
A HYBRID PNEUMATIC/ELECTROSTATIC MILLI-ACTUATOR�Kenneth H. Chiang, Ronald S. FearingyRobotis and Intelligent Mahines LaboratoryDepartment of Eletrial Engineering and Computer Sienes265M Cory HallUniversity of California, Berkeley, CA 94720-1770ronf�ees.berkeley.eduABSTRACTIn typial MEMS appliations, atuation is aomplisheddiretly by onverting eletrial input power to useful me-hanial power. However, indiret shemes employing ele-trially driven primary and alternately driven seondary a-tuators an trade simpliity and bandwidth for lower foresand strokes in the primary atuator, hene reduing poweronsumption.Beause it is generally easier to build atuators with highfore and low stroke. we propose a hybrid atuator with apneumati osillator as the seondary and an eletrostatilamp as the primary. By lamping the osillator at itsextremes of travel, the hybrid atuator an be turned onand o�.In this paper, we report on progress towards fabriatingsuh a hybrid atuator. We have demonstrated operation ofa 40x40x30 mm3 osillator at 6 Hz with a stroke of 2:5 mmand a peak fore of 1:1 N, although fabriation of the ele-trostati lamp has not been aomplished.INTRODUCTIONIn typial MEMS appliations, atuation is aomplisheddiretly by onverting eletrial input power to useful me-hanial power. Diret atuation is simpler, but many tasksrequire higher fores and strokes. On the other hand, using aset of primary and seondary atuators trades simpliity andbandwidth for lower fores and strokes in the primary atu-ator. Moreover, if there is power available from other non-eletrial soures and bandwidth to spare, the seondaryatuator an be driven with the alternative power soure,providing power gain for the eletrially-driven primary a-tuator.Consider an atuator, suh as one for a tatiledisplay[Moy, 2000℄, whih requires a a pressure of 5 atm,a stroke of 1:5 mm, a bandwidth of 100 Hz, and a pak-aged volume of 40 mm3; that is, a power density of7:5 W=m3. No urrent MEMS atuators an meet thesespei�ations[Fearing, 1998℄, but they are easily met by�This work was funded in part by NSF grant IRI-9531837.yAddress all orrespondene to this author.

pneumatis. 5 atm of air ating aross a 1 mm2 membraneexerts a fore of 0:5 N, and if that membrane is made ofsuÆiently thin silione rubber, it an deet more than0:5 mm before bursting. In addition, 18 mm3 volumes anbe harged to 5 atm gage in 0:5 ms through a 0:5 mm di-ameter ori�e, and disharged in less than twie that time.Additionally, a brief survey of the available valve litera-ture, as shown in Figure 1, reveals that there are no om-merially available valves that satisfy the size and powerdensity requirements for the tatile display.
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Figure 1: Representative valve designs[Cheung, 1997,Carrozza, 1996, Goll, 1997, Haji-Babaei, 1997,Kohl, 1999, Lise, 1996, Mekes, 1997, Messner, 1998,Ohnstein, 1990, Robertson, 1996, Yang, 1997,Hoerbiger-Origa, Landis/Staefa, Lee Company,Luas Novasensor, Redwood Mirosystems, TiNi Alloy,Wang, 2000℄. Designs are labeled with author or ompanyname, and atuation time in seonds. Any designs in theupper left orner with atuation times less than 10 mssatisfy the power density and size requirements for thetatile display of [Moy, 2000℄.For valves without fore balaning, for an ori�e of



0:5 mm diameter and a pressure di�erene of 5 atm, a worst-ase fore of 100 mN needs to be generated over a stroke of0:125 mm to operate a poppet that an drive suh a pneu-mati atuator. Thus, the pneumati valve requires signi�-ant mehanial power for its drive. As argued above, indi-ret drive is preferable to diret drive, and we also have analternate power soure available| the ompressed air itself.A piloted servovalve is usual pratie in suh situations; theoutput of a small primary valve is ampli�ed by the largerseondary servovalve. Unfortunately, we still need an atu-ator for the pilot valve, although the fore and stroke areredued.We note that it is generally easier to build eletri a-tuators with high fore and small stroke than the onverse.Thus, we propose a hybrid atuator with a pneumati os-illator as the seondary atuator and a eletrostati lampas the primary atuator. By lamping the osillator at theextremes of its motion, the hybrid atuator an be turnedon and o�.In our design, the pneumati osillator has a mem-brane that moves bak and forth as the pressure di�ereneaross the membrane hanges. As the membrane moves toone side, a magnet embedded in the membrane triggers amagnetially-atuated valve to swith open. Beause of pos-itive feedbak, opening the valve alters the pressure di�er-ene aross the membrane, foring it bak. The magnet thenmoves away from the valve, losing it again. The pressuredi�erene falls again as air disharges through an ori�e, andthe membrane moves towards the valve again, repeating theyle.By lamping the membrane at either end of its range oftravel, the osillator an be stopped. This lamping an beaomplished by an eletrostati atuator. By energizingthe lamp at the appropriate time, the osillation frequenyan be modulated. Beause the membrane is moved by theosillator and not the eletrostati primary atuator, theprimary only needs to lamp and hold the membrane.For the 10:1 sale prototype that was onstruted, at5 Hz, suh a primary atuator onsumes a theoretial0:22 mW. For omparison, onsider the Hoerbiger-OrigaPiezo 2000, a ommerially available diretly-driven valve,that onsumes 0:14 mW at the same frequeny, at an op-erating pressure of 2:2 atm absolute with nominal ow rateof 25 ml=s[Hoerbiger-Origa℄. It is expeted that an at-saleprototype would have a lower power onsumption.In this paper, we report on progress towards fabriatingsuh a hybrid atuator, intended to operate at 100 Hz witha stroke of 0:5 mm and a peak fore of 100 mN. We havedemonstrated operation of a 40x40x30 mm3 osillator at5� 6 Hz with a stroke of 2:5 mm and a peak fore of 1:1 N.OSCILLATOR, THEORETICAL BASISWe begin with an eletrial analogue to a pneumati os-illator, as shown in Figure 2. The operational ampli�er andthree lower resistors form a Shmitt trigger. With the addi-tion of a resistor and apaitor ombination onneting the

output voltage to the inverting terminal, a self-starting ele-trial osillator is formed. The osillation frequeny is on-trolled by the time onstant of the resistor-apaitor om-bination, as well as the swithing voltages of the Shmitttrigger positive feedbak, and the supply voltage.
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Figure 2: An eletrial analogue to a pneumati osillator.The Shmitt trigger at left swithes at 1:25 V and 3:75 V.Adding a resistor and apaitor gives the eletrial osillatorat right. The waveforms for Vout and the voltage arossapaitor C are also skethed.The key elements of the eletrial osillator are theShmitt trigger with its hystereti relay harateristi, andthe apaitor with its integrating ation. A pneumati os-illator should then have both of these elements, with me-hanial feedbak between the pressure in the aumulatorand whatever serves as the relay.A pressure-atuated normally losed diaphragm valveould realize that relay harateristi, with the appropri-ate diaphragm design prestressed so that it opens above aertain pressure and loses below a lower pressure. How-ever, it was felt that ritial elements should be material-independent and repeatedly realizable.Fortunately, there are other ways to provide the desiredharateristi; for instane, a single-ended pneumati ylin-der whose rod is mehanially attahed to a normally losedvalve forms a pressure atuated valve. Hysteresis an thenbe added by putting detents on the rod with the right springloading, so that the rod stays in one of two positions. This isillustrated in Figure 3. If the piston has ross setional area
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Figure 5: A realization of the pneumati osillator shownshematially in Figure 4, showing the osillator at bothextremes of motion, with magnetially-atuated valve openat left, and the same valve losed at right.A more detailed desription of the operation of the osil-lator is given in the next setion.OSCILLATOR, SIMULATION AND ANALYSISThere are a number of equations that govern the resultingsystem:� the deetion of the membrane due to the pressure dif-ferene aross the membrane,� the fore from the magnet on the membrane,� the mass ow rate through the magnetially-atuatedvalve,� the mass ow rate through the disharge ori�e,� and the variable volume ylinder formed by the osil-lator body and the membrane.Assuming that the membrane moves slowly enough so thatquasi-stati approximations apply, the fores on the mem-brane determine the position of the membrane, whih inturn determines the opening or losing of the magnetially-atuated valve. As the pressure di�erene aross the mem-brane hanges with the opening and losing of the valve, thebalane of fores hanges, losing the loop and ausing thesystem to osillate.From [Timoshenko, 1959, p. 69℄, the deetion w of themembrane enter due to a point load P is:w = Pa216�D (1)where a is the membrane radius, and D = Eh312(1�v2) ,with E being the membrane modulus, v Poisson's ratiofor the membrane, and h the membrane thikness. From[Hermida, 1998℄, the deetion w of the membrane enterdue to a pressure di�erene q aross the membrane is:w = �a 3q qaEh (2)where � = 0:278 for material with Poisson's ratio of 0:5, a isthe membrane radius, E is the membrane modulus, and h isthe membrane thikness. Assuming superposition applies,the total deetion of the membrane enter is the sum ofthese two quantities.The fore on the membrane is approximated as apoint load from the embedded ylindrial magnet on the



steel piees at either end of the ylinder. Following[Magnet Sales and Manufaturing℄ to determine this pointload, the ux density B(x) at a distane x away from thesurfae of a ylindrial magnet with radius R and length Lis: B(x) = Br2 ( L+ xpR2 + (L+ x)2 � xpR2 + x2 ) (3)where Br is the residual ux density of the magnet andthe distane is measured along the enterline of the mag-net. In this ase, the ylindrial magnet lies between twosteel piees. Assuming that the steel piees are perfet fer-romagneti half-planes, if they are a distane d apart, thenone fae of the magnet lies a distane x away from one steelpiee and a distane d � L � x away from the other. Theux density is then 2B(x) and 2B(d� L� x), respetively,and the total fore on the magnet is approximately:F = 4B(x)2 � 4B(d� L� x)22�0 A (4)where �0 is the magneti permeability and A the ross-setional area of the magnet. A plot of this fore is given inthe bottom half of Figure 7.Referring to Figure 5, when the membrane has movedompletely to the left, the embedded magnet opens themagnetially-atuated valve. The resulting pneumatimodel is of an ori�e harging a variable volume ylin-der, with another ori�e disharging that ylinder. Whenthe membrane has moved ompletely to the right, themagnetially-atuated valve is losed, and the resultingpneumati model is solely of the disharge ori�e emptyingthe ylinder. The magnetially-atuated valve is modeledas either open or losed, open being de�ned as membranewithin a small distane of the leftmost travel of the mem-brane, and losed being greater than this threshold.Both the open magnetially-atuated valve and thedisharge ori�e are modeled following [Blakburn, 1960℄,where the mass ow rate _m through an ori�e is given by:_m =8<: CA0qP1�1 2kk�1q(P2P1 ) 2k � (P2P1 ) k+1k if P2P1 � 0:528CA0qP1�1 2kk�1q(0:528) 2k � (0:528) k+1k otherwise(5)where C is the ontration oeÆient, A0 is the e�etiveross-setional area of the ori�e, P1 is the upstream pres-sure, �1 is the upstream density, P2 is the downstream pres-sure, and k is the ratio of spei� heats.Under quasi-stati assumptions, for the variable volumeylinder formed by the osillator body and the membrane,the relationship between the hange in pressure _P and themass ow rate _m is: _P = nRTV _m (6)where n is the proess onstant, R the gas onstant, T thegas temperature, and V the ylinder volume. The proess is
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parameter symbol 10:1 prototype proposed 1:1supply pressure Ps 1:9 atm abs 2:0 atm absreferene pressure Pref 1:25 atm abs 1:25 atm absexhaust pressure Pex 1 atm abs 1 atm absgas temperature T 293 K 293 Kratio of spei� k 1:4 1:4heatsvalve diameter D 0:66 mm 0:5 mmdisharge ori�e Dd 0:41 mm 0:2 mmdiameterontration C 0.6 0.6oeÆientvalve swithing 0:25 mm 0:1 mmthresholdylinder diameter Dyl 24 mm 3 mmylinder initial V0 4500 mm3 20 mm3volumemembrane modulus Emem 400 kPa 400 kPamembrane Poisson �mem 0:5 0:5ratiomembrane radius amem 12 mm 1:5 mmmembrane thikness hmem 2 mm 0:5 mmmembrane travel xmem 0� 2:5 mm 0� 0:5 mmmagnet radius Rmag 2:38 mm 0:75 mmmagnet length Lmag 7:94 mm 1 mmresidual ux density Br 0:575 T 0:64 Tmagnet separation L 13:44 mm 2:3 mmmagnet travel xmag 1:5� 4:0 mm 0:4� 0:9 mmosillation frequeny f 10 Hz 350 Hzdieletri thikness des 3 �m 2:5 �mrelative permittivity � 2 2applied voltage Ves 180 V 180 Vlamp pressure Pes 32 kPa 46 kPalamp apaitane Ces 2:7 nF 50 pFtheoretial power P 0:22 mW 81 �Wonsumption for at 5 Hz at 100 Hzeletrostati lampTABLE 1: Simulation parameters for 10:1 sale prototypeand proposed at-sale devie.Simulation results, with parameters set aording to Ta-ble 1, have been ompared to atual results from a 10:1sale prototype of this osillator, shown in Figure 8. Theprototype, with the supply and referene pressures set ap-propriately and with the orret disharge ori�e attahedto the entire system, has been observed to osillate withoutfailure at 5�6 Hz for approximately 15000 yles, a portionof whih is shown in Figure 9. Comparing Figure 10 withFigure 9, the simulation osillates at approximately twiethe frequeny atually observed in the prototype, whih iswithin reasonable limits.Possible soures of error inlude:� the membrane model may not be appliable for largestrain onditions,� the shape of the membrane forming one side of thevariable volume ylinder is modeled as a one,� the magnet parameters are unveri�ed, due to lak of agaussmeter,� the pressure losses through lines are unmodeled,� the referene pressure is modeled as onstant,� and the magnetially atuated valve is modeled as be-ing either open or losed.Osillation in the simulation was not observed exept forertain ritial parameter values, indiating that the simu-
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Figure 7: Simulated state trajetory (solid line in upperplot), relating membrane position and pressure in the work-ing hamber, with fore on membrane due to magnetiattration between the embedded magnet and steel end-piees plotted below. When the membrane is lamped ateither end of its travel, the system follows the dotted tra-jetory, and stops at the irled points in state spae; whenreleased, the system ontinues to follow the dotted traje-tory until it rejoins the solid state trajetory. A positionof 0 mm orresponds to the situation illustrated in the leftof Figure 5, and a position of 2:5 mm orresponds to thatillustrated in the same �gure at the right.lation is very sensitive to those parameters. Another majorproblem is that the peak magnet fore was measured to be1:1 N, as opposed to the 85 mN of the simulation. Thisdisrepany is most likely due to the assumptions made inthe modeling of the membrane.ELECTROSTATIC CLAMPAlthough the eletrostati lamp[Monkman, 1988℄ is asyet unfabriated, simulation results indiate that the osil-lator prototype an be held at either end of its travel bya potential di�erene V of 180 V applied aross a diele-tri with a permittivity � of 2, with a thikness d of 3 �m.With this potential applied, the lamp exerts an equivalentpressure of Pes = 12 ��0(Vd )2, or 32 kPa.The lamping works beause the equivalent pressure ofthe lamp adds to the pressure di�erene aross the mem-



Figure 8: 10:1 sale prototype of the pneumati osillator,with dimensions 40x40x30 mm3.
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Figure 9: Pressure in the working hamber as a funtion oftime for the 10:1 sale prototype of the pneumati osil-lator. The frequeny of osillation is thus orrespondinglylower than the intended 100 Hz, beause the ylinder vol-ume is 500 times larger. The waveform is also asymmetribeause the harge and disharge ori�es have di�erentdiameters.
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Figure 10: Pressure in the working hamber as a funtionof time for the simulation of a 10:1 sale prototype of thepneumati osillator. The osillation frequeny is twiethat of the atual prototype, for reasons noted in the text.brane. Consult Figure 7 and onsider the ase when themembrane is at 0 mm, and the working hamber pressureis at 125 kPa; if the lamp is applied then, the pressurein the working hamber, whih ordinarily would rise to165 kPa, would need to rise to 197 kPa before the mem-brane would snap away from the magnet and move to the2:5 mm position. However, beause the supply pressure isset to 190 kPa, that ritial pressure would not be reahed,e�etively lamping the membrane at 0 mm. A similar argu-ment an be made for the 2:5 mm position; with the lampapplied, the working hamber pressure would need to fallbelow 125 � 32, or 93 kPa, but the exhaust pressure is setto 101 kPa.Suh an eletrostati lamp ould be onstruted by mak-ing the membrane out of a onduting material, and usingthe valve body as the other eletrode. The valve body ouldbe oated with a thin layer of dieletri material, and thepotential di�erene applied aross the membrane and body.For the 10:1 sale prototype swithing at f = 5 Hz, the a-paitane is Ces = ��0Ad , or 2:7 nF, and the power onsumedis P = 12CesV 2f , or 0:22 mW.HYBRID ACTUATOR, MILLISCALESimulations were also performed with parameter valuesset for an at-sale prototype of the hybrid atuator, asgiven in Table 1. In all other respets, the model was thesame as that for the 10:1 sale prototype, inluding a quasi-stati membrane model. An osillation frequeny of approx-imately 350 Hz was predited from the simulation results,although whether the quasi-stati assumption an be said tohold is questionable. In addition, beause the peak magnetfore from the atual 10:1 sale prototype was an order ofmagnitude o� from that of the simulation, extrapolation of



the model to at-sale dimensions is also suspet.However, the eletrial osillator, upon whih the pneu-mati osillator is based, is in general robust to parametervariations, provided the gain of the Shmitt trigger is highenough. By appropriate membrane design and hoie ofmagnet parameters, high gain an be ahieved.CONCLUSIONS/FUTURE WORKInitial investigation of the osillator and simulation seemenouraging, but the eletrostati lamp has not been imple-mented. Theoretial alulations for the lamp indiate thepotential of the idea of driving a seondary atuator with analternate power soure and braking that seondary with aneletrially-driven primary atuator, but the true test willome in the implementing and demonstrating a ompleteprototype that has both osillator and lamp. Construtingthe eletrostati lamp may be prove to be diÆult, beauseof the thin oating and high �eld strength that would be re-quired.For an at-sale prototype, in addition to the lamp beinga problem, embedding small magnets in the membrane thatare suÆiently strong to provide hysteresis may also proveto be problemati.Appliation of the hybrid atuator is more straightfor-ward. The osillating pressure in the working hamber anbe tapped to drive another atuator, as long as it does notheavily load the osillator. Perhaps an even simpler methodmight be to replae the steel piee in the referene hamberwith another magnetially-atuated valve, whih an thenbe driven in a pulse-width modulated fashion. If suh avalve were to be attahed, metering a 2 atm absolute pres-sure at a ow rate of 25 ml=s, the resulting milli-atuatorpotentially would have a power gain of 2100 from eletrialto mehanial power at an operation frequeny of 100 Hz.Overall, initial results will need to be expanded uponbefore a de�nitive statement about this idea an be made.However, the design has a large number of degrees of free-dom, spei�ally in the hoie of magnet and membraneparameters. More generally, other mehanisms with hys-teresis may be employed, and ertainly there is muh roomfor further optimization.ACKNOWLEDGEMENTSThe authors would like to thank S Avadhanula, G Moy,E Shimada, H Shinoda, U Singh, M Sitti, J Thompson, CWagner, R Wood, J Yan, and W Zesh for their insights andotherwise helpful disussions.*REFERENCES[Blakburn, 1960℄ JF Blakburn, G Reethof, JL Shearer, FluidPower Control, Cambridge: MIT Press, 1960.[Carrozza, 1996℄ MC Carrozza, L Lenioni, B Magnani, P Dario,D Reynaerts, MG Trivella, A Pietrabissa, \A mirorobot for
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