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1. Artificial Muscle Technologies
In recent years, there has been a growing interest in biologically inspired actuation. Traditional electromechanical actuation has long served the robotics community, but as we move into the new millennium, muscle like actuators, that have higher power to weight ratios, are becoming ever more attractive for their potential ability to make robots move in life like ways.  Because these actuators can deliver high forces in small packages and with minimal weight, they are ideal for use in handheld devices.  Their ability to act as linear actuators without complex transmissions is also desirable for certain designs.
They are four actuator technologies currently viable for use as muscle-like actuators, McKibbon pneumatic actuators, Piezoelectric actuators, Electroactive Polymer actuators, and Shape Memory Alloy actuators.  They each have advantages and drawbacks.  Brief explanation of each of the technologies and its capabilities is discussed below.
1.1 McKibbon Actuators
McKibbon artificial muscles are also known as pneumatic artificial muscles.  These actuators work by inflating an air bladder inside of a mesh webbing.  The bulging of the bladder causes the mesh to bulge in the middle and draw in the ends of the sleeve, providing actuation in contraction, very similar to a human muscle.  The technology was first used in the 1950s for prosthetic limbs and later commercialized in the 1980s by a Japanese company. Lately, McKibbon actuators have gained attention for their application in biomimetic robotics.  The actuators have very good power to weight ratios, but are hindered by the need for valves, air compressors, and non-linear controllers.  They can be manufactured at a variety of length scales, but perhaps not at a size necessary for incorporation into handheld devices.

From University of Washington:

“McKibben Artificial Muscles”


Abstract
The McKibben Artificial Muscle is a pneumatic actuator which exhibits many of the properties found in real muscle. Its spring-like characteristics, physical flexibility, and light weight make it ideal for applications such as the Anthroform Biorobotic Arm and Powered Prosthetics Project. The device was first developed for use in artificial limbs in the 1950's and, more recently, was commercialized in the 1980's by Bridgestone Rubber Company of Japan and in the 1990's by the Shadow Robot Group of England for robotic applications. Versions of the actuator are also available from Images Company. Among the more attractive attributes of the actuator is a very high force to weight ratio, making it ideal mobile robots.
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Research Activities

Actuator Construction - The device consists of an expandable internal bladder (an elastic tube) surrounded by a braided shell. When the internal bladder is pressurized, it expands in a balloon-like manner against the braided shell. The braided shell acts to constrain the expansion in order to maintain a cylindrical shape. As the volume of the internal bladder increases due to the increase in pressure, the actuator shortens and/or produces tension if coupled to a mechanical load. These actuators can be easily constructed in a variety of sizes or you can buy them ready to use.

Finite Element Models - By using a finite element model approach, we can estimate the interior stresses and strains of the McKibben actuator. Knowledge of these details have lead to improved actuator designs. 

Fatigue Properties - A typical application often requires a significant number of repeated contractions and extensions of the actuator. This repeated cycling leads to fatigue and failure of the actuator, yielding a specific life span that is an important design consideration. Our results found that natural latex bladders have a fatigue limit 24 times greater than synthetic silicone rubber bladders.

Performance Characteristics - The force generated by a McKibben Artificial Muscle is dependent on the weave characteristics of the braided shell, the material properties of the elastic tube, the actuation pressure, and the muscle's length. 

Artificial versus Biological Muscle - The force-length properties of the McKibben actuator are reasonably close to biological muscle. However, the force-velocity properties are not. We have designed a hydraulic damper to operate in parallel with the McKibben actuator to produce the desired results. “
1.2 Piezoelectric Actuators
Piezoelectric actuators were first heavily researched in the years following World War 2; today they are commonly available over the counter.  The most common form of piezoelectric actuator is based on lead zirconate titanate (PZT), a ceramic composite, although other materials including the polymer Polyvinylidene fluoride (PVDF) also have piezoelectric properties and have been demonstrated successfully in actuators.  Piezoelectric actuators do require very high voltages and non-trivial drive electronics, but they are extremely good in positioning applications and are commonly used as sensors and actuators in MEMs devices because of their high sensitivity.  They have also been demonstrated in macro scale products, including an SRI developed masonry drill, but these examples are less common and require large numbers of actuators stacked together.  

From Wikipedia:

“Types of piezoelectric motor include the well known traveling-wave motor used for auto-focus in reflex cameras, inchworm motors for linear motion, and rectangular four-quadrant motors with high power density (2.5 watt/cm³) and speed ranging from 10 nm/s to 800 mm/s. All these motors work on the same principle. Driven by dual orthogonal vibration modes with a phase shift of 90°, the contact point between two surfaces vibrates in an elliptical path, producing a frictional force between the surfaces. Usually, one surface is fixed causing the other to move. In most piezoelectric motors the piezoelectric crystal is excited by a sine wave signal at the resonant frequency of the motor. Using the resonance effect, a much lower voltage can be used to produce a high vibration amplitude.”
1.3Electroactive Polymer Actuators
Electroactive Polymer Artificial Muscles (EPAMs) were first developed by SRI in Menlo Park, CA in the early 1990s.  The actuators take advantage of certain material’s property of expanding when placed under a large voltage.  There are two common types of electroactive polymers, dialectric EAPs which work using an electric field created by two electrodes on opposite sides of the substrate, and ionic EAPs which utilize ionic displacements to create motion.  Dialectric EAPs are far more common and have been more extensively researched and developed.  

There are two common configurations for EAP actuators, one is a thin film stretched across a rigid constraint.  Flexible electrodes are then placed onto the two sides of the film, and a bias force is generally implemented to control the direction of actuation.  The film will buckle out of plane when a high voltage is applied and common strains are between 5 and 15%, although it is worth noting that high strains correlate to low forces.  Large displacements are also limited by slow response times, limiting the frequency response of the actuator at maximum strain.

[image: image2]
The other configuration of EAP Actuator is a tube, which can either extend linearly or bend off its axis, depending on the electrode configuration.  Again, strain is limited to about 15% in the best cases and sacrifices force and frequency response to achieve this result.


[image: image3]
Several impressive robotics applications have been accomplished using EAP actuators.  One, a human face, is actuated so that it displays facial expressions using EAP artificial muscles.

[image: image4.png]Platforms for EAP demonstrat

¥

Android facial expressions (photogr phe(l at JPL)





Another interesting research example is a full fledged walking robot that uses EAP artificial muscles as the prime movers.  This robot is the first of its kind to use artificial muscles.  A great success, but the performance is still not equivalent to robots using conventional actuators because of the difficulties associated with response time and force/displacement relationships.

[image: image5]
1.4 Shape Memory Alloy Actuators
Shape Memory Alloy (SMA) actuators are based on metals that change phase when subjected to heat—which can be created by an electric current.  The most common materials used are Nickel Titanium alloys called Nitinol.  Typical SMA strains are on the order of 10%, however, unlike EPAM actuators, SMAs exhibit a constant force throughout their entire stroke length.  Unfortunately, SMA materials like Nitinol fatigue quickly when run at their maximum force capabilities, and therefore designs are usually based on pressures of 200 MPA or less to ensure lifetime of the actuator.  Another drawback of SMAs is their slow frequency response, which is limited to about 1 Hz.    




Various Actuators available for purchase

From MIGA motor company

Current applications of SMA materials include eyeglasses’ frames, dental braces, and stents for heart surgery.  SMA actuators have also been demonstrated in artificial humanoid face robots:
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A full scale humanoid robot has also been developed using SMA actuators possessing 38 artificial muscle actuators.
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Lara:  Humanoid SMA Robot

And many other SMA actuated robots have been built as well.

[image: image17.png]! Adobe Reader - [Kornbluh EPAM Actuato;
JiFie Edt Vew Document Tooks Window Help

o

| Pages

X
2 Bisveccor (2 @ # seaen]| [ ] I select Q-4 e ® |12 @0 - [ coo s | ey |[ Covnogipemte I
v »
actuators would be somewhat more Active 4§ Direction of Actuation 3 ~
the basic clement shown in Figure | electrods
area

reral layers of polymer are stacked to
ient force without the extremely high
ages that a single thick layer would
her a single layer of polymer film or a
k is used, the element of Figure 1
porated into several different actuator
\, several of which are shown in Figure 2.
e configurations are analogous 1o
ctuators. However, unlike piezoelectric
stroke of EPAM actuators can be a
tion of their length (up to 30%). Thus,
rs can be used as linear actuators without
motion-amplifying transmissions. Also,
gctric ceramics, the EPAM materials are
ible and can be rolled into a cylindrical
n in Figure 2.

€ attachments

Voltage off

Voltage on

| 8S0x1L00n <

v
- vt
a) stack N !

v
—

= b) extender ~I’_\/t

t ©) bimorph and unimorph
[V

bending beam actuators
d) tube

!
’ e)roll

Figure 2. Possible of EPAM

Actuators

Configurations

Equation 1 is based on the assumption that the forces
acting on the polymer film arise from the coulombic
attraction of the free charges on the electrodes. Other

4 4 [2waeds] b bl | ©





[image: image18.png]! Adobe Reader.
JiFie Edt Vew Document Tooks Window Help

EE3

Bl sweaconr &-[J[s]oim] o @on~ [ | w1 || adobe Reador 758
digging and operating cooperatively as ants (Flg\ue 5). O]

Signatures

Atiachments

Comments

FIGURE 6: A Schematic view of the UC

Berkeley's test system for insect walking
http://rif2 biol.berkeley edu/Full_Lab/FL_Publications/

PB_Posters/94ASZ_Tuming/94ASZ_Turning.html

FIGURE 7: An instrumented spider at the
University of Tokyo illustrates the potential to
NDE in terms of mobile sensors

http://www.leopard.t.u-tokyo.ac.jp/].





1.5 Discussion


Of these four types of actuators, each offers advantages and disadvantages for application in hand held devices.  Although McKibbon actuators are a well established technology, they are perhaps the worst choice, because of their large size and requirement for external components.  Piezoelectric actuators are commonly manufactured with very small footprints and are capable of producing large forces.  The major drawback with piezoelectric technology is that it does not exhibit large displacements.  The PZT material generally produces <1% strain, so it must be stacked to achieve macroscale motion, which can be costly and require more engineering design work.

EPAM actuators are an attractive possibility for handheld devices because they activate silently, they are lightweight, and they have high power density.  Although EPAMs can require high voltages or complex circuitry to operate, they draw less power than conventional motors and solenoids.  Another good option for handheld devices is Shape Memory Actuators.  SMAs have good force to weight ratio, and ulike EPAMs, they offer constant force across the entirety of their stroke.  SMAs biggest drawback is that they fatigue quickly when operated at their maximum capacity.  Both EPAMs and SMAs have limited frequency response when operating at large displacements.   

In general, EPAMs and SMAs seem to be more attractive for designs which require large displacements, while Piezoelectrec Actuators are a more established technology and would be more convenient in applications that don’t require large displacements. 
2.  Artificial Muscle Applications

2.1 Emergency Power Generation


There are several ways to incorporate artificial muscles into the cell phone.  One of the possibilities is to use the actuator as a power generator rather than a prime mover, allowing human power to recharge the battery of the phone enough to make a call in the case of an emergency. This would be useful in situations when one is stranded without the ability to recharge their phone; i.e. airport delays, camping, car trouble.  

How it works: Two of the artificial muscle types previously discussed are reversible, or can act as generators. Both piezoelectric actuators and electroactive polymers expand when subjected to current, but they also both create a current when strained under a load. Therefore, several recent research efforts have been made to harness this ability for power generation. One of the most promising of these attempts is a shoe designed to harness the energy of footfall impact during walking and convert this energy, otherwise dissipated as heat, into useable power. This research claims a power generation of between 2Wand 20W during use.
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Shoe style power generator
(sri.com)

Implementing a similar concept on the mobile phone would allow a human’s hand movement to generate power and recharge the battery of the phone enough to make a call in the case of an emergency. Further investigation should be done in order to calculate the necessary time and size of motion necessary. The unit could be built into the back of the phone near the battery and the camera lens:


[image: image10]
Another possibility for the inclusion of artificial muscle actuators in cell phones is the addition of degrees of freedom to the device. This might allow the phone to move across a desktop or configure itself such that additional information can be conveyed to the user.  For basic locomotion, 3 designs were developed.

2.2 Inchworm Locomotion

The first design is based on an inchworm. Inchworms are able to navigate complex terrain using a wave based locomotion technique. Shown below are two configurations of inchworms.
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Based on this inspiration, a 4 link cell phone has been imagined that would allow the device to move across smooth surfaces like table tops and desks. Below, a sequence of actuation movement is outlined which would require 3 actuators that could be of the rotary EPAM type, which are both light weight and silent as well as a picture of an EPAM actuator configured for rotary motion using a clutch system.
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Sequence of inchworm wave drive                                EPAM rotary actuator
2.3 Directional Friction Drive

Another option for motion is a linear drive that takes advantage of directional friction.  This design would only require one actuator, although with two actuators, turning could also be accomplished. One of the major obstacles with this design is the requirement of a high durability material that has directional friction properties. Without an increased friction in one direction, the device will simply expand and contract in place, rather than moving in a particular direction.  Luckily, many materials with directional friction properties exist in both nature and synthetics (seal skin, gecko adhesives, angled brushes).  Another possibility is to use non-backdriveable wheels often called one way rollers. Any of these would allow the phone to move forward due to the linear stroke cycle of the EPAM or SMA actuator. Below is a sequence of motion for this type of design.
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Linear prismatic artificial muscle locomotion

2.4 Tripod Prismatic Locomotion


The last locomotion design walks more like an insect. Using 3 linear artificial muscle actuators, small legs emerge from the cell phone body and then use high frequency vibration to move the device across the table. The rear two legs of the tripod are sprawled providing forward thrust while the front leg is primarily used to keep the phone from dragging its body along the surface, and for pitch control. Similar devices were built at a much smaller scale at MITs BioInstrumentation Laboratory under Prof. Ian Hunter.  
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MIT nanowalker project

One idea to minimize the profile of this design is to have a slow, low frequency actuator to extend the legs out of the cell phone case, then to have fast, high frequency actuators extend the legs small amounts very quickly allowing the phone to jitter its way across a table using the summation of many small movements created by the high frequency actuators. Then, when the cell phone had finished its locomotion, these legs could be withdrawn into the cell phone body using the slow actuation manner. As EPAM cartridges develop, these two functionalities could be accomplished by the same actuator.

Below is a visualization of this design:
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Cell phone walker in nominal walking position
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Cartridge and leg location in cell phone walker design

Actuator Search
Several commercially available actuators were found that could be used in the aforementioned designs.  Both SMA and Piezoelectric technologies are readily available in an appropriate size and force range for about $100 per actuator when buying in single units.  EPAM actuators are being exclusively developed for commercial applications by Artificial Muscle Incorporate, a spin off company from SRI International, who first researched and developed electroactive polymers.  Artificial Muscle Inc. currently provides custom actuators to over 40 companies, but more importantly to the research community, is developing a universal muscle actuator (UMA) which will hopefully become available in small numbers soon.  McKibbon actuators are available commercially, but do to their limitations in terms of size and support components, were ruled out of consideration for use in handheld devices at present.  The three other technologies are addressed below with detailed information on how to obtain actuators for use in the lab.

3.1 MIGA Shape Memory Actuators:


Perhaps the most promising actuator currently available is from MIGA Motor Company.  These actuators use the shape memory alloys to create push/pull actuators with high power to weight ratios, and are available in a number of sizes, including the mPod, whose primary dimensions are 50.8mm x  8.25mm x 9.0 mm.  The output shaft of the mPod extends beyond these dimensions, but this packaging is of a viable size for incorporation into a working prototype.  MIGA is available for custom applications, and if necessary, the dimensions and packaging could be shrunk and reconfigured to optimally suit the cell phone application.  


The mPod can deliver 11N of force, while it weighs only 4.25 grams.  The  actuator could be configured to power the legs of the Walker Design presented in the applications section above, or could be used to drive the pistons in the Directional Friction Drive.  
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The mPod is available for $59 USD commercially from www.migamotors.com
3.2 Thunder PZT Piezoelectric Actuators


Another viable option for prototyping is the Thunder Piezoelectric actuators that are based on the PZT material described in section 1.  One advantage to the Thunder actuators is that they are very thin, and could therefore be included in a cell phone without altering the overall size and shape of the device.  However, the Thunder actuators, while being able to supply large forces, have very limited displacements, and therefore, would have to be used in conjunction with some kind of mechanical advantage to satisfy the requirements of the designs outlined in the previous section.  The maximum displacement of the TH-10R model, which seems most appropriate for inclusion in a cell phone prototype, is 0.15mm.  This makes this type of actuator much less attractive for the designs that help the mobile device loccomote.  However, the piezoelectric material could be used for power generation in emergency situations.  In this instance, the small profile is extremely useful and the entire power generation module might be able to be manufactured on a thin insert that could be added to the back side of any mobile device.
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The Thunder actuators come in a variety of sizes, all priced at approximately $110 USD and available from www.faceinternational.com
3.3 AMI EPAM Actuators

While thin film actuators are currently a hot topic in many research institutions around the world, Artificial Muscle inc. is the only company found that is aspiring to produce commercially available actuators based on electroactive polymer technology.  Currently, AMI supplies a moderate number of companies with custom actuators in bulk.  They do not have single actuators available for purchase, which means any prototyping with this kind of design would require building the actuators for one’s self, which requires a large amount of overhead and is fairly impractical, or waiting for the new Universal Muscle Actuator (UMA) that AMI is developing to become commercially available for purchase.  The UMAs are purportedly being built in a variety of sizes, some of which would be small enough to fit into handheld devices.  Another advantage, is that a rotary version of the actuator is also being developed, which would be ideal for use in the inchworm design described in the previous section.  The UMAs should have similar power to weight capabilities as the SMA actuators, although their frequency response is potentially much better.  But until these actuators are available for easy purchase, they do not present a practical option for prototyping and our research.
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The UMA prototypes are pictured above, in the standard two film configuration on the left, and the rotary version shown in the previous section on the right.  These actuators are currently not available for immediate purchase, but more information can be found at www.artificialmuscle.com
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Miga Motor Company mPod™ Technical Specifications

(Preliminary)

Wire diameter:0.012" (0.3 mm)

# SMA wires:
Weight:
Stroke:
Rated Force:
Resistance:
6V actuation:
Dimensions:

6

0.15 oz. (4.25 g)

0.25" (6.4 mm)

2.5 Ibf (11 N)

2.9 ohms

2.0 amps, 0.5s

2.0 x 0.37 x 0.325 inches (output shaft extends another 0.65")
50.8 x 8.25 x 9.5 mm (output shaft extends another 16.5 mm)
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THUNDER® TH-10R Data Sheet

TH-10R Dimensions & Physical Properties

Mass

0.0022 Ibs

10g

Footprint (domed)*

0.997” x 0.540”

2 mm x13.72 mm

1.000” x 05407

Footprint (flat)’ S o 1372
Piezo Thickness g:?gsm,..
Total Thickness 31%7,.1,.,

Dome Height® g: Ty

TH-10R Spe

Max. Veltage' Typical Masimum Displacement
Block Force
ve

Capacitance N Peak to Peak Stmply
Zero DC offset) | Supported

+-240 V. 0.006”

I N I T

Displacement Measurement Point
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The UMA platform is a common Spacer D
architecture which can be used for ~

Atiachments

Comments

actuation,  sensing,  and  energy
generation, though AMI s primarily
focused on the actuation mode at the
present time and will therefore address it exclusively in
this paper. To demonstrate the versatility of the UMA
platform in serving a variety of applications, several of
the more common actuation applications for the UMA
will be introduced in this section and referred to
throughout this paper.

2.2 DATS Positioner

The most versatile application, from which most other
applications are derived, is the UMA DAT7S Positioner
(See Figure 2). The DATS is an analog actuator, with its
output force and stroke simply proportional to an
electrical input signal. As will be discussed in more
detail later, unlike electromagnetic proportional
actuators, the force-stroke curve for the DA75 and other
scaled sizes is linear, allowing designers to more easily
achieve difficult positioning challenges. Additionally,
since EPAM technology can be run at high frequencies,
the DATS can function as a vibration source, a feature
gaining popularity in human-machine interfaces and
standard in active vibration damping applications. AMI
also offers a DA75-2 positioner, which is a two phase

Figure 1: DAS0 Linear Actuator

Figure 2: DA75 Positioner




