators




Content:





Dario briefly considers the limitations of traditional actuators when scaled down to miniature scale. He particularly emphasizes the need for alternative actuation mechanisms in light of the limitations of the electromagnetic motor. These limitations principally include the performance sacrifices made when EM motors are scaled down and the unreliability of reduction gears that surmount this problem. Reduction gears that derive useful torque from miniature EM motors are ostensibly difficult to fabricate and couple. He is particularly emphatic about the emergence of many direct-drive actuation mechanisms that each present their own advantages and disadvantages. The crux of Dario’s article is that “the best engineering solution is to select the appropriate actuator for each specific application.”




Project Correlation:





The distinction between positioning and operational actuators is particularly significant for our project since there are unique challenges for each. Specifically the positioning actuators that we employ will have to actuate a dextrous arm that incorporates both translational and rotational range of motion within the lesion. This can potentially be modeled as a Revolute-Prismatic arm with a 1-3 d.o.f. wrist, assuming that the lesion can be treated as a single cavity with complex margins but without ridges that we need to get around. The end-effector of this instrument will principally include a variety of whisks/burrs that will allow debridement of pathological tissue. This requires an operational actuator that generates high rotational velocity about the axis of the end-effector. Finally, this entire apparatus has to fit down the shaft of the cannula and allow the passage of other instruments alongside it – for visualization, irrigation, suction, etc. 



E.
Specific Microactuation Technologies





1.
Electrostatic and Electromagnetic Actuators






Content:
  
These have historically dominated the domain of macrorobotic motion actuators. As described earlier, Dario suggests that there are significant limitations to the performance of electromagnetic motors when scaled down to miniature proportions. Electrostatic motors, however, demonstrate many attractive features when scaled down. Most notably, they are easy to fabricate using silicon micromachining technology, electronic control can be built on the same chip and they can achieve high rotational speeds. The author subsequently describes the scientific principles behind electrostatic motors, emphasizing their simplicity of fabrication, their preservation of physical properties when miniaturized and their utility for both linear and rotary actuation. Dario then describes various rotary electrostatic configurations (top-drive, side-drive and wobble-drive) noting their unique properties and utility. Finally, Dario outlines the design of a specific microgripper designed for manipulating biological objects less than 10 micrometers in diameter.   






Project Correlation:








This technology seems most applicable to implementation of the end-effector in our system. The simplest wrist and end-effector would incorporate a single rotational degree of freedom which rotated an end-effector like a burr or whisk. We may not need substantial generation of torque to debride the tumor parenchyma but we would likely need to generate high speeds to whisk away cystic, loculated collections. Furthermore, the dimension constraints associated with passage down a long cannula make an easily microfabricated technology more attractive for this function. Relevant issues that remain unresolved based on this article include issues of biocompatibility, current requirements and mechanisms for deriving useful work from these microdevices. I will have to investigate these issues more thoroughly before developing a meaningful solution to the end-effector and wrist design. 




2.
Shape Memory Alloy Actuators






Content:








Dario starts his discussion of these very interesting metal alloys by describing their behavioral properties. He briefly describes the structural transformation that can be generated by heating and cooling these wires around a transition temperature. Significant properties that SMA actuators possess include high power to weight ratio, small size, structural and actuation contributions to instruments and easy fabrication. Disadvantages include decreased predictability of cooled conformation, limited dexterity in each element and very poor efficiency. Finally, Dario illustrates a few implementations that employ SMA actuation including Ikuta’s MEDIWORM project and the authors’ intravascular catheter prototype.   






Project Correlation:








These alloys show a good deal of promise for the implementation of the most proximal revolute joint which is immediately distal to the cannula tip. The joint is relatively simple, with only one degree of freedom contributed. Furthermore, the space constraints associated with actuation beyond a long cannula would be particularly well surmounted by SMA actuation. Significant issues that still remain include the design of the specific SMA-actuated instrument, control of the instrument configuration (heating and cooling mechanisms) and methods for sensing the position and orientation of the instrument and end-effector. 



3. 
Piezoelectric Actuators






Content:








Dario describes the utility of the piezoelectric effect in actuation. Specifically, he describes the valuable properties of piezoelectric ceramics that capitalize on the anti-piezoelectric effect to convert electrical energy into mechanical energy. These ceramics can have a variety of configurations including plates, bimorphs or layered structures and can be fabricated on silicon substrates. The author has described a number of implementations that exploit piezoelectric properties, first describing a number of mobile robot applications. He then superficially describes two rotary actuators employing this effect: the traveling wave ultrasonic motor and the impact-drive mechanism piezoelectric motor developed by Higuchi et al. While he does not specify much of the fundamental principles for their operation he does describe the potential benefits of these mechanisms relative to alternative rotary actuators. He notes that the ultrasonic motor does not require reduction gears since fast vibratory motion of the resonator are converted to slower macroscopic motion tangential to the surface; he also notes that the storable energy density is larger than in electrostatic motors; lastly he notes that, while the initial implementations have been of larger dimension (few cm), future implementations could employ silicon micromachining techniques to reduce their size even more. The impact drive motor is described briefly and its principal utility is noted to be the generation of micrometer level displacements. 






Project Correlation:








Our robot incorporates no real mobility, per se. As such only the latter two implementations might be relevant to our project although size constraints preclude us from employing the generation of ultrasonic motor described by Dario. If this could be miniaturized still more it might have potential utility in our experiment. Dario’s article did not address the specific operating principles behind this technology and I will have to look into the current state of the art before deciding on its utility. Lastly, the IDM technology described produces displacements that are significantly smaller than target displacements that we have in mind.



4.

Rubber Microactuators






Content:








Dario briefly describes the evolution of fluidic actuators, noting that the most recent embodiment – the rubbertuator – has particular use in environments requiring soft operation and safety. He notes that these actuators can be driven either with electrohydraulic or electropneumatic systems. These hollow tubes are longitudinally divided into three compartments whose pressures are modulated to control the geometry of the rubbertuator arm. These arms have a number of benefits: they are easy to miniaturize, they have multiple degrees of freedom, they have high power density and they demonstrate smooth operating behavior.






Project Correlation:








This technology seems useful for the proximal revolute joint although it appears that it would occupy more space than the SMA wires. The fluid motion is not really critical for our surgical context and the high power density feature is unlikely to have significant benefit. Accordingly, while I think that the SMA wires have relative merits for implementation of this proximal joint, the brief treatment of this technology in Dario’s paper warrants a more thorough investigation of the potential that this technology has for our project. 


III. 
Conclusion



Dario has done an able job of introducing the principal technologies available for microactuation mechanisms in 1992. As a survey it is an excellent paper insofar as within each technology he introduces the operational principles, fabrication feasibility, rough capabilities and examples of implementations. Together these give a non-technical flavor of the capacities of each technology, allowing the reader to more aggressively pursue more detailed technical analysis of any given technology. He has cited several references that serve to point the reader in a reasonable direction although these papers are equally outdated. Overall, Darios paper is well-written, comprehensive and fulfills its purpose of introducing the reader to available technologies. 



I have supplemented this general overview with more technical papers on the properties, behavior and specific applications of SMA actuators which will help me more directly in the design of the actuators for our project. I think that their behavior offers several advantages for actuation of the proximal revolute joint. I am still uncertain of the linear actuation mechanism for the prismatic arm joint, and I am intrigued by the electrostatic & ultrasonic piezoelectric actuator possibilities for the wrist.  Accordingly I will have to seek more current, technical references on these technologies.



My next steps for planning of the instrumentation will involve verifying that the RPR instrument design is reasonable and considering alternative solutions that may be easier to implement. An additional constraint that I am not immediately familiar with is the limitation on current/voltage of instruments introduced into the body. This will dictate the properties of the actuators used throughout. Lastly, I will have to discuss the feasibility of fabricating such an instrument with a mechanical engineer familiar with these technologies.



Altogether, Dario’s article has helped orient me in a field that I was completely new to. I now feel equipped to pursue specific technologies and interpret their relevance for our project with more ease.  
