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1Abstrat
Limits on Mirovalve DesignbyKenneth H. ChiangDotor of Philosophy in Engineering | Eletrial Engineering and ComputerSienesUniversity of California at BerkeleyProfessor Ronald S. Fearing, ChairMirovalve arrays provide the apability of ontrolling large amounts of power in a verysmall volume. Two potential appliations for suh an array are tatile displays and ative surfaes.Unfortunately, onstrution of an array requires a mirovalve in the �rst plae.In this dissertation, we disuss the limitations of mirovalve design, starting with singleseating and sliding valve designs, and moving on to multiple ori�e and multiple stage designs.Of partiular note is the fat that the eÆieny of most small atuators is poor at thespeeds required to drive a mirovalve, and onsequently the neessary eletrial input power is high.This suggests that a potential pathway to valve miniaturization is a self-driven multistage design,onsisting of a uid-driven seondary stage, and an eletrially-driven primary stage that brakesthat seondary.Two realizations of the self-driven design are then set forth| the turbine brake valve (TBV)and the self-osillating valve with eletrostati lamp| along with the assoiated experimentalresults. Calulations indiate that a power savings of up to three orders of magnitude an be



2theoretially realized in omparison to a single stage piezoeletrially-driven valve.
Professor Ronald S. FearingDissertation Committee Chair
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1
Chapter 1
Introdution

There is a need for a high-fore, large-stroke milli-atuator, whih an be arrayed for highpower density appliations.In realizing suh an atuator, pneumatis has a number of advantages:� Its power density, negleting valves and ompressor, is suÆiently high. For instane, MK-ibben pneumati atuators{ e�etively, exible tubing that ontrats when inated{ have anaverage power density of 1:1 W=m3, and a peak power density of 2:65 W=m3[Chou, 1996℄.� Its omponents are simple and eonomi. Be they omposed out of straightforward pistons inylinders, or membranes strethed over avities, pneumati atuators are easy to design.� Low-ost ompressed air supplies are readily available. Most industrial failities are either�tted with 5 atmosphere (atm) gage supplies, or an be easily retro�tted with suh supplies.� Some leakage is tolerable, sine ompressed air is nontoxi and nonammable, as opposed tohydrauli uids.However, pneumatis has a number of disadvantages as well:� Its power eÆieny is low, on the order of 5% or so, as disussed below.� Control is diÆult due to air ompressibility and ow nonlinearities. As ompared with ele-trial omponents whih largely obey linear relationships, or hydrauli omponents in whih



2density is onstant and onsequently not a fator, pneumati omponents are highly nonlinear,as will be addressed in the next hapter.� Both ompressors and piping are required.� Valves to ontrol pressure or ow are usually large. For example, onsider the MKibbenatuators mentioned above. The ones in [Chou, 1996℄ are on the order of 20 m3 in volume,and massing approximately 20 g, whereas the valves that drive them are 30 m3 in volume,and have �ve times the mass.� Pneumati systems are relatively slow.� Traditional pneumati ylinders have high seal frition, leading to greater losses.� Pneumati systems are noisy. Mu�ers redue noise, but inrease losses and ompliate iruitdesign.Despite low eÆieny, 91 W of pneumati power an be delivered by a 1:6 mm innerdiameter tube with a 6 atm gage power supply, as shown in Setion 1.4. With proper modeling ofthe pneumati system, suh as in [Chou, 1996℄, [Liu, 1988℄, or [Ben-Dov, 1995℄, reasonable ontrolis obtainable.Additionally, if a ompat array of valves existed, the valves ould be mounted muh loserto the atuators, reduing the line losses and dead volume. A ompat array would also have a loweramount of moving mass and onsequently have higher bandwidth.1.1 Contributions of This ThesisThe ontributions of this thesis on a hapter-by-hapter basis are as follows:� In Chapter 1, we provide motivation for attaking the valve design problem, and examinevalve performane metris, in order to provide some ranking among the ommeriially availablevalves. For the partiular appliation of a �nger-mounted tatile display, the best ommeriallyavailable valve is �ve times too large and a hundred times too slow.



3� In Chapter 2, we examine the fundamental limitations on valve design, disuss the minimumatuator stroke and fore required for a given ori�e diameter, and try to address why thesesize and bandwidth requirements have not been ahieved. Some of the key limitations are thatthe atuators needed to drive moving elements in the valve must be sized to overome the uidfore, and that the atuators are ineÆient at the miro sale.� Applying the valve design priniples of Chapter 2, we explore the design and implementation oftwo andidate valves in Chapters 3 and 4, both of whih are intended to minimize the eletrialinput power and hene atuator and valve size. In Chapter 3, we explore a rotary valve designthat performs promisingly, but su�ers from manufaturing diÆulties with preision bearings.In Chapter 4, we explore a linear version of the valve design that promises power savings oftwo to three orders of magnitude over a onventional single-stage piezoeletrially-driven valve.However, this valve design has fabriation diÆulties with its brake element.� Finally, in Chapter 5, we draw onlusions from the two designs of the previous hapters. Inpartiular, multi-stage valve designs are superior to single-stage ones.1.2 Motivation for Mirovalves: Pneumati Tatile DisplayOne possible appliation for suh a valve array is in a tatile display[Moy, 2000℄. Thedisplay that we wish to drive is required to have a density of 25 tatel=m2, with eah tatel1 havinga peak pressure of 50 N=m2, and a stroke of 1:5 mm, at a rate of 100 Hz. In partiular, the goal ofthe tatile display is to provide adequate tatile sensation to the �ngertip of the user, in the volumeof a sugar ube. The required mehanial power density is then 7:5 W=m3, or 0:3 W for a singlesuh atuator.Other researh groups have fabriated tatile displays. Peine and Howe have a 10x1 arrayof pins atuated by shape memory alloy wire[Peine/Howe℄. Unfortunately, the display is large, and1Tatile element.
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Figure 1.3: A wearable tatile display[Moy, 2000℄.enough to greatly impat the resulting working pressure, and redue the available power that anbe transferred to the tatel.With 25 tatel=m2 and a stroke of 1:5 mm, the volume per tatel that must be hargedor disharged with uid is 2 � 2 � 1:5 mm3, or 6 mm3, assuming that sidewall thikness an benegleted. This 6 mm3 volume should be inreased by a fator of two to aount for the volume ofadditional piping between the valve and the tatel hamber.In addition, the tatile display density of 25 tatel=m2, together with a total volumelimitation of 1 m3 imposes a restrition on the volume of the andidate valve.1.2.1 PWM Control of PressureIn order to ontrol the pressure in the hamber, two methods an be used| binary orproportional. Of the two, binary ontrol involves simpler mehanisms, but at the ost of moreompliated ontrol shemes. The model we employ assumes that the valve governing the pressurein the hamber is either open or losed, and that there is a �xed atuation time required to movethe valve from its open state to its losed state and vie versa.If we ontrol the hamber pressure via pulse-width modulation at 100 Hz, one yle of
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duty cycleFigure 1.4: A representative 10 ms yle of hamber pressure; with �xed times for valve atuationand hamber harging and disharging, the only variable is the length of time that the valve is heldopen. The resulting average pressure in the hamber is skethed as a funtion of duty yle.harging and disharging of the 12 mm3 volume mentioned above must our within 10 ms. Considera representative 10 ms yle, as illustrated in Figure 1.4. Assuming that the valve is initially losedand the hamber is at atmospheri pressure, the valve then opens and the hamber is harged. Aftersome length of time, the valve then loses and the hamber disharges. Note that the only variableis the length of time that the valve is opened.In order to have a reasonable range of average hamber pressures the sum of valve atuationtime and hamber harging time is hosen to be less than 2 ms. This range of possible duty ylesthat an be ahieved is then plotted at the bottom of Figure 1.4. Assuming that harging anddisharging rates are equal, the duty yle will range ontinuously from 20% to 80%, as well asinluding 0% and 100%, orresponding to when the valve is fully losed or fully open, respetively.1.2.2 Summary of Valve Requirements for Tatile DisplayTo summarize, any pneumati mirovalve that we would use in this display must meet thefollowing spei�ations:� withstand inlet pressures of up to 6 atm absolute� does not result in an overly large pressure drop aross the valve



8� operate at a minimum of 100 Hz� be able to harge and disharge a 12 mm3 volume in 2 ms� oupy a small enough volume to pak 25 suh valves in 1 m31.3 Energy of Compressed AirFollowing the development in [Cengel, 1998℄, the maximum energy ontained in an amountof ompressed air an be determined by �rst alulating the spei� work potential �1, negletingkineti and potential energy terms:�1 = P0(v1 � v0)� T0(s1 � s0)where P0, T0, v0, and s0 are the pressure, temperature, spei� volume, and spei� entropy of thedead state. The dead state is usually that of standard pressure and temperature, or 101 kPa and25ÆC. Treating air as an ideal gas, the �rst term beomes:P0(v1 � v0) = P0(RT1P1 � RT0P0 )= RT0(P0P1 � 1)using the ideal gas law and assuming that T1 = T0.The seond term beomes:�T0(s1 � s0) = �T0(Cp ln T1T0 �R ln P1P0 )= RT0 ln P1P0using the entropy hange relation for ideal gases with onstant spei� heats, and assuming thatT1 = T0. Substituting, we arrive at: �1 = RT0(P0P1 � 1 + ln P1P0 )



9If the ompressed air is at 6 atm absolute, �1 is 82:0 kJ=kg. Taking 1 m3 of air at thispressure, the density is 7:1 kg=m3 and the orresponding mass is 7:1 mg. The work potential of thismass is then 0:58 J.If the ompressed air is at 1000 psi gage, or 69 atm absolute, �1 is 277:9 kJ=kg. Taking1 m3 of air at this pressure, the density is 81:5 kg=m3 and the orresponding mass is 81:5 mg. Thework potential of this mass is then 22:7 J.Compare this to an AA battery.2 The volume energy density is 220 Wh/liter, 3 or792 J=m3. Comparing this number to those above for ompressed air, pneumatis does not appearto be a good soure of energy. However, the energy density per unit mass for the AA battery is260 kJ=kg, and in that respet, ompressed air beomes a more viable alternative.1.4 Power Transmission of Compressed AirConsider an air motor driving a purely resistive load. To determine its eÆieny, we hoosea representative air motor, an Ingersoll-Rand M002RVR006AR3, and determine its eÆieny whenit delivers maximum power to its load. This maximum power is 0:17 hp, or 130 W, with an aironsumption of 9:7 sfm, or 4:6 l=s, at a gage pressure of 90 psi, or 6:1 atm; the input uid power isthe produt of the pressure aross the motor and the volume ow rate, or 2:8 kW. The orrespondingeÆieny is then 4:5%.This ompares poorly to the eÆieny of an eletri motor driving a purely resistive load{most motors operate in the range of 80% to 90%.However, it is another issue if there is a readily available power soure whose output anbe swithed to ontrol the power delivered to the load. The ontention in this thesis is that thissituation is muh more appliable on the mirosale.Beause we propose to use pneumatis, we must �rst understand the operation of a valve214 mm diameter, 50 mm height, 23:5 g.3http://www.porta-power.om/battery.htm



10that ontrols the uid power supplied to a pneumati load. Therefore, we analyze the eletrialanalogue of the pneumati iruit, as in Figure 1.5.
valve model

Rv
Rload

Q
P1

P2

PatmFigure 1.5: Eletrial analogue for valve ontrolling uid power to a pneumati load. The valve ismodeled as a swith in series with a nonlinear ow restrition, following the ori�e equation. Thepneumati load is assumed to be purely resistive.The valve is modeled as a swith in series with a nonlinear ow restrition that obeys theori�e equation: _m = CA0rP1�1 2kk � 1r(P2P1 ) 2k � (P2P1 ) k+1kwhere _m is the mass ow rate, C is the ontration oeÆient, A0 is the area of the ori�e, P1 isthe absolute upstream pressure, �1 is the upstream density, P2 is the absolute downstream pressure,and k is the ratio of spei� heats. This equation is only valid when the ratio of downstream andupstream pressures P2P1 is greater than 0:528. If the ratio is less than this value, then the ow ishoked and 0:528 should be substituted for P2P1 .The pneumati load is assumed to be purely resistive, so that the iruit is dominated bythe ation of the valve. This assumption of the ideal resistive load also permits the power deliveredto the load to simply be the produt of the pressure drop aross the load and the volume ow ratethough the load. Assuming the valve is turned on and the load pressure is at absolute pressure P2,the pressure ratio P2P1 is known and the mass ow rate w through the ow restrition an be found.Under the assumption of isentropi ow, the ratio P�k is onstant for any point in the ow.Comparing two points 1 and 2, if the pressure ratio between both points is known, and the density



11parameter symbol valueratio of spei� heats k 1:4gas onstant of air R 287 J=kg�Kontration oeÆient C 0:6supply pressure P1 6 atm absolutesupply temperature T1 293 Ksupply density �1 7:21 kg=m3atmospheri pressure Patm 1 atm absoluteTable 1.1: Parameter summary for uid power alulation.at one point is known, then �2 = �1(P2P1 ) 1k (1.1)This equation is invalid if a shok ours. Additionally, learly entropy annot be the same upstreamand downstream of the ori�e, beause of all the turbulene downstream of the ori�e. Both of theseproblems will be ignored in this analysis.With the mass ow rate _m and the density �, the volume ow rateQ an then be determinedas: Q = _m� (1.2)Finally, the power delivered to the load is just the produt of the pressure aross the load,and the volume ow rate into the load.With the parameters summarized in Table 1.1, the mass ow rate, volume ow rate, veloitythrough ori�e, and power delivered to load, all as a funtion of absolute pressure aross the load,are given for an ori�e of diameter 1:6 mm in Figure 1.6, and for an ori�e of diameter 0:5 mm inFigure 1.7.The maximum power delivered to the load ours at a load pressure of 4:2 atm. For anori�e of diameter 1:6 mm, the volume ow rate is 0:28 l=s, with a orresponding air veloity of240 m=s. The power delivered to the load is 92 W. For an ori�e of diameter 0:5 mm, the volumeow rate is 0:028 l=s, with the same air veloity. The power delivered to the load is 9:1 W.If the assumption of the purely resistive load is valid, 9:1 W of pneumati power is available
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Figure 1.6: Mass ow rate, volume ow rate, veloity through ori�e, power delivered to load, all asa funtion of absolute pressure aross the load. The ori�e diameter is 1:6 mm.
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Figure 1.7: Mass ow rate, volume ow rate, veloity through ori�e, power delivered to load, all asa funtion of absolute pressure aross the load. The ori�e diameter is 0:5 mm.



13to drive one tatel in the display.However, we wish to deliver power to a apaitive load. From Setion 1.3, we know thatthe spei� work potential of air at 6 atm absolute is 82.0 kJ/kg. The 12 mm3 hamber volumementioned in Setion 1.2 then has a work potential of 7 mJ; if harged and disharged at the rate of100 Hz, 0:7 W of pneumati power are available, whih fortunately is still more than the required0:3 W per tatel, assuming that all the pneumati power an be transformed into mehanial power.A rough estimate of the power delivery apability of a valve an be obtained by multiplyingthe maximum ow rate through the valve by the maximum pressure drop aross the valve; this istermed the output power for the valve. To apply this metri to the 0:5 mm ori�e data, we �rstneed to determine the volume ow rate; this an be obtained if the density � is known. However,there is then the issue of what density to use. There are two ways to determine this, the moststraightforward being the average density between the upstream and downstream pressures; thisthen orresponds to an average density of 4:2 kg=m3.The more ompliated way assumes that the density should be that assoiated with thelowest downstream pressure orresponding to the onset of hoked ow. Beause the ow is hokedwhen the ratio of downstream to upstream pressure is less than 0:528, and the upstream pressureis 6 atm absolute, the orresponding downstream pressure is then 3:2 atm absolute. Using thispressure and Equation 1.1, we arrive at a density of 4:6 kg=m3. Fortuitously, this value is lose tothe average density given above.If we remain with the density of 4:6 kg=m3, the orresponding maximum volume ow rateis 3:7 � 10�5 m3=s. With a pressure di�erene of 5 atm aross the load, the output power for thisvalve is then 19 W. Note that the output power greatly overestimates the atual power delivered toa apaitive load, but at least it is within a fator of two of the power delivered to an ideal resistiveload.



141.5 A Survey of Available ValvesA brief survey of available small pneumati valves with eletrial inputs is plotted in Fig-ure 1.8 and tabulated in Table 1.2. Note that for the valves in the survey, the DC power density
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Figure 1.8: DC power density v. size, with size de�ned as the ube root of the volume, for bothresearh-grade valves [Cheung, 1997, Carrozza, 1996, Goll, 1997, Haji-Babaei, 1997, Kohl, 1999℄[Lise, 1996, Mekes, 1997, Messner, 1998, Ohnstein, 1990, Robertson, 1996℄[Yang, 1997, Wang, 2000℄ and ommerial valves [Hoerbiger-Origa, Landis/Staefa, Lee Company℄[Luas Novasensor, Redwood Mirosystems, TiNi Alloy℄. Designs are labeled with author or om-pany name, and atuation time in seonds. Valves with no data on bandwidth are indiated withrosses. Any designs in the upper left orner with atuation times less than 2 ms would satisfy thepower density and size requirements for the tatile display of [Moy, 2000℄.is de�ned as the output power divided by the volume of the valve, and that the output power isde�ned in Setion 1.4 as the maximum pressure drop aross the valve multiplied by the maximumvolume ow rate through the valve. Beause ori�e size is usually not provided, it is not possible to



15perform an analysis similar to that given in Setion 1.4 for every valve, so the output power metridisussed at the end of that setion is used instead. Note also, extrapolating from the 0:5 mm ori�edata from the same setion, that the output power metri may overestimate the available pneumatipower by a fator of two.If we use the 0:5 mm ori�e data of the previous setion as a baseline, we would need19 W=tatel, and at 25 tatel=m3, this would orrespond to a power density of 480 W=m3 thatwould be required for the valve to drive the tatile display of [Moy, 2000℄. As for the size, from thedesired pakaging density of 25=m3, eah valve should have a side dimension of 0:34 m, but theexisting valves that satisfy the power density requirement are then too large.For those valves that atually fall within the desired upper left orner of Figure 1.8, noatuation time has been given. Having the desired volume and DC power density is not enough|if the valve annot be atuated within 2 ms, the load pressure annot be ontrolled via PWM at100 Hz.



16

type max ow rate input output DC power volume atuationmax pressure drop power power gain timeShikida, Sato eletrostati ??? ??? ??? ??? ??? ???Hitahi slider 300 kPaLee, Hamilton eletrostati ??? < 1mW ??? ??? 0:2� 0:5� 0:5 mm3 0:1 sLLNL poppet 24 kPaRobertson, Wise eletrostati 8:7 � 10�2 sm 2:1� 8:4 �W 19 �W 2{9 1� 0:7� 0:01 mm3 100 �sU Mihigan poppet 100 torr alulatedHirano, Yanagisawa eletromagneti ??? ??? 320 �W ??? ??? ???NTT poppetMekes, Beneke eletromagneti 2� 20 m expeted 340 mW 330 �W{ 0.001{ 4� 4� 3:8 mm3 5 msU Bremen poppet 10� 50 kPa expeted 17 mW 0.05 expetedGoll, Baher eletrostati 0:2 ml=s ??? 22 mW ??? 5 mm diam ???Karlsruhe, Germany slider 110 kPa 3 mmOhnstein, Fukiura eletrostati 150 sm ??? 38 mW ??? 3:6� 3:6� 0:01 mm3 ???Honeywell poppet 114 mm HgHaji-Babaei, Kwok eletrostati 6 m ??? 62 mW ??? 0:5� 0:2� 0:2 mm ???U New South Wales poppet 90 psiCheung, Berlin eletrostati 5 sfh ??? 0:20 W ??? 5:8� 4:1� 1:6 mm3 3 msXerox poppet 5 kPaDPV piezoeletri 15 sim ??? 1:8 W ??? 150� 51� 51 mm3 ???Landis/Staefa poppet 15 psiYang, Tai thermopneumati 1:3 l=min 280 mW 3:0 W 11 4:8� 5:8� 2:0 mm3 ???Calteh poppet 20 psiP9-NG-P-LR piezoeletri 1:5 l=min 7 mW 3 W 430 30� 19� 7:7 mm3 < 2 msHoerbiger-Origa poppet 1:2 barKohl, Skrobanek SMA 1600 sm 0:2 W 3:2 W 16 6� 6� 2 mm3 2:5 sKarlsruhe, Germany poppet 1:2 atmTiNi mirovalve SMA 1 l=min < 200mW 3:4 W 17 8� 5� 2 mm3 10 ms onTiNi Alloy poppet 30 psi 15 ms o�Lise, Wagner eletrostati 500 ml=min 1:5 W 5:8 W 3.9 7� 7� 1 mm3 10 � 30 msISiT, Berlin bistable, poppet 7 barMessner, Muller thermal 800 ml=min 1 W 8 W 8 6� 6� 1:5 mm3 ???IMIT, Villingen- poppet 600 kPaShwenningenLHD A05 eletromagneti 123 ml=s 550 mW 13 W 24 7:1 mm diam; 29 mm 3 msLee Company poppet 15 psiCarrozza, Dario SMA 1:75 slm ??? 15 W ??? 6 mm diam; 19 mm 0:2 sPisa, Italy poppet 0:5 MPaNC-1500 thermopneumati 1500 sm 500 mW typ 17 W 34 13 mm diam; 7:4 mm 500 msRedwood poppet 100 psiMirosystemsWilliams, Maluf thermal 6:7 l=min 1:2 W 71 W 59 15 mm diam; 4 mm 500 msLuas Novasensor slider 10 barWang, Kao thermal? 4500 sm 250 mW{ 6:9 W 14{28 9 mm diam; 4:5 mm ???SUNY, Stony Brook slider 20 psi 500 mW

Table1.2:Valvesurveydata.
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Chapter 2
Priniples of Valve Design
2.1 Basi PneumatisIn studying pneumatis, the easiest way to proeed is by identifying the appropriate ele-trial analogues. Pressure P is the equivalent of voltage, and mass ow rate _m the equivalent ofurrent. However, power is the produt of pressure and volume ow rate q, whih is related to massow rate by the density �: _m = �q.Assuming that air an be treated as an ideal gas, we have the well-known ideal gas rela-tionship: P = �RTwhere T is the gas temperature and R is the gas onstant. Thus, to fully determine the state ofthe air at any point in a pneumati system, we also need to keep trak of either the density or thetemperature.However, for small systems with small time onstants, the time the air spends in the systemis very low; e�etively, little heat exhange ours between the system and its surroundings. So,under the additional assumption that any proess through whih the air undergoes is adiabati, andbeause the air is onsidered an ideal gas, the isentropi relations, assuming onstant spei� heats,



18an be used to determine the state of the air from the pressure only:P2P1 = (�2�1 )k = (T2T1 ) kk�1where k is the ratio of spei� heats.Next to understand are the onstitutive relationships of various pneumati omponents.The most basi of these omponents are:� the ori�e� the �xed-volume ylinder� the variable-volume ylinder� and the pneumati line.2.1.1 The Ori�eFollowing the development in [Stadler, 1995℄, assume the uid is invisid; that is, there areno shear fores.Starting from Euler's equation for one dimensional ow in the x diretion:�dPdx = �(dvdt + v dvdx )If the ow is steady, dvdt = 0, so: �dPdx = �v dvdxIn di�erential form: 1�dP + vdv = 0If the gas is ideal and isentropi:P�k = CP = C�kdP = Ck�k�1d�



19Substituting this into the di�erential form gives:1�Ck�k�1d�+ vdv = 0Ck�k�2d�+ vdv = 0Integrating this gives: Ckk � 1�k�1 + 12v2 = onstSine P = C�k, kk � 1 P� + 12v2 = onstReferring to Figure 2.1, at upstream station 1:kk � 1 P1�1 + 12v21 = onstAt downstream station 2: kk � 1 P2�2 + 12v22 = onstSubtrating station 1 from station 2:kk � 1[P2�2 � P1�1 ℄ + 12 [v22 � v21 ℄ = 0v22 � v21 = 2kk � 1 [P1�1 � P2�2 ℄v22 � v21 = P1�1�22 2kk � 1[�22�21 � P2�2P1�1 ℄Sine �1 = (P1C ) 1k and �2 = (P2C ) 1k :v22 � v21 = P1�1�22 2kk � 1 [(P2P1 ) 2k � (P2P1 ) k+1k ℄Assuming that the veloity at station 1 is zero:v2 = 1�2rP1�1 2kk � 1r(P2P1 ) 2k � (P2P1 ) k+1kAssume that the uid ows through an ori�e of ross-setional area A0, resulting in anatual ow of ross-setional area A2, also known as the vena ontrata, as shown in Figure 2.1. The
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2Figure 2.1: The ori�e equation applies when a uid ows through a onstrition with ross-setionalarea A0 from a region at pressure P1 to a region of lower pressure P2. The produt of the empirialontration oeÆient C and A0 gives the atual ross-setional area of the ow.empirially determined oeÆient that relates A2 to A0 is known as the ontration or dishargeoeÆient, denoted C. Depending on the geometry of the ori�e, the oeÆient takes on valuesfrom 0:6 to 1:0. In the ase of a sharp-edged ori�e, C = 0:6; if the edges are rounded or attened,C may rise to 0:8 or 0:9[Blakburn, 1960, p. 181℄, and is exatly equal to 1:0 if the ori�e geometryfollows that of a streamline on the outermost edge of the ow[Munson, 1994, p. 122℄. With theontration or disharge oeÆient as C, then the volume ow rate is:q = A2v2= CA0v2= CA0 1�2rP1�1 2kk � 1r(P2P1 ) 2k � (P2P1 ) k+1kThe assoiated mass ow rate is then:_m = CA0rP1�1 2kk � 1r(P2P1 ) 2k � (P2P1 ) k+1kThis is sometimes referred to as the ori�e equation. Note that all pressures given are absolutepressures, not gage pressures.If the downstream pressure is muh lower than the upstream pressure, the ow will behoked; that is, limited by the speed of sound. This an be derived by maximizing v2 above; theratio of pressures at whih this maximum ours is:P2P1 = 0:528



21In short, if P2P1 > 0:528, the ow is unhoked andv2 = 1�2rP1�1 2kk � 1r(P2P1 ) 2k � (P2P1 ) k+1kIf P2P1 � 0:528, the ow is hoked andv2 = pkRT= p(1:4)(286:9J=kgK)(273K) = 331:1 m=s for T = 273 K= p(1:4)(286:9J=kgK)(298K) = 346:0 m=s for T = 298 KIn summary, the mass ow rate an be obtained from:_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 (2.1)where C is the ontration oeÆient, A0 is the e�etive ross-setional area of the ori�e, P1 is theupstream pressure, �1 is the upstream density, P2 is the downstream pressure, and k is the ratio ofspei� heats.This equation is valid under the assumptions that the ow is steady, invisid, and one-dimensional, and that the upstream veloity is low.The ori�e equation, although unfortunately nonlinear, provides a method to determinethe mass ow rate from the upstream and downstream pressures; it is the onstitutive relationshipfor the pneumati analogue of a nonlinear resistor.An ori�e of 0:5 mm in diameter results in a ross-setional area that provides a reasonablyshort harging time, as disussed in Subsetion 2.1.5. With this harging time, an aeptable stepresponse an be then ahieved with the PWM ontrol method, mentioned in Subsetion 1.2.1.2.1.2 The Fixed-Volume CylinderTo �nd the relationship between the mass ow rate _m and the rate of hange of pressure_P for an ideal gas inside a ylinder of �xed volume V , we note thatm = �V



22where m is the mass inside the ylinder, V is the ylinder volume, and � is the density of the gasinside. Di�erentiating with respet to time gives_m = V _�+ � _Vbut the seond term an be negleted if the volume is �xed.An ideal gas obeying the polytropi relation exhibits the following relation between itspressure P and its density �: P = C�nwhere C is some onstant, and n is either 1 in the isothermal ase or k, the ratio of spei� heatsp=v, in the adiabati ase. Di�erentiating with respet to time gives_P = Cn�n�1 _� = Ck� PC _� = nP� _�Sine the gas is ideal, P� = RT , so _P = nRT _�Substituting this into the expression above for _m leads to_m = V _� = VnRT _Por _P = nRTV _m (2.2)For very small volumes, the proess an be assumed to be adiabati, beause the volumeharges and disharges quikly enough that no heat transfer ours. For muh larger volumes,the harging and disharging happens muh more slowly that heat transfer an our, so that theisothermal ase is valid.One last thing of note: what is to be done about the temperature T ? Clearly, if the systemis isothermal, T is onstant. However, if the system is adiabati, then T should be replaed utilizingone of the isentropi relations. On the other hand, [Shearer, 1956℄ remarks that there really is not



23muh di�erene between replaing T and leaving it equal to the stagnation temperature, whih issimply the temperature of the air entering the ylinder.The �xed volume ylinder is the pneumati analogue of the eletrial apaitor, with aapaitane of VnRT .2.1.3 The Variable-Volume CylinderTo �nd the relationship between the mass ow rate _m and the rate of hange of pressure_P for an ideal gas inside a ylinder of variable volume V , we begin as above with_m = V _�+ � _VOne again, from the polytropi relation we obtain_P = nRT _�whih an be substituted into the above to give_m = VnRT _P + � _VSolving for _P , _P = nRTV ( _m� � _V )If V is omposed of an initial volume V0 and a displaement dependent portion Ax, wehave V = V0+Ax and _V = A _x, assuming a onstant ross-setional area A. The pressure-mass owrate relationship then beomes _P = nRTV0 +Ax ( _m� �A _x) (2.3)= nV0 +Ax (RT _m� PA _x) (2.4)2.1.4 The Pneumati LineTubing or some enlosed rigid-wall feature usually forms the onnetion between pneumatiomponents. From [Andersen, 1967℄, for a irular tube of diameter D and length L, the ow is



24termed a Poiseuille ow, and the relationship between mass ow rate _m and pressure drop �P is:_m = �avg �D4128��PLwhere �avg is the average density along the length of the tube and � is the uid visosity.This relationship is valid only under the assumption of laminar ow. The Reynolds numberRe is a dimensionless number omparing inertial e�ets on a uid to visous e�ets:Re = �vd�where � is the uid density, v is the uid veloity, d is a length harateristi of the problem, and� is the uid visosity. Here, d is the tube diameter D; in terms of _m above, the Reynolds numberbeomes: Re = �vD� = �AvDA� = 4 _m�D�For a uid to be onsidered laminar, its Reynolds number must be less than 2000.With this restrition, for tubes of 0:1 m in length and 0:5 mm in diameter, pressure dropsof up to 0:125 atm are aounted for. However, for tubes of the same length but 1:5 mm in diameter,as enountered in the laboratory, Poiseuille ow is only valid for pressure drops of 0:007 atm or so.Fortunately, if the diameter of a pneumati line is suÆiently large, suh that the ross-setional area of line is muh greater than that of any ori�e plaed on that line, then the lossesthrough the ori�e dominate that of the line, and the pressure drop aross the line may be negleted.In laboratory situations, supply tubing is typially of 3:2 mm in diameter or greater, with ori�es ofmuh smaller diameter. Consider a 0:5 mm diameter ori�e onneted via a 3:2 mm inner diameterpneumati line to an air supply at 6 atm absolute. If the ori�e disharges to atmospheri pressure,the mass ow rate through the ori�e is 1:7 � 10�4kg=s; this same mass ow rate must pass throughthe pneumati line. If the line is 0:6 m in length, the line an handle that mass ow rate with apressure drop of 0:001 atm, but the orresponding Reynolds number is 3700, and Poiseuille ow isnot valid.



25supply pressure harging time initial pressure disharging time2 atm abs 0:39 ms 2 atm abs 0:40 ms3:5 atm abs 0:49 ms 3:5 atm 0:56 ms6 atm abs 0:56 ms 6 atm 0:75 msTable 2.1: Charging and disharging times for a 12 mm3 volume through a 0:5 mm diameter ori�ewith a ontration oeÆient of 0:6. Charging times are from an initial pressure of 1 atm to thelisted supply pressure, whereas disharging times are from the listed initial pressure to a 1 atmexhaust pressure. Times are determined by observing when the volume pressure reahes within 1%of the supply pressure for harging, and 1% of atmospheri pressure for disharging.Realistially, most supply lines were less than 0:3 m in length and 1:5 mm in diameter.For supply pressures on the order of 2 to 4 atm gage, the pressure drops observed on the pneumatilines were on the order of tenths of atmospheres, and onsidered negligible ompared to the lossesaross the attahed ori�es.2.1.5 Charging and Disharging Times for Ori�e/Cylinder Combina-tionsA fully open valve may be modeled using the ori�e equation, with a ross-setional areaequal to that of the open valve. Conneting this valve to a �xed-volume pneumati ylinder thenforms the simplest dynami pneumati iruit. The times required to harge a small 12 mm3 volumethrough a 0:5 mm ori�e from an initial pressure of 1 atm are obtained by numerial integrationof Equations 2.1 and 2.2, and tabulated in Table 2.1. Beause the volume is small, the proess isadiabati. Note that there is not muh di�erene between harging and disharging times for smallpressure di�erenes, but the disharge time inreases as the pressure di�erene inreases.The harging and disharging times for larger volumes an be extrapolated from the valuesgiven in Table 2.1, sine the harging and disharging times are proportional to the volume of theylinder.



262.2 Single Ori�e Valve DesignsMost pneumati valves have a single ori�e whose ross-setional area is varied to ontrolthe mass ow through the valve. This area variation is usually aomplished by atuating somemovable element in the valve so that it opens up or loses o� that ori�e.The fore, stroke, and bandwidth required to shift that moving element are what determinethe \goodness" of a valve design. Clearly, the lower the fore, the lower the stroke, and the higherthe bandwidth, the better the design, beause atuators with lower power densities may be used.To analyze this problem, onsider the quasistati fores on a single moving element varyingthe area of a single ori�e. The motion of this moving element divides the spae of all possible valvesin two. If the movement is parallel to the ow through the ori�e, the valve is a seating valve. Ifthe movement is perpendiular to the ow through the ori�e, the valve is a sliding valve.Determining the fores on this moving element is a ritial problem in valve design. The lit-erature has many referenes to the fores on hydrauli valves, of whih some representative referenesinlude [Johnston, 1991℄, [Hayashi, 1975℄, and [Smelnitskii, 1972℄. However, the bulk of referenes topneumati valves onern sliding valves only, suh as in [Louis, 1976℄ and [Nakada, 1980℄. This is notsurprising, onsidering that the ow regime is turbulent and ompressible, and usually approahedthrough �nite element modeling.2.2.1 Seating ValvesFor a seating valve, the quasistati fores arise from two di�erent auses. When the valveis losed, the moving element, or the poppet, sits right on top of the ori�e. As an be seenby examining Figure 2.2, the net fore on the moving element results simply from the pressuredi�erene aross the moving element: F = A�PIn the ase of a 5 atm pressure drop aross a 0:5 mm ori�e, the fore on the poppet is 100 mN.
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Figure 2.2: Illustrating the relevant dimensions for the poppet.From the ori�e equation, if the upstream and downstream pressures remain onstant, themass ow rate is solely a funtion of the ross-setional area of the ori�e. For a round ori�e, asthe valve is opened, the e�etive ross-setional area Aeff is the sidewall of a ylinder whose basediameter is that of the ori�e D and whose height is equal to the displaement x of the poppet awayfrom the ori�e, as shown in Figure 2.2: Aeff = �DxAs a general rule of thumb, when the poppet has displaed one quarter of the ori�e diameter ormore, the ross-setional area is then equal to that of the ori�e. The poppet has moved far enoughaway that it no longer has an e�et in obstruting the ori�e and ontrolling the ow:Aeff = �DD4 = �4D2 = AorifieWhen the valve is open, an upper bound on the fore on the poppet an be determinedfrom the momentum transfer from the air to the poppet, regardless of whether or not the pressuresimposed aross the valve tend to fore it open or losed. Using the ori�e equation, we an determinethe mass ow rate, and the produt of the mass ow rate and the hange in veloity between theinoming air and the outgoing air is the fore on the poppet:F = _m�v
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displacement (m)Figure 2.3: Modeled poppet fore v. displaement for an ori�e of diameter 0:5 mm, with an absoluteupstream pressure of 6 atm and a downstream pressure of 1 atm.An upper bound on this fore an be determined by assuming all the ow momentum istranslated into fore on the poppet. F = _mv2= _m2�2CA0As a sanity hek, we know from impulse turbines that the fore on a turbine blade an be determinedfrom _m�v. Assuming that the ow omes in perpendiular to the blade and goes out parallel tothe blade, �v is just the inoming air veloity, and the fore is just _mv, as surmised above.For a 0:5 mm diameter ori�e with a ontration oeÆient of 0:6, orresponding to thatof a sharp-edged ori�e, the fore and mass ow rate are plotted as in Figure 2.3.Figure 2.3 shows that the fore falls as the ori�e is opened, and then reahes a maximumas the poppet moves away from the ori�e. However, the atual fore would not drop as drastiallyat small displaements as indiated in Figure 2.3, mainly beause with displaements on the order ofD16 or so, the pressure di�erene aross the poppet, although no longer equal to the supply pressure



29less the downstream pressure, would still be signi�ant. In addition, for large displaements, thefore on the poppet should fall to zero as the poppet moves farther away from the ori�e. Theseissues are not reeted in the simplisti momentum transfer assumption.To ground this disussion in some semblane of reality, onsider hek valves. These arelargely seating type valves, with poppets mounted aross ori�es, as in [Wang, 1999℄. When thevalve is biased in the reverse diretion, the ow through the valve is minimal. However, when thevalve is biased in the forward diretion, the pressure drop aross the valve fores the poppet awayfrom the seat, and if the suspension sti�ness and poppet displaement are known, then the atualuid fore on the poppet an be found.From [Wang, 1999℄, displaement as a funtion of pressure aross the valve is given. How-ever, a number of assumptions must be made before anything an be extrated from that data.First, no ori�e size is given, so it was assumed that the ori�e has a side s of 370 �m in length.This is justi�able, beause the artile mentions that this was one of the ori�e sizes tested. Seond,the exhaust pressure is assumed to be at atmospheri pressure. Finally, the suspension is assumedto be three antilever beams with a length l of 80 �m, a width w of 80 �m, and a thikness t of8 �m. From antilever theory, the beam sti�ness kbeam is 3EIl3 , where E is the Young's modulus of2:8 GPa, and I is the moment of inertia of t3w12 . The suspension sti�ness ksuspend is then 3kbeam,beause there are three beams. The atual fore Fatual is then ksuspendx, where x is the poppetdisplaement.The alulated fore Fal an be estimated from the equation given above, using an e�etivearea A0 equal to 4sx, where s is ori�e side length, and x is poppet displaement. Beause this isa square ori�e, 4sx is just the sidewall area. Note that the uid used in [Wang, 1999℄ is nitrogen,but that uid has the same k as air, with a gas onstant of 297 J=kgK.For the purposes of omparison, we an also look at the fore on the poppet F0 at zerodisplaement, whih is just A�P .For an upstream pressure of 20 kPa gage, the displaement is 50 �m. The alulated fore



30Fal is 1:1 mN, the zero displaement fore F0 is 2:7 mN, and the atual fore Fat is 8:4 mN.For an upstream pressure of 70 kPa gage, the displaement is 80 �m. The alulated foreFal is 5:7 mN, the zero displaement fore F0 is 9:6 mN, and the atual fore Fat is 13:4 mN.Apparently, our supposed upper bound is a failure. However, the assumptions are probablysuspet| for instane, if the beam thikness is redued by 2 �m, the \atual fore" drops by 2.4,whih is enough to get the alulated fore within a fator of 3 with the atual fore in the 20 kPagage ase, and have them equal in the 70 kPa ase. Most likely, the beam dimensions and ori�e sizeare inorret; after all, they were not neessary, onsidering that the data was intended for a di�erentpurpose| to show that an alternate suspension had a greater displaement, and was therefore abetter hoie for hek valves.Clearly, more work needs to be done in determining these fores, and a searh of theliterature reveals no papers that address these onerns for pneumati seating valves, althoughabsene of evidene is not evidene of absene. Though both inompressible ow and low speedompressible ow situations are more easily omputed, this ase is more diÆult, with its highveloity, turbulent ompressible ow, and usually takled by �nite element analysis. To hek thosetheoretial results, a useful experiment to run would be the fabriation of a number of ori�es withantilevers aross the ori�es. The deetions of those antilevers, ombined with their sti�nesses,would provide a measure of the atual poppet fores.Still, as a bak-of-the-envelope estimate, nothing ould be simpler than A�P . It is thisauthor's ontention that poppet valve atuators are oversized in fore anyway by a fator of 2 ormore, so as to generate enough fore to push the poppet into some ompliant seating material andonsequently redue leak rates.2.2.2 Sliding ValvesIn a sliding valve, the moving element, or slider, moves perpendiular to the diretion ofow. When the ow is fully developed, it forms a jet of air at the mouth of the ori�e. This jet
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Figure 2.4: As air passes through an ori�e, it forms a jet at an angle of 69Æ, and exerts a fore onthe valve's moving element, tending to lose the ori�e. Here, the moving element is denoted as thepiston. This �gure is taken diretly from [Blakburn, 1960℄.fore may be estimated from momentum transfer, as for seating valves. However, beause of thegeometry of the sliding valve, there is an additional fator to take into aount.For displaements muh greater than the learane between the ori�e and the slider, theresulting jet forms an angle of 69Æ as indiated in Figures 2.4 and 2.5 [Blakburn, 1960℄. Also,regardless of whether the uid is owing into or out of the noth in the rotor, the uid exerts a foreon the slider that auses the ori�e to lose. Note that the �gures above indiate a slider that fullyreverses the ow bak into the valve body. A sliding valve need not do that though; it may just be asimple blok that is onstrained to move perpendiular to the ow, as indiated in Figure 2.6. Withthe slider ompletely bloking the ori�e, all the fore on the slider is parallel to the ow. With theslider partially bloking the ori�e, the uid exerts a fore that auses the ori�e to open.In either on�guration, assuming that the slider is suspended so that its motion parallel tothe ow an be negleted, the only omponent of the uid fore on the slider is that perpendiularto the ow. When the valve is losed, this perpendiular omponent is zero. When the valve is openand its displaement is greater than the learane between the ori�e and the slider, the jet fore isredued by a fator of os 69Æ.One again, from the ori�e equation, if the upstream and downstream pressures remain



32

Figure 2.5: In this ase, the air ows out from the moving element and into the stator. However, itstill exerts a fore on the valve's moving element that tends to lose the ori�e. This �gure is alsotaken diretly from [Blakburn, 1960℄.

flow flow

α

Figure 2.6: A simple slider bloking an ori�e (left). With the valve partially open (right), the jetfore on the slider auses the slider to stop bloking the ori�e.
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Figure 2.7: Illustrating the relevant dimensions for the slider from a top view.onstant, the mass ow rate is solely a funtion of the ross-setional area of the ori�e. For a slidingvalve with a square ori�e, the e�etive area of the ori�e is:Aeff =8>><>>: wx if x < xmaxwxmax if x > xmaxwhere w is the ori�e width, and x is the slider displaement, as illustrated in Figure 2.7.Following arguments similar to those of the previous setion, with the addition of the fatorof os 69Æ, the perpendiular fore on the slider is given by:F = _mv2 os 69Æ= _m2�2CA0 os 69ÆFor a square ori�e with an area equivalent to that of a 0:5 mm diameter round ori�e witha ontration oeÆient of 0:6, the fore and mass ow rate are plotted as in Figure 2.8.Thus, for sliding valves, the maximum fore an atuator must produe is approximatelyone third of that for a seating valve. On the other hand, the displaement is inreased by a fatorof four, beause the entire slider must lear the ori�e for full ow. The assumption that there isnegligible motion parallel to the ow may also be diÆult to implement, sine any parallel movementshould be suÆiently small to maintain the learane seal between the ori�e and the slider, andonsequently prevent jamming. Balaning the pressures on the slider so that they anel eah otherout, and employing sti� bearings would be possible approahes to suessful implementation.
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displacement (m)Figure 2.8: Modeled slider fore v. displaement for a square ori�e with area equivalent to a roundone of diameter 0:5 mm, with an absolute upstream pressure of 6 atm and a downstream pressureof 1 atm.Therefore, sliding valves in their simplest embodiment appear to be more diÆult to on-strut and apparently have fewer advantages ompared to seating valves. However, suessful slidingvalves have been made, most notably spool valves in servoontrol appliations.Readers with some familiarity with spool valves may reall that these examples of slidingvalves do not require suspensions. They typially use some liquid for lubriation; this liquid providesa self-entering bearing. Simply relying on the air itself to provide suh a bearing is a muh morediÆult problem, and may be hard to stabilize beause of the ompressibility of the air, as omparedwith the inompressibility of a liquid.In Setions 2.3 and 2.4, re�nements are presented that inrease the appeal of sliding valves.2.2.3 Pressure BalaningBoth seating and sliding valves require high fores. By lever arrangement of the valveinlets and outlets, it is possible to trade lower peak atuator fores for higher omplexity in valve



35

Figure 2.9: Illustrating the fore balaning for the Luas Novasensor valve [Luas Novasensor℄.onstrution. This arrangement is referred to as pressure balaning.In general, it is more straightforward to pressure balane a sliding valve than a seatingvalve, beause the sliding valve moves perpendiular to the ow. Spool valves, sometimes balanedto lower the atuator fores required, are ommonly available in 10 m or larger sizes, as seondstages for power ampli�ation purposes.On the millimeter sale, one of the most promising valve designs appears to be the balaneddesign of Luas Novasensor[Luas Novasensor℄, soon to be available ommerially. As shown inFigure 2.9, the Luas valve is a sliding valve. Further disussion of the atuation of this valve isgiven in Setion 2.3.Statially, it is obvious when a design is balaned so that the fores on the moving elementhave been redued in magnitude. However, it is not so obvious that the design remains balaneddynamially; as ows inrease, pressures may drop on the side upon whih the ow ours whilepressures on sides with little ow remain relatively onstant, so that the statially balaned design



36is no longer balaned dynamially.2.2.4 SealingDepending on the use of valve, good sealing may or may not be an issue. In proess ontrolappliations, where a preise onentration of reagents is desired, having a valve that leaks appreia-bly when it is supposed to be losed is not optimal. On the other hand, in positioning appliations,a small leak that does not move a driven pneumati ylinder muh is probably aeptable.Seating valves seal well with a surplus of fore, but ompliant materials are also needed toform good seals if leaks are unwanted. However, if the seal is too ompliant, there is the potentialfor the valve to jam up ompletely with the poppet stuk to the seat.Seating valves also tolerate dirt well, as long as the poppet moves away from the seat farenough so that the dirt an travel through the ori�e and be ushed out of the valve.Sliding valves require tight learanes, beause they depend on those learanes being astight as possible. By their nature, these valves leak. Also, tight learanes require sti� suspensionsto prevent the slider from being driven into the body and jamming, although appropriate pressurebalaning would redue that tendeny.In addition, sliding valves do not tolerate dirt as well as seating valves. Partiles are aughtin the learane seal an abrade both the slider and valve body and result in a larger learane andgreater leak.2.3 Valve AtuationConsulting Figures 2.3 and 2.8, it appears that large fores are needed in order to drivethe moving element of a valve. However, these large fores exist only for unbalaned valve designs.With proper fore balaning, these fores may be redued to manageable magnitudes.The urrent best pratie in valve design appears to be the balaned design of Luas



37Novasensor [Luas Novasensor℄, as disussed in Subsetion 2.2.3. The Luas valve is a sliding valve,the slider being the easier of the two valve types to balane statially. In the valve, a silion lever ispivoted in front of a square ori�e. This lever is atuated by a series of ribs through whih urrent ispassed, generating a high fore with low displaement. The displaement is ampli�ed by the lever,resulting in motion of the lever to blok or unblok the ori�e.From the dimensions and values provided in the paper, enough urrent passing throughten pairs of ribs to generate a 100 K temperature rise results in a bloked fore of 1:5 N and a freedisplaement of 7:5 �m. The tip of the lever is also laimed to move more than 100 �m. From thesenumbers, it is reasonable to believe that the thermal atuator generates a fore of 750 mN with adisplaement of 3:75 �m; at the tip of the lever where the ori�e is, the displaement is 100 �m, andthe assoiated fore is then (3:75=100)750 mN, or 28 mN. Unfortunately, the lever is not pivotedabout a fritionless pin joint, but by another short antilever beam, whose dimensions and sti�nessare not provided. So it is unlear what perentage of the 28 mN available goes towards bending thepivot beam, and what proportion atual goes towards atuating the valve mehanism itself.Other portions of the paper indiate that 1:2 W of power are atually provided to thethermal atuator to generate this theoretial fore. It is also unlear what mehanial power isreally required, sine thermal atuators are not exatly the desired hoie for low power atuators.From mail orrespondene with Kirt Williams at Luas Novasensor, it is lear that ertaindata is being withheld for proprietary purposes. It is speulated that the ompany will probablyreplae the thermal atuator with one of higher speed, and then target the valve towards a di�erentmarket. For valves without fore balaning, following the development of Subsetion 2.2.1, for anori�e of 0:5 mm diameter and a pressure di�erene of 5 atm, a worst-ase fore of 100 mN needs tobe generated over a stroke of 0:125 mm to atuate the poppet of a seating valve. At an atuationrate of 100 Hz, this works out to a mehanial power of 1:25 mW.Following the development of Subsetion 2.2.2, for an ori�e of 0:5 mm diameter and a



38pressure di�erene of 5 atm, a worst-ase fore of 20 mN needs to be generated over a stroke of0:425 mm to atuate the slider of a sliding valve. At an atuation rate of 100 Hz, this works out toa mehanial power of 0:85 mW.With the required power on the order of 1 mW, we note that the eÆieny of small atuatorsis generally poor [Trimmer, 1989℄, espeially at the low speeds neessary for valve atuation. Togenerate that 1 mW of mehanial power, we may need a surfeit of eletrial input power. Thisthen suggests a potential pathway to valve miniaturization| by minimizing the eletrial poweronsumed by a partiular valve design, we an then minimize the size of that valve design.2.4 Multiple Ori�e Valve DesignsIn a straightforward omparison of multiple ori�e designs against single ori�e designs,multiple ori�e designs apparently have no great bene�t.Consider a valve with a single ori�e of area A, and ompare it to a valve with ten ori�esof area A10 , as in Figure When the valve is losed, there is no hange in the fore required to holdthe valve in that position. If the valve is a seating valve, the ross-setional area is still the same; ifthe valve is a sliding valve, the fore perpendiular to the ow is zero. When the valve is open, _mis the same for both the single ori�e and multiple ori�e designs, if the upstream and downstreampressures are the same. The uid veloity vfluid also is not hanged. So there is no hange in thefore required.However, displaement is another story. The maximum displaement required for a singleori�e seating valve is D4 , where D is the diameter of that ori�e; for a single ori�e sliding valve,the maximum displaement is D. For the multiple ori�e seating valve, that maximum displaementbeomes D4p10 , and for the multiple ori�e sliding valve that displaement is Dp10 . In general, thedisplaement for n ori�es is redued by a fator of pn.There are other tradeo�s as well. The volume required for the overall valve is obviously
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comparable single orificeFigure 2.10: Multiple ori�e valve design, showing open and losed positions, along with omparablesingle ori�e design.
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flow outFigure 2.11: Multistage valve design.higher, beause of the additional spatial overhead neessary to separate the individual ori�es. Also,ori�es with smaller ross-setional areas have more stringent �ltration requirements.2.5 Multistage Valve DesignsMultistage designs [Wang, 2000℄ sari�e bandwidth and volume for lower fores and dis-plaements in the primary atuator. In these designs, two small pilot valves are used to hargeand disharge a variable-volume ylinder, whih in turn drives a pneumatially-atuated valve, asshown in Figure 2.11. Alternatively, a single pilot valve and a disharge ori�e may be used instead,with some loss of exibility in utilizing the resulting multistage valve design. Atuation time isinreased, beause of the additional time required to harge the ylinder whih drives the seondstage, and overall valve size is inreased, beause of the additional volume of the primary pilot valveand variable-volume ylinder.To determine the e�etiveness of suh a design, onsider a single ori�e poppet valve withan ori�e of diameter D, and assume that the valve an be atuated in time T , and that T is onthe order of milliseonds. Now, ompare this to a two-stage design, with a pneumatially-atuated



41valve having the same diameter ori�e, that an also be atuated in time T . Assume that thisseondary stage is a piston in a ylinder, and the piston needs to be moved a minimal distane sothat the diameter D ori�e an be unovered; this is aomplished by harging up the variable-volume ylinder from atmospheri pressure to supply pressure, reating a pressure di�erene thatwill move the piston. This seondary stage is driven by two smaller primary poppet valves, withan ori�e of one tenth the ross-setional area of the seondary valve; the orresponding diameter isthen Dp10 . Beause the seondary is a seating valve, the minimal displaement required is D4 . Thevariable volume is of diameter D, with maximum height D4 .If D is 0:5 mm, and the piston is made of silion, with a 1:0 mm diameter and a 1 mmthikness, we an apply F = ma to determine the piston position, along with Equations 2.1 and 2.4,and then numerially integrate the system of equations. If the primary harging poppet harges thevariable volume ylinder from an initial pressure of 1 atm absolute to 6 atm absolute, the resultingtime it takes to move the piston 0:125 mm and open up the seond stage poppet is 35 �s. Ifthe primary disharging poppet disharges the variable volume ylinder from an initial pressure of6 atm absolute to 1 atm absolute, the resulting time it takes to move the piston bak 0:125 mm andlose up the seond stage poppet is the same 35 �s; the limiting fator is the mass of the piston.Therefore, the overall atuation time is inreased by this amount. However, it is negligible, beausethe valve atuation time T is usually on the order of milliseonds, so the bandwidth does not hangeappreiably.The maximum fore required an be estimated by using A�P . Beause the area is reduedby a fator of ten for the primary valve of the two stage design, but �P is the same, an order ofmagnitude less fore is neessary, while the displaement required is D4p10 .For a two stage design with a primary valve whose ross-setional area is n times smallerthan that of the pneumatially-driven seondary, the overall energy required to atuate the primaryis npn times less than a single stage design. However, the omplete design is more ompliated thanthat of a single stage, and two primary valves are required to harge and disharge variable volume



42ylinder. Beause the ross-setional areas of the primary valves are smaller, �ltering requirementsalso need to be tightened, and good seals also need to be provided in three plaes, instead of justone. There is also the ruial issue that a primary valve still needs to be designed, although its foreand stroke requirements are admittedly relaxed.In [Wang, 2000℄, one partiular implementation of the multistage onept has been fab-riated, with the partiular uid dynamis of the pneumatially-driven seondary analyzed in[Yang, 2000℄. Unfortunately, not muh data has been provided to buttress the theoretial onlusiongiven above.2.6 Self-Driven DesignsIn typial MEMS appliations, atuation is aomplished diretly by onverting eletrialinput power to useful mehanial power. Diret valve atuation is simpler, but many tasks requirehigher fores and strokes. On the other hand, using a set of primary and seondary atuators tradessimpliity and bandwidth for lower fores and strokes in the primary atuator. Moreover, if thereis power available from other non-eletrial soures and bandwidth to spare, the seondary atuatoran be driven with the alternative power soure, providing power gain for the eletrially-drivenprimary atuator.As argued above, indiret drive is preferable to diret drive, and there is already an alternatesoure of power available in the valve| the ompressed air itself. A piloted servovalve is usualpratie in suh situations; the output of a small primary valve is ampli�ed by the larger seondaryservovalve. Unfortunately, we still need an atuator for the pilot valve, although the fore and strokeare redued.However, we an also:� use the available uid power to drive the seondary atuator.� and employ the input eletrial power to drive a primary atuator that brakes the seondary



43atuator.This is analogous to stopping a piee of mahinery by throwing a wrenh into the spinning gears ofthe mahine, although we would wish to have a rather more repeatable braking ation.The e�etiveness of suh a brake may be quantitatively measured by omparing the powergain of a diretly driven valve with that of a uid-atuated valve with a brake. In the next twohapters, we present two implementations of suh a brake, and provide evidene for the validity ofthe brake idea presented above.
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Chapter 3
Turbine Brake Valve (TBV)

Following the terminology of the previous hapter, we propose a rotary valve, with a pneu-matially driven turbine as the seondary atuator and an eletrially driven brake as the primaryatuator. Central to the design is the rotary ontrol valve, omposed of a rotor and stator. Theorientation of this rotor with respet to its mathed stator determines the ow through the valve.The turbine ontinually drives the ontrol rotor, whereas the brake opposes the motion ofthe ontrol rotor and ats to slow and stop it. By appropriately modulating the brake to determinethe orientation of the ontrol rotor, the pressure of the load volume may be varied.In this hapter, the theoretial design of suh a turbine brake valve will be presented,followed by experimental results on large-sale prototypes of eah setion. In addition, future workonerning the redution of this valve to millisale dimensions will be disussed.3.1 Theoretial DesignThe valve is omposed of three setions: a ontrol setion, a drive setion, and a brakesetion, as illustrated in Figure 3.1.All three setions are integrated by staking the stators and mounting the rotors on a
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Figure 3.1: The TBV exploded, with its three setions. The drive setion, with its uid jet stator andthree bladed rotor appears at the top. The brake setion is in the enter, with its rotor surroundedby a band brake. The ontrol setion appears at the bottom, with its stator and three buket rotor.ommon shaft. Writing the torque balane for the entire valve gives:J �� = �drive � �ontrol � �brake � �dampingThe ontrol rotor is driven by the air emanating from the drive stator ports and impinging uponthe blades of the drive rotor. The drive stator ports are angled so that the air ow tends to turnthe drive rotor. The brake setion is used to slow and stop the motion of the brake rotor, andonsequently, all three rotors. When the brake is disengaged, the rotors are free to spin; with thebrake engaged, the rotors an be stopped at any angle, and thereby hange the load pressure.In the next three subsetions, the theory behind eah of the three setions is disussed.Finally, the operation of a omplete valve with the three setions integrated together is presented.
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Figure 3.2: The ontrol setion of the TBV is omprised of a stator entered around a smaller rotor.The position of the rotor in the ontrol setion determines the pressure at the load. The load isharged from the supply (left), the load pressure is held approximately onstant (middle), and theload is disharged into the exhaust (right).3.1.1 Control Setion, Theoretial ConsiderationsThe ontrol setion is omposed of two parts{ a stator and a rotor. The stator has threeports, the �rst of whih is onneted to the air supply, the seond to the load, and the third tothe exhaust. The rotor has three nothes, eah of whih an onnet two adjaent ports together.The orientation of the rotor determines whether the load is harged upwards towards the supplypressure, held at a onstant pressure, or disharged to atmospheri pressure, as shown in Figure 3.2.By hanging the orientation of the ontrol rotor, the load pressure an be modulated and ontrolled.An ori�e e�etively exists between the edge of the rotor and the stator as the rotorobstruts the uid ports of the stator. The mass ow rate _m through this ori�e is given by theori�e equation of Subsetion 2.1.1.The uid also exerts a torque on the rotor as it passes through the ontrol setion. Anupper bound on this torque is: �ontrol = _mvfluidr os � (3.1)where _m is the mass ow rate from the ori�e equation above, vfluid is the uid veloity, whih anbe estimated from the mass ow rate, the ori�e ross-setional area, and the uid density, r is theradius of the rotor, and � is the jet angle. This is an upper bound, beause it assumes that all themomentum of the air is onverted into torque.



47When the ow is fully developed, it forms a jet of air at the mouth of the ori�e. For rotordisplaements muh greater than the learane between the rotor and the stator, the jet forms anangle of 69Æ as indiated in Figures 2.4 and 2.5. Also, regardless of whether the uid is owing intoor out of the noth in the rotor, the uid exerts a fore on the rotor that auses the ori�e to lose.Note that the fabriation of suh a ontrol setion requires tight toleranes between therotor and stator, beause of the learane seal that exists between the two. If the toleranes weretoo loose, it would be diÆult to hold the load pressure onstant, as in the enter illustration ofFigure 3.2. On the other hand, if the valve is operated in a purely binary fashion, ontinuallyharging or disharging the load, this is less of an issue, beause a large leak in the learane sealwould simply redue the maximum pressure that the load ould reah, while reduing the dishargetime. However, an appreiable leak may not be aeptable in the �rst plae.3.1.2 Drive Setion, Theoretial ConsiderationsThe drive setion is simply an impulse turbine, with its own rotor and a stator, as illustratedin Figure 3.3. The stator has four supply ports, eah with air at the supply pressure; the rotor hasthree blades. The setion is arranged so that at least one air jet hits the rotor at all times, so thata torque an be exerted to drive the ontrol setion. An upper bound on the drive torque is:�drive = kjet;avg _mvfluidr (3.2)where kjet;avg is the average number of jets impinging on the rotor blades, _m is the mass ow ratefrom the ori�e equation above, vfluid is the air veloity, and r is the radius of the rotor. This isalso an upper bound, beause of the assumption that all the momentum of the air is transferred tothe drive rotor.From geometrial onsiderations, there are approximately 1.5 jets impinging on the driverotor, so kjet = 1:5 on average. Although this is an estimate, its impat on the drive torque is muhless of a fator than the momentum assumption mentioned above.
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Figure 3.3: The drive setion is an impulse turbine. Air impinges on the drive rotor from four supplyports, arranged suh that at least one air jet fully hits the rotor at any given position. The exhaustis both in and out of the plane of the paper.

Figure 3.4: The brake setion is a simple band brake. Currently, the band brake is atuated by avoie oil atuator, but a piezoeletri atuator ould also be used. Note that the band is pulled inthe diretion of rotation. This redues the fore required to atuate the brake.3.1.3 Brake Setion, Theoretial ConsiderationsThe brake setion is needed to oppose the drive torque and stop the ontrol rotor at thedesired angular position, in order to ontrol the pressure at the load. Its urrent implementation isas a band brake, as illustrated in Figure 3.4. The fore on the two ends of the band F1 and F2 arerelated by[Orthwein, 1986℄: F1 = F2e��



49where � is the oeÆient of frition, and � is the wrap angle in radians of the band about the brakerotor. The torque exerted by the brake setion is then:�brake = (F1 � F2)rwhere r is the radius of the rotor. Note that one of the fores on the band is muh greater than theother. If the band is �xed to the stator on the side opposing the rotation of the rotor, the atuatorfor the brake setion an exert a muh lower fore. For a wrap angle of 270Æ and a oeÆient offrition of 0:2, this is a fator of 2:6.Of ourse, there is no free lunh; the band wears away at a higher rate towards the �xedend, and the surfae of the rotor also wears, but uniformly.Currently, the band brake is pulled tight by a voie oil atuator. However, the brake ouldbe any atuator ating on the brake rotor in a wearing or nonwearing fashion, and used to generatebraking torque. Other braking methods ould inlude:� any atuator pulling on one end of a band brake.� any atuator foring a high-frition brake shoe into the rotor.� an eletrostati atuator ating in the same fashion as an eletrostati motor.� an eddy-urrent brake.� a brake rotor immersed in an eletrorheologial or ferromagneti uid.3.1.4 Integrated Valve, Theoretial ConsiderationsThe easiest way to onsider the operation of the integrated TBV is in a bang-bang, min-imum time ontrol fashion, using pulse width modulation to ontrol the average load pressure, astouhed upon in Subsetion 1.2.1. Sine the ontrol setion has three similar bukets, the ontrolrotor needs only to rotate through 2�3 rad before we return e�etively to the same angular position.Beause the drive setion only turns the rotor assembly in one diretion, one a position has beenpassed, we need to wait another 2�3 rad before that same position is reahed again.
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< 2 ms < 2 msFigure 3.5: Illustrating the operation of the TBV. To raise the load pressure, the brake is releasedand then reengaged to stop the ontrol rotor in suh a position that the supply an harge the load.To lower the load pressure, the brake is released again and then reengaged to stop the ontrol rotorso that the load an disharge through the exhaust.Suppose we wish to inrease the average load pressure. Figure 3.5 indiates how suh anoperation takes plae with the TBV. Initially, assume the load pressure is at atmospheri pressure,with the angular position � at 0 and the ontrol rotor onneting the load port to the exhaust port,as at the right of Figure 3.2. The brake is released, and the drive setion aelerates the rotorassembly. As the assembly reahes � = �6 rad, the brake is engaged, and deelerates the rotor againstthe torque from the drive setion, �nally stopping it at � = �3 , with the ontrol rotor now onnetingthe supply port to the load port, as at the left of Figure 3.2. The load pressure begins to rise,and �nally reahes supply pressure after the harging time of the load ell is reahed. Followingthe spei�ations of Setion 1.2, this entire proess of brake release, brake reengagement, and loadharging must our in less than 2 ms.The ontrol rotor is held harging the load until the average load pressure is lose toits desired value. Then the brake is disengaged again, and the drive setion aelerates the rotorassembly through � = �2 , whereupon the brake is engaged, stopping the assembly at � = 2�3 . With



51the ontrol rotor now onneting the load port to the exhaust port again, the load pressure fallsto atmospheri pressure. One again, this entire proess of brake release, brake reengagement, andload harging must our in less than 2 ms. The proess then repeats.The average load pressure is ontrolled by the length of time that the rotor assembly is at� = �3 . By varying this time, the average load pressure an be ontrolled to any value between 20%and 80% of the di�erene between the supply pressure and atmospheri pressure, subjet to leaking.Also, by keeping the rotor at � = 0 or � = �3 , the average load pressure an be made equalto atmospheri or supply pressure respetively.Sine the angular displaement � is related to the rotor inertia J and the torque � by �� = �J ,the relationship between the displaement � and the time �t required to move that displaement is:� = 12 �J (�t)2 (3.3)To estimate the turn-on and turn-o� times, we need to determine an upper bound on the time�t. This ours when torque is at a minimum, and the worst ase torque is �drive � �ontrol, whenthe drive setion must spin the rotor assembly to ounter the maximum ontrol torque. If theaeleration time is to be equal to the deeleration time, the total turn-on time is then 2�t.3.2 Large-Sale Prototype, Experimental ResultsAs a proof of onept for the seondary drive and primary braking idea, a 5:1 sale prototypeof the TBV was fabriated. The hoie of a larger size permitted the use of traditional mahiningtehniques and made apparatus onstrution and testing more tolerable. A nominal rotor diameterof 12:7 mm was seleted, to make tooling onsiderations easier. For testing purposes, a Maxon motorwith shaft enoder was attahed to eah of the three setions in turn, so that stati tests ould beperformed, as shown in Figure 3.6. The rotor of eah setion was mounted on bearings and enteredto ensure that the rotor spun freely. The shaft of eah setion was then onneted to the motorshaft by a shaft oupler. To determine angular position, a shaft enoder with a resolution of 2000
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Figure 3.6: Illustrating the testing of eah of the three individual TBV setions.ounts per revolution was attahed to the bakshaft of the motor.Before testing ould proeed, the motor was haraterized to determine the relationshipbetween the motor input urrent and the output torque. By hanging standard weights o� the shaftand determining the input urrent i required to start the shaft turning, the output torque � wasdetermined to be: � = Ki+K0where K = 36 mNm=A and K0 = �0:52 mNm, as shown in Figure 3.7. The o�set K0 is due toCoulomb frition in the motor, whih must be overome in order to move the rotor of the motor.Beause the tests onduted require the motor to be moved to some position and then generateenough torque to ounter an opposing torque, the holding torques onsequently reorded will be o�from the atual holding torques by �jK0j.3.2.1 Control Setion, Experimental ResultsThe �rst setion to be tested was the ontrol setion, mainly beause if the learane sealbetween the rotor and stator were ine�etive, the entire point of the valve would be moot withouta means of governing the load pressure. After mounting the ontrol setion in its stator, the entireassembly was attahed to the motor haraterized in the previous setion, as in Figure 3.6. Next,
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Figure 3.8: Pneumati onnetions for testing the TBV ontrol setion.the air supply was onneted to the supply port, along with a pressure sensor; an additional sensorwas onneted to the load port, and the exhaust port was left open to the atmosphere, as shown inFigure 3.8. A simple proportional ontrol loop ommanded the motor to various angular positions,and the holding urrent and load and supply pressures were reorded, as the motor drove the ontrolsetion through three revolutions. This proess was repeated for supply pressures from 0 atm gageto 4 atm gage.In Figure 3.9, load and supply pressures were measured and plotted as a funtion of angularposition and supply pressure. From the 0 atm gage supply pressure plot, everything is at atmospheripressure. The only thing that an be drawn from that data set is that sensor noise does not seemsigni�ant, being less than 0:05 atm in magnitude.However, the other plots require some more interpretation in order to be learly understood.With the enoder set to 2000 ounts per revolution, eah plot shows three omplete revolutions ofthe ontrol rotor within its stator: 0-2000 ounts, 2000-4000 ounts, and 4000-6000 ounts. Considerone suh revolution, from 0 to 2000 ounts. Beause the rotor has three blades, the plots shouldexhibit three distint peaks over one revolution. In partiular, the ranges of 400-600 ounts, 1100-1300 ounts, and 1700-1900 ounts orrespond to when the supply is harging the load, as shownat the left of Figure 3.2, while the ranges of 100-300 ounts, 700-900 ounts, and 1400-1600 ounts
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57examination of the �gure, it is lear, for eah supply pressure greater than atmospheri pressure,that eah plot must show three peaks per revolution, and that there are indeed three revolutions ineah plot. Ignoring the stikiness of the rotor that is evident in the uppermost plot around 2000ounts and the orresponding stikiness in the 2 atm gage plot, the peak positive urrent requiredto hold the ontrol rotor in its urrent angular position is 75 mA, when the absolute supply pressureis nominally 5 atm. From Figure 3.7, this orresponds to a torque of 2:2 mNm.The bottom line is that, for the prototype with its nominal ontrol rotor diameter of12:7 mm, the ontrol setion exerts a torque of 2:2 mNm, when the supply pressure is 5 atmabsolute.For a sanity hek, we an ompare this maximum experimentally determined torque of2:2 mNm to that alulated using Equation 3.1. This maximum torque would our when themass ow rate is a maximum, whih happens when the air at supply pressure rushes into the loadhamber, initially at atmospheri pressure. With a supply pressure of 5 atm absolute, the mass owrate _montrol through the ontrol port ori�e of 1:6 mm diameter is then 1:4 � 10�3 kg=s. Sine theow is hoked, the veloity at 293K is then 343 m=s, with a orresponding fore of 0:17 N and atorque of 1:1 mNm ating on a rotor radius of 6:35 mm. Amazingly, this is within a fator of 2 ofthe experimental result, although the astute reader will wonder if suh a alulation is appliable tothe results of a stati test, espeially sine the ow into the load should have gone to zero, assumingleaks are small. However, as pointed out above, the peaks in the test orrespond to points whenthe supply port is diretly onneted to an exhaust port, as shown in the rightmost drawing ofFigure 3.2. And it is this ondition that is assumed in the theoretial alulation, so although thepeak torque value does not diretly orrespond to the ase of the supply harging the load, it doesgive a measure of the magnitude of that torque. So the peak torque value is atually a relevant anduseful number to have been determined both theoretially and experimentally in this fashion.Beause the peaks in the ommanded motor urrent orrespond to points when the supplyport is onneted to an exhaust port| a situation whih mimis that whih happens initially when
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Figure 3.12: Pneumati onnetions for testing the TBV drive setion. Note that supply pressureis measured at one of the four supply ports of the drive stator, and also that eah of the pneumatitubes that onneting the manifold to one of supply ports is of equal length.3.2.2 Drive Setion, Experimental ResultsThe drive setion was also tested in a similar fashion, by �rst mounting the drive rotor sothat it spun freely in its mathed stator, and then oupling the assembly to the motor. Next, thefour supply ports were onneted to a ommon air supply, as shematially shown in Figure 3.12.Finally, a simple proportional ontrol loop ommanded the drive rotor to various angular positions,and the holding urrent reorded for those positions. For eah of the supply pressures from 0 atmgage to 4 atm gage, the motor drove the rotor through three revolutions, and the average holdingurrent was plotted in Figure 3.13.For orret operation of the TBV, we must hoose the drive setion to exert enough torqueto break the ontrol setion away from its point of maximum torque. Sine the ontrol setion wasdetermined to exert a maximum torque of 2:2 mNm, we add in a margin of safety and require thedrive setion to generate 50% more torque in magnitude; this allows the drive setion to performas advertised and atually drive the ontrol setion. For the purposes of this analysis, we onsultFigure 3.7 and selet the torque orresponding to a motor urrent of 100 mA; this torque is then3:1 mNm. From Figure 3.13, we know that the drive setion an generate an average torque of3:1 mNm with a nominal supply pressure of 3:5 atm gage, so this value is not a problem.For those interested in how well theory predits reality, with a drive port diameter of
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Figure 3.13: Drive setion: average motor urrent required to hold urrent angular position, plottedas a funtion of supply pressure.



611:6 mm, an upstream pressure of 4:5 atm absolute, a downstream atmospheri pressure, and ahoked ow, the orresponding mass ow rate is 1:3 � 10�3 kg=s, and Equation 3.2 predits a torqueof 4:3 mNm, whih is remarkable lose to experimental reality.3.2.3 Brake Setion, Experimental ResultsFor the brake setion, the simple band brake provides an unompliated means of slowingand stopping the rotors. A prototype band brake was onstruted, onsisting of a brass brake rotorpress-�t onto a shaft, and �tted between two base plates held apart by spaer tubing. A strip ofstainless steel shim stok served as the band, anhored to one of the base plates.Two opposing fores must be applied to the opposite ends of the band in order to slow orstop the rotor. However, one of these fores{ the one at the end of the band in the same diretionas the diretion of rotation{ is muh less than the other.For testing purposes, the brake setion was driven by the same motor/shaft enoder usedin driving the ontrol and drive setions. With the motor and brake assembly mounted horizontally,standard weights were hung from one end of the band, as shown in Figure 3.14. A simple propor-tional ontrol loop was used to drive the rotor to various angular positions, and ommanded motorurrent reorded for eah of those positions. Three revolutions with eah weight were reorded. Theommanded urrent was limited to 250 mA; the test terminated when 66:6 mN was applied to bandbrake, and the ommanded urrent railed into this limit. The average motor urrent required overthe three revolutions for a given weight was then plotted in Figure 3.15.3.2.4 Theoretial Mehanial Power Required for Band BrakeWe �nd that a ommanded motor urrent of 100 mA an ounterbalane a brake fore ofapproximately 40 mN. Extrapolating from the same data, an Fmin of 80 mN must be applied tothe band brake, 40 mN to generate the torque to oppose the drive setion in the worst ase, and



62

band brake

motor
shaft
encoder

brake
section

stator

rotor

shaft

bearing

shaft
coupler

weightFigure 3.14: Illustrating the testing of the TBV brake setion. The motor and brake assembly aremounted horizontally, with weights hung o� the end of the band brake.another 40 mN to slow the rotor down to a stop.1As the minimum fore is doubled to Fmin = 80 mN, the torque to be generated by theband brake must also be doubled to 6:2 mNm. The torque � is related to the fores at both ends ofthe band brake by the relation: � = r(Fmax � Fmin)for a rotor radius r of 6:35 mm, the minimum fore of 80 mN, and the torque of 6:2 mNm, theresulting value of the maximum fore is then Fmax = 1:1 N.In addition, the minimum band brake fore Fmin applied at one end of the band is relatedto the maximum band brake fore Fmax byFmax = Fmine��where � is the oeÆient of frition and � is the angle that the band subtends as it wraps aroundthe rotor. With a maximum fore of 1:1 N, a minimum fore of 80 mN, and a wrap angle of 240Æ,1Seletion of the fores in this manner implies that the starting time and the stopping time are equivalent, sinethe magnitudes of the torque from the drive setion will be equal to the magnitude of the torque from the brakesetion.
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Figure 3.16: Di�erential element of band brake.� is experimentally found to be 0:62 for brass on stainless steel.We also need to determine the length by whih the band strethes when these two foresare applied to its ends. Considering a di�erential element of the band brake, there are four foresating upon it, as shown in Figure 3.16: two largely opposing fores F and F + dF ating at theends of the element, another fore T ating normal to the band, and fore � ating parallel to theband. Assuming dF = � is small enough to be negleted, and that T an also be negleted sine itis perpendiular to the diretion of strain, the elongation of the band � is:� = Z L0 �(s)ds= Z 240360 2�0 �(�)rd�= Z 240360 2�0 F (�)AE rd�= Z 240360 2�0 Fmine��AE rd�= rFminAE 1�e��j 240360 2�0= rFminAE 1� (e� 240360 2� � 1)= r�AE (Fmax � Fmin)With a maximum fore Fmax of 1:1 N, a minimum fore Fmin of 80 mN, a frition fator � of 0:62,a ross setional area A of 5 mm by 25:4 �m, the Young's modulus of stainless steel at 210 GPa,



65and a rotor radius of 6:35 mm, the resulting elongation � is 0:38 �m. This assumes that the bandbrake is hosen as short as possible, with a length of 26:7 mm, the ar length that results from thewrap angle above and the rotor radius.Lest the 0:4 �m �gure be ontested, a bak of the envelope alulation an be made toshow its feasibility. Suppose the band brake experienes a fore of 1:1 N down its entire length.The strain of the band is then � = �E = FAE , and the orresponding elongation is � = L� = LFAE .Substituting the same values as above, with a length of 26:7 mm, the displaement is 1:1 �m. Sinethis is supposed to be an upper bound on the true displaement, the 0:38 �m value seems morereasonable.The theoretial energy used by the brake over a single yle is the produt of Fmin andthis displaement, and if the brake is to applied at a frequeny of 200 Hz, the mehanial powerrequired is 6:2 �W.Our �gure of merit for this atuator is the power gain at 100 Hz, the power gain beingde�ned as the ratio of the uid power ontrolled and the power neessary for braking. However, we�rst need to determine the uid power.For the prototype, air at an absolute pressure of 5 atm ows through hannels with adiameter of 1:6 mm. The maximum power delivered to an ideal dissipative load, as disussed inSetion 1.4, ours when the absolute load pressure is 3:6 atm, with a orresponding volume ow of0:27 l=s and a veloity of 230 m=s. The power delivered to the load is 72 W.With the power gain de�ned as the ratio of the output power to the input power, this givesus an insane power gain of 1:2 � 107 at 100 Hz.For omparison, onsider a DC motor that ats as both drive and brake setions, drivingthe ontrol setion. Beause the motor an brake itself, the maximum neessary torque is half thatrequired of the brake setion, or 3:1 mNm. Beause the drive setion has three blades, the requiredangular veloity is one third of nominal frequeny of atuation, or 2� 1003 rad=s. The power to themotor is then their produt, or 0:65 W, and the orresponding power gain is 110.



66Comparison of the two power gains reveals that the idea of the brake has merit{ the TBVtheoretially uses �ve orders of magnitude less power than a DC motor diretly driving the ontrolsetion. Although a pratial implementation will ertainly use more power, even having an order ofmagnitude power redution is signi�ant. Comparable 0:5 W Maxon motors are available at 12 mmdiameters, with lengths of 17 mm. With appropriate design, the entire TBV ould be fabriated toapproximately the same dimensions, 2 but require signi�antly less mehanial power to ontrol thesame amount of uid power.On the other hand, this analysis assumes that there is enough slak in the band for therotor to spin freely when the brake is not engaged. An atual implementation of the band brakewould require muh more are in the onstrution and atuation of the brake setion.3.2.5 Theoretial Atuation by Piezoeletri StakFrom the previous setion, the theoretial band displaement was determined to be 0:4 �m.However, we have not yet addressed atuation of the band brake itself. To ground this disussionin a bit more reality, we assume that a 1 mm by 1 mm by 10 mm piezoeletri stak of PZT-5H isused to atuate the band brake. Consulting the produt literature for [Morgan-Matro℄ gives thematerial parameters and relations for atuator in this setion.Assuming a layer thikness of 200 �m, this gives a stak with 50 layers. Considering thetheoretial band displaement, we give ourselves a huge margin of safety, and require the piezo tomove 5 �m. This is a strain of 5 � 10�4.With this displaement, we an �gure out the neessary voltage that should be applied tothe stak. Sine the displaement x is just the produt of the voltage, the number of layers N , andmaterial parameter d33, the voltage is then: V = xNd332The integrated prototype, with press-�t bloks joining the three setions together, stands 35 mm in height, butmore than 10 mm is exess due to overdesign.



67With a displaement of 5 �m, an N of 50, and a d33 of 593 � 10�12, the voltage V should then be170 V. Fortunately, this value is below the maximum voltage of 200 V, assuming that the maximum�eld is 1 kV=mm over a layer thikness of 200 �m.The bloked fore generated by the piezo Fblok is:Fblok = �ASe33where � is the strain, A is the stak ross setional area, and SE33 is the material ompliane. Withan � of 5 � 10�4, an A of 1 mm2, and an SE33 of 20:8 � 10�12 m2=N, the bloked fore is 24 N, morethan enough to atuate the band brake.The �nal quantity to hek is the power onsumed by the piezo. First, we determine thepiezo apaitane C: C = NKT33�0Atwhere KT33 is the material dieletri onstant, �0 is the free spae dieletri onstant, A is the stakross setional area, N is the number of layers, and t is the layer thikness. With a KT33 of 3400, an�0 of 8:85 � 10�12F=m, an A of 1 mm2, an N of 25, and a t of 200 �m, we arrive at a apaitane of7:5 nF. The power onsumed by the piezo is then:P = CV 2fWith the apaitane and applied voltage from above, at 200 Hz we �nd a power onsumption of43 mW. The resulting power gain is then a slightly more down to earth value of 1:7 � 103.Note that harge reovery tehniques using an indutor and a pair of swithes an reduepower onsumption by an additional fator of �ve, so a power onsumption of less than 10 mWwould be reasonable.



683.2.6 Theoretial Atuation by Piezoeletri BimorphOn the other hand, the stak with its surfeit of fore is slightly overpowered for the job.Perhaps a better �t would be if the brake setion were to be atuated by a parallel piezoeletribimorph. One again, onsulting the produt literature [Morgan-Matro℄ leads us to the relevantmaterial parameters and relations.Consider a parallel piezoeletri bimorph of dimensions 5 mm by 4 mm by 0:5 mm, withan applied voltage of 100 V, the free deetion y at the tip of the bimorph is given by:y = 3d31V L2t2where d31 is a material parameter relating the applied voltage to the displaement, V is the appliedvoltage, L is the bimorph length, and t is the bimorph thikness. For a d31 of 274 � 10�12 m=V, thedisplaement is 8:2 �m.3The bloked fore Fb is given by:Fb = 12Ed31V WtLwhere E is the Young's modulus, d31 is the same material parameter as before, V is the appliedvoltage, W is the bimorph width, L is the bimorph length, and t is the bimorph thikness. With anE of 5 � 1010 N=m2 and all other values given above, the bloked fore is 270 mN.If we assume that we operate in a regime where half the bloked fore results in a displae-ment of half the free deetion, then the bimorph an atuate the brake setion.The apaitane of the bimorph an be found by using:C = 2KT33�0WLtwhere KT33 is the material dieletri onstant, �0 is the free spae dieletri onstant, W is thebimorph width, L is the bimorph length, and t is the bimorph thikness. With a KT33 of 3400, an �0of 8:85 � 10�12F=m, and the piezoeletri dimensions given above, the apaitane is 2:4 nF.3The maximum voltage aross the bimorph is the maximum �eld of 106 V=m, over a thikness of 0:25 mm, or250 V.



69The power onsumed by the piezo is then:P = CV 2fWith an f of 200 Hz, and the rest of the values above, the power onsumed by the bimorph is then4:8 mW, and ould be on the order of 1 mW with appropriate harge reovery tehniques.The orresponding power gain for the valve with bimorph atuation is then 1:5 � 104, whihis higher than that using the stak, beause the bimorph is sized muh more losely to the task athand. The resonant frequeny of the piezoeletri bimorph sets a lower bound on the atuationspeed of the bimorph. This resonant frequeny fr is given by:fr = N1t3L2where t is the bimorph thikness, L is the bimorph length, and N1 is a material frequeny onstant.For PZT-5H, N1 is 1420 Hzm. The resulting resonant frequeny is 9:5 kHz, giving a bimorphatuation time of 0:11 ms.3.2.7 Summary of Prototype Theoretial AnalysisThe valve, using a uid drive setion and a stak-atuated brake setion, has a power gain15 times greater than that of the ontrol setion diretly driven by a DC motor.The valve, using a uid drive setion and a bimorph-atuated brake setion, has a powergain 140 times greater than that of the ontrol setion diretly driven by a DC motor.Note that these numbers were obtained by extrapolating from DC values obtained from a5:1 sale prototype. Of partiular onern is the brake setion, whose orret operation is ritial;theoretially, the numbers work out, but pratially having a band riding just 1 �m or so awayfrom the spinning rotor without jamming is asking for trouble. One the brake has been engaged,disengaging it may prove to be problemati. To overome suh a diÆulty, an atuator with larger
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Figure 3.17: Illustrating the testing of the integrated TBV. Braking atuation is performed by avoie oil atuator pulling on the band brake.stroke but little fore for most of the stroke an be employed using a am or toggle mehanism todisengage the brake.Note also that the above analysis was performed assuming an unbalaned ontrol setion.If the ontrol setion had been balaned to redue the torque from jet fores, both the drive torquerequired to aelerate the rotor assembly and the brake torque required to deelerate that assemblywould be orrespondingly redued. Therefore, it is assumed that power gains in the balaned asewill sale appropriately.3.2.8 Experimental Results for Integrated PrototypeCalulations are nie, but having atual data is even better. In order to determine ifa omplete TBV ould operate at all, the three setions were integrated together, as shown inFigure 3.17. Although pneumati onnetions are not shown, the onnetions for both the ontroland drive setions are the same as shown in Figures 3.8 and 3.12. To ensure that the brake wasatually disengaged, the brake setion was atuated with a voie oil atuator (VCA) instead of apiezoeletri atuator.Tests on the integrated prototype were performed by turning up the supply pressure of the



71ontrol setion to approximately 1:25 atm gage, turning up the supply pressure of the drive setionto break the ontrol rotor away from its equilibrium position, and then atuating the brake setionwith a square wave at 28 Hz and a duty yle of 75%. Note that this test was open loop, with thesignal driving the VCA from a funtion generator.The atuating square wave, VCA position, enoder ount, and load pressure are plotted inFigure 3.18.As the uppermost plot of Figure 3.18 shows, the band brake is disengaged when no urrentis driven through the VCA, and engaged otherwise. The VCA position is unfortunately unalibrated,so although no quantitative onlusion an be drawn, it is obvious that the brake does not smoothlyengage, but exhibits a seond order response as it bounes into its �nal engaged position. Notethat the angular position in the thirdmost plot of Figure 3.18 is approximately equivalent to thatskethed in Figure 3.5.The inertia of the solid brake disk Jdisk is �2 �r4h, where � is the density, r is the disk radius,and h is the disk height. The inertia of the three bladed rotor J3blade, with eah blade oupying a�3 rad setor, is �4 �r4h, where � is the density, r is the rotor radius, and h is the rotor height. Thetotal inertia of the rotor assembly J is then 2J3blade + Jdisk. For the original brass rotors with adensity of 8:47 g=m3, a radius of 6:35 mm, and a height of 5 mm, the inertia J is 2:2 � 10�7 kgm2.Following the development of Subsetion 3.1.4, the time required to turn �6 rad is 16 ms, and theorresponding turn-on time is 32 ms.To redue inertia, the brass rotors were replaed with ones made of Delrin, with a densityof 1:41 g=m3. The orresponding inertia J is then 3:6 � 10�8 kgm2. The time required to turn �6 radis then 6:5 ms, and the orresponding turn-on time is 13 ms.The pressure sensor has a dead volume of 20 mm3, attahed with 25 mm of 1:6 mm innerdiameter tubing, to make a total volume of 70 mm3. The harging time for the given supply pressureis on the order of 0:25 ms.So it an be determined from the lower two plots of Figure 3.18, that the limiting fator is
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73the slowness of brake atuation.Note that, from the periodiity of the uppermost two plots of Figure 3.18, we expet thebottom plot of load pressure to also be periodi. However, this is not neessarily the ase, as theload pressure is dependent on the angular position of the ontrol rotor. Small variations in thestopping position of the ontrol rotor, unapparent on the plot of the angular position, ould meanthe di�erene between the supply pressure being onneted to or disonneted from the load. Thisis why there is suh a variation in the width of the pulses in the plot of load pressure.3.3 Millisale ExtrapolationIn the previous setion, the 5:1 sale prototype of the TBV was disussed. We now turn toan at-sale version of the TBV and analyze it for feasibility.If we hoose to onstrut the omposite rotor for all three setions out of silion, its density� is 2:33 � 103 kg=m3. Seleting the rotor radius rrotor to be 1 mm and the rotor height hrotor to be1:5 mm, assuming eah of the three setions is 0:5 mm in height, the rotor mass mrotor is ��r2h, or1:1 � 10�5 kg. Assuming a solid rotor, the resulting inertia Jrotor is 12mr2, or 5:5 � 10�12 kgm2.As noted above, Newton's seond law governs the operation of the TBV:Jrotor�� = �drive � �ontrol � �brake � �dampingWe reexamine all three setions of the TBV in turn, utilizing the equations of Setion 3.1,and then inlude other damping terms, suh as visous damping and bearing losses, that werepreviously ignored.3.3.1 Control Setion, Millisale ExtrapolationEstimating the torque from the ontrol setion is problemati. Following the disussion ofthe sliding valve in Subsetion 2.2.2, although the ontrol setion is rotary, the ontrol rotor an be



74thought of as as a sliding valve. With its three bukets, one yle{ onsisting of harging the load,disharging the load, and then returning to the same initial position{ ours over 120Æ or 2:1 rad.Referring bak to the theoretial disussion of Subsetion 3.1.1, assuming that the ontrolsetion has ports of 0:5 mm in diameter, with an absolute supply pressure of 6 atm, the maximumtorque that the ontrol setion an generate ours when the downstream pressure is at 1 atmabsolute, and the ow is hoked so that the maximum air veloity vmax is pkRT , or 343 m=s. Theorresponding mass ow rate _montrol is 1:7 � 10�4 kg=s. Substituting into Equation 3.1, we arriveat a maximum ontrol torque of �ontrol of 21 �Nm.Parameters for an at-sale prototype of the ontrol setion are summarized in Table 3.1.3.3.2 Drive Setion, Millisale ExtrapolationFor the drive setion, an optimisti estimate of the torque obtainable from this setion anbe obtained by referring to Subsetion 3.1.2. Assuming that the absolute drive supply pressure of6 atm is applied over drive ports of 0:5 mm diameter, and that a 2 atm pressure drop ours throughthose ports, the orresponding mass ow rate _mdrive is 1:6 �10�4 kg=s, with a orresponding veloityvdrive of 171 m=s. Substituting into Equation 3.2, we arrive at a maximum drive torque �drive of41 �Nm. Sine this is greater than the ontrol torque �ontrol of 21 �Nm, it is possible to drive theontrol setion with the drive setion. Inluding in the damping terms from Setion 3.3.3, there isstill suÆient torque available.To determine the time required to move the ontrol setion to turn on or turn o� the valve,we employ Equation 3.3. Taking the worst ase torque as the drive torque, less the torques from theontrol setion and the various bearing torques alulated in the next setion, �t is 0:65 ms. Theturn-on/turn-o� time is then twie this, or 1:3 ms.Parameters for an at-sale prototype of the ontrol setion are summarized in Table 3.1.
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parameter symbol valuerotor radius rrotor 1 mmtotal rotor height hrotor 1:5 mmrotor mass mrotor 1:1 � 10�5 kgrotor inertia Jrotor 5:5 � 10�12 kgm2shaft radius rshaft 0:5 mmair temperature T 293 Kair gas onstant R 287 J=kgKratio of spei� heats k 1.4upstream ontrol pressure Pup;ontrol 6 atm absdownstream ontrol pressure, Pdown;ontrol 1 atm absworst aseontrol port diameter 0:5 mmmaximum mass ow rate _montrol 1:7 � 10�4 kg=sthrough ontrol portjet veloity vontrol 343 m=s, hokedontrol torque �ontrol 21 �Nmdrive port diameter 0:5 mmupstream drive pressure Pup;drive 3 atm absdownstream drive pressure Pdown;drive 1 atm absmass ow rate _mdrive 8:5 � 10�5 kg=sthrough drive portjet veloity vdrive 343 m=s, hokedjet fore Fjet 29 mNaverage number of jets kjet;avg 1:5drive torque �drive 44 �Nmturn-on/turn-o� time 2�t 1:3 msTable 3.1: Summary of parameters for ontrol and drive setions of a proposed at-sale prototypeof the TBV.
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Figure 3.19: Visous damping on the end of the rotor. Assuming that the veloity pro�le is linear,the veloity on the end ve(r) is skethed as shown, with de being the end learane.3.3.3 Other Damping Terms for Millisale ExtrapolationThere are other fators reduing the torque available to drive the TBV. The two primaryones are visous damping of the rotor due to the air in the learane between the rotor and thestator, and bearing frition from the two bearings upon whih the rotor shaft is mounted.To determine the visous damping on the rotor, we follow the analysis presented in[Field, 1991℄, and �rst examine the damping at the ends of rotor, and then the damping on thesidewall of the rotor.For the ends of the rotor, onsider the rotor in its housing, as shown in Figure 3.19.Adopting a ylindrial oordinate system and assuming a linear veloity pro�le, the magnitude ofthe veloity on the ends of the rotor ve(r; z) is:ve(r; z) = zde!rwith de de�ned as the end learane, ! the angular veloity of the rotor, and R the rotor radius.On the ends of the rotor, a di�erential area element dA experienes a torque d� equal to �z�rdA,where �z� is the shear stress, on a plane with its normal in the z diretion, ating in the � diretion.In this ase, �z� is related to the veloity gradient in the z diretion by�z� = �dvedz = 1de�!r
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Figure 3.20: Visous damping on the sidewall of the rotor. Assuming that the veloity pro�le islinear, the veloity on the sidewall vs(r) is skethed as shown, with ds being the sidewall learane.where � is the visosity of air. Integrating over the end of the rotor, the visous damping torque�vd;e is �vd;e = Z Z �z�rdA= Z r2r1 Z 2�0 1de�!r2rdrd�= �2 �de (r42 � r41)!With a � of 1:8 � 10�5 Ns=m2, a learane de of 5 �m, an inner radius r1 of 500 �m, and an outerradius of r2 of 1 mm, the visous damping term an be redued to �vd;e = Kvd;e!, where Kvd;e is5:3 � 10�12 Nsm.On the sidewall of the rotor, adopting a ylindrial oordinate system and assuming a linearveloity pro�le, the veloity on the sidewall vs(r) is:vs(r) = R+ ds � rds !Rwith ds de�ned as the sidewall learane, ! the angular veloity of the rotor, and R the rotor radius.A sidewall area element experienes a torque �vd;s proportional to the shear stress �rr, ona plane normal to the r diretion, ating in the r diretion. The magnitude of �rr is related to the



78veloity gradient in the r diretion by the visosity of air �:j�rrj = �jdvsdr j = 1ds�!RGiven the rotor radius R and the rotor height h, the torque �vd;s is then:�vd;s = j�rrjRA = ( 1ds�!R)R(2�Rh) = 2��R3hds !With a � of 1:8 � 10�5 Ns=m2, a learane ds of 5 �m, a rotor radius R of 1 mm, and a rotorheight h of 1:5 mm, the visous damping term an be redued to �vd;s = Kvd;s!, where Kvd;s is3:4 � 10�11 Nsm.The total visous damping torque �vd is then�vd = Kvd!where Kvd = 2Kvd;e +Kvd;s, beause there are two ends and one sidewall. With the values above,Kvd is 4:5 � 10�11 Nsm.However, even if the angular veloity is 5000 rad=s, the resulting visous damping torqueis only on the order of 0:22 �Nm in magnitude, whih is negligible ompared to the torques fromthe ontrol, drive, or brake setions.Although visous damping an be negleted, bearing frition is of greater onern. From[RMB Bearings℄, a starting torque of 18 �Nm is required to overome the frition in a UL1304Xstainless steel radial bearing with an applied radial load of 0:75 N. Throughout the rest of thissetion, it is assumed that the applied radial load is linear with the starting torque.The trik is now to determine the worst ase radial load from eah setion. For the ontrolrotor, this ours when one of the bukets sits diretly opposite the supply port and a pressure drop�P of 5 atm ours, putting a radial load of A�P on the bearing. From geometrial onsiderations,eah of the three bukets has an angular measure of �2 , leading to an area A of �2 rh where r is theinner radius of the rotor and h is the rotor setion height. For an inner radius of 0:5 mm, and asetion height of 0:5 mm, this gives a radial load of 0:20 N, whih translates into a starting torqueof 4:8 �Nm. This is appreiable ompared to the ontrol torque.



79For the drive rotor, the worst ase radial load ours when one of the jet ports is blokedby the rotor. With an upstream pressure of 3 atm absolute and a downstream atmospheri pressureaross a ross setional area of 0:5 mm in diameter, the radial load is 40 mN, orresponding to afrition torque of 0:95 �Nm. This is negligible, ompared to both ontrol and drive torques.For the brake rotor, assuming a band brake, the worst ase radial load is dependent on thefore on the band. For a wrap angle of 300Æ and a frition oeÆient of 0:25, the worst ase radialload is 0:14 N, orresponding to a frition torque of 3:3 �Nm. This is also appreiable ompared tothe ontrol torque.Appropriate design an redue eah of these radial loads, and onsequently lower the start-ing torque required for the bearing. For the ontrol rotor, swithing to a two buket ontrol rotorwith two supply ports, two load ports, and two exhaust ports leads to a radially balaned rotor.This however doubles the ontrol torque and inreases atuation time. For the drive rotor, moresupply ports and blades an be introdued, as long as the ratio of ports to blades remains nn�1 . Forthe brake rotor, three band brakes an be used| one in the middle pulling to one side, and twoothers above and below the middle band, pulling to the other side.Parameters for damping are given in Table 3.2.3.3.4 Brake Setion, Millisale ExtrapolationFor the brake setion, we selet the same band brake of 1 mil stainless steel used in theanalysis of the prototype. To size the brake setion appropriately, we hoose the starting time to beequal to the stopping time; that is, the time to spin the rotor up from rest to a maximum speed isequivalent to the time to spin the rotor down from that maximum speed bak to rest. Following thedisussion in Subsetions 3.2.1 and 3.2.4, we need only have brake torque be twie the drive torque.The required brake torque is then 87 �Nm.For the purposes of alulation, we use a PZT-5H stak to atuate the band brake, witha safety margin of 3 in the displaement. Following an analysis similar to that of the prototype



80parameter symbol valueend learane de 5 �msidewall learane ds 5 �mvisous damping onstant Kvd;e 5:3 � 10�12 Nmfrom end of rotorvisous damping onstant Kvd;s 3:4 � 10�11 Nmfrom sidewall of rotortotal visous damping Kvd 4:5 � 10�11 Nmonstantvisous damping torque �vd 0:22 �Nmat ! = 5000 rad=sworst ase radial loadfrom ontrol setion 0:20 Nfrom drive setion 0:040 Nfrom brake setion 0:14 Nworst ase starting torquefrom ontrol setion 4:8 �Nmfrom drive setion 0:95 �Nmfrom brake setion 3:3 �NmTable 3.2: Summary of parameters for damping torques of an at-sale prototype of the TBV.presented above, we summarize the results in Table 3.3. The bottom line is that the stak willonsume 0:90 mW, with a power gain of 1:0 � 104 at 100 Hz.The stak is tremendously overpowered for the appliation at hand. Suppose we replaethe stak with a piezoeletri bimorph, following Subsetion 3.2.6. Assuming a desired fore equalto that of the minimum brake fore and a desired displaement with a safety fator of 3, the resultsare summarized in Table 3.4.In omparison, onsider a piezoeletri bimorph sitting over a 0:5 mm diameter ori�e,ontrolling air at a supply pressure of 6 atm absolute. The resulting ap valve is one of the simplestpossible seating valves, with a maximum fore A�P of 99 mN and a maximum displaement D4 of125 �m. Following the equations of Setion 3.2.6, we an searh for a bimorph that an atuate theap valve while onsuming minimum power. Sweeping the length from 1 to 25 mm in inrements of0:5 mm, the width from 1 to 10 mm in inrements of 0:5 mm, and the thikness from 0.1 to 2 mmin inrements of 0:1 mm, the results are summarized in Table 3.5. Comparing the resulting power



81parameter valuebrake torque 87 �Nmmaximum brake fore 120 mNminimum brake fore 32 mNbrake frition 0:25band width 0:5 mmband thikness 1 mil, or 25:4 �mwrap angle 300Æband length 5:2 mmYoung's modulus 2:1 � 1011N=m2band displaement 0:13 �mbrake energy per yle 4:3 nJbrake frequeny 200 Hztheoretial brake power required 0:85 �Wuid power ontrolled 9:1 Wtheoretial power gain 1:1 � 107piezo stak dimensions 0:5 mm by 0:5 mm by 3:0 mmlayer thikness 200 �mnumber of layers 15stak maximum voltage 200 Vstak applied voltage 89 Vstak free displaement 0:8 �mstak strain 2:7 � 10�4stak bloked fore 3:2 Nstak apaitane 0:56 nFstak power at 200 Hz 0:90 mWpower gain at 100 Hz with stak 1:0 � 104Table 3.3: Parameter summary of theoretial PZT-5H stak atuation of stainless steel band brakefor at-sale TBV.parameter valuedesired fore 32 mNdesired displaement 0:4 �mbimorph dimensions 4 mm by 1:8 mm by 0:7 mmapplied voltage 30 Vbloked fore 65 mNfree displaement 80 �mresonant frequeny 21 kHzbimorph atuation time 0:048 msbimorph power at 200 Hz 56 �Wpower gain at 100 Hz with bimorph 1:6 � 105Table 3.4: Parameter summary of theoretial PZT-5H bimorph atuation of stainless steel bandbrake for at-sale TBV.



82parameter valuedesired fore 99 mNdesired displaement 125 �mbimorph dimensions 17:5 mm by 8 mm by 0:4 mmapplied voltage 160 Vbloked fore 200 mNfree displaement 252 �mbimorph resonant frequeny 620 Hzbimorph atuation time 1:6 mspower onsumption at 100 Hz 54 mWTable 3.5: Parameter summary of theoretial PZT-5H bimorph atuation of ap valve.parameter as built projetedturn-on time, turn-o� time 20 ms 1:1 mson/o� pressure ratio � 20 � 20ori�e diameter 1:6 mm diameter 0:5 mmvolume ow rate 0:28 l=s 0:028 l=ssupply pressure 5 atm 6 atmworking pressure 2:6 atm 3:2 atmontrolled uid power 72 W 9:1 Wideal atuation power 6:2 �W 0:85 �Wtheoretial brake power 4:8 mW 56 �Wusing bimorph at 200 Hzpower gain using brake 15 000 160 000dimensions 25 mm diameter, 17 mm height 5 mm, 3 mm, 2 mmvolume 33000 mm3 18 mm3Table 3.6: Turbine brake valve parameter summary.onsumption to that of the bimorph required for the TBV band brake, it appears as if we an realizea three order of magnitude savings in power onsumption.3.4 Conlusions/SummaryTable 3.6 provides a brief summary of the data presented in this hapter.Though this implementation of a self-driven design seems to be suessful at the prototypesale, there are a number of issues that need to be resolved:� Tight learanes are required to ensure that leaks are negligible.



83� In order to preserve tight learanes, alignment between setions is ritial.� To preserve alignment and redue fritional losses, bearings are required, inreasing volumeand ost.� Cruial to the operation of the band brake is that it not jam. Unfortunately, ensuring thatthe band remains just o� the brake rotor until the brake is engaged is nontrivial; having anatuator that would provide minimum fore over a large displaement for full disengagementand maximum fore over a small displaement to full engagement would be useful.� The lifetime of the TBV is also an unresolved question. Wear on the stainless steel band andbrake rotor were observed in the operation of the integrated prototype, and suh wear notonly redues the lifetime of the devie, but also neessitates that the brake atuator be able tohandle the extra displaement required to engage the brake as the brake rotor shrinks in size.� Angular position needs to be sensed, so that ontrol an be e�etive. A potential solution tothis problem that requires no sensing would be the addition of another setion to the valve,with appropriate detents. These detents ould be aligned with the ontrol setion so that thedrive setion just needs to overome the uid torque from the ontrol setion and the additionaltorque imposed by the detents.However, ompare the 56 mm3 volume of the piezoeletri bimorph for the ap valve with the5:0 mm3 of the brake bimorph. The order of magnitude redution in atuator volume might beworth overoming the above problems.Although the TBV seems to be a reasonable design, the design tradeo�s between the tightlearanes required to keep leakage low and the bearing play that widens those learanes, oupledwith the problem of aligning the entire rotor so that it does not jam in the stator, make the design lessappealing. In the next hapter, we explore another design that attempts to remedy these problems.
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Chapter 4
Pneumati Osillator andEletrostati Clamp

The turbine brake valve requires bearings in order to maintain the neessary learane sealson the ontrol setion, and brake wear ertainly redues the overall lifetime of the valve.Following the terminology introdued at the end of Chapter 2, we propose a hybrid atuatorwith a pneumati osillator as the seondary atuator and a eletrostati lamp as the primaryatuator. By lamping the osillator at the extremes of its motion, the hybrid atuator an beturned on and o�. The osillator/lamp design ombines the simpliity of a seating valve with theadvantage of a brake atuator that needs zero displaement.In our design, the pneumati osillator has a membrane that moves bak and forth as thepressure di�erene aross the membrane hanges. As the membrane moves to one side, a magnetembedded in the membrane triggers a magnetially-atuated valve to swith open. Beause ofpositive feedbak, opening the valve alters the pressure di�erene aross the membrane, foringit bak. The magnet then moves away from the valve, losing it again. The pressure di�erenefalls again as air disharges through an ori�e, and the membrane moves towards the valve again,



85repeating the yle.By lamping the membrane at either end of its range of travel, the osillator an be stopped.This lamping an be aomplished by an eletrostati atuator. By energizing the lamp at theappropriate time, the osillation frequeny an be modulated. Beause the membrane is moved bythe osillator and not the eletrostati primary atuator, the primary only needs to lamp and holdthe membrane.For the 10:1 sale prototype that was onstruted, at 5 Hz, suh a primary atuator on-sumes a theoretial 0:22 mW. For omparison, onsider the Hoerbiger-Origa Piezo 2000, a ommer-ially available diretly-driven valve, that onsumes 0:14 mW at the same frequeny, at an operatingpressure of 2:2 atm absolute with nominal ow rate of 25 ml=s[Hoerbiger-Origa℄. It is expeted thatan at-sale prototype would have a lower power onsumption.In this hapter, we report on progress towards fabriating suh a hybrid atuator, intendedto operate at 100 Hz with a stroke of 0:5 mm and a peak fore of 100 mN. We have demonstratedoperation of a 40x40x30 mm3 osillator at 5 � 6 Hz with a stroke of 2:5 mm and a peak fore of1:1 N.4.1 Osillator, Theoretial BasisWe begin with an eletrial analogue to a pneumati osillator, as shown in Figure 4.1. Theoperational ampli�er and three lower resistors form a Shmitt trigger, whose output swithes from5 V to 0 V as the voltage on the inverting terminal rises past 3:75 V, and from 0 V bak to 5 V asthe inverting voltage falls below 1:25 V. With the addition of a resistor and apaitor ombinationonneting the output voltage to the inverting terminal, a self-starting eletrial osillator is formed.Assuming the output voltage is initially at 5 V and the apaitor is initially unharged, the apaitorharges up until the inverting terminal voltage rises above 3:75 V. The output voltage then falls to0 V, disharging the apaitor; when the apaitor voltage falls to 1:25 V, the output voltage swithes



86again to 5 V, and the yle repeats. The osillation frequeny is ontrolled by the time onstant ofthe resistor-apaitor ombination, as well as the swithing voltages of the Shmitt trigger positivefeedbak, and the supply voltage.
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Figure 4.1: An eletrial analogue to a pneumati osillator. The Shmitt trigger at left swithesat 1:25 V and 3:75 V. Adding a resistor and apaitor gives the eletrial osillator at right. Thewaveforms for Vout and the voltage aross apaitor C are also skethed.The key elements of the eletrial osillator are the Shmitt trigger with its hystereti relayharateristi, and the apaitor with its integrating ation. A pneumati osillator should thenhave both of these elements, with mehanial feedbak between the pressure in the aumulator andwhatever serves as the relay.A pressure-atuated normally losed diaphragm valve ould realize that relay harater-isti, with the appropriate diaphragm design prestressed so that it opens above a ertain pressureand loses below a lower pressure. However, it was felt that ritial elements should be material-independent and repeatedly realizable.Fortunately, there are other ways to provide the desired harateristi; for instane, a single-ended pneumati ylinder whose rod is mehanially attahed to a normally losed valve forms apressure atuated valve. Hysteresis an then be added by putting detents on the rod with the right



87spring loading, so that the rod stays in one of two positions. This is illustrated in Figure 4.2. If the
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PrFigure 4.2: A pneumati relay with hysteresis an be onstruted from a single-ended pneumatiylinder and two-position normally-losed valve (left). The valve is mehanially onneted to theylinder, and the detents on the rod result in the hystereti relay transfer funtion between thepressure di�erene aross the ylinder piston and the ow through the valve (right).piston has ross setional area A and the fore required to move between the detents is Fd, whenPb � Pr is greater than Fd=A, the valve should open, assuming the rod oupies negligible area onthe fae of the piston. When the pressure di�erene is less than �Fd=A, the valve should lose. Thisgives the desired hystereti relay transfer funtion.With the appropriate onnetions, the relay above an then be turned into an osillator.First, the valve inlet is onneted to the air supply, and the valve outlet to the rod side of theylinder, where ow through the valve harges the ylinder, losing the valve when the ylinderpressure reahes a ritial value. Seond, the blind side of the ylinder is onneted a pressurereferene that ensures the valve will tend to be opened; this is analogous to the voltage divider inthe Shmitt trigger of Figure 4.1. Finally, ori�es are added to disharge the ylinder rod side andlimit the harging rate through the valve. The resulting pneumati iruit is shown in Figure 4.3.4.2 Osillator, ImplementationA realization of the pneumati iruit of Figure 4.3 is in Figure 4.4. To eliminate leakagebetween the rod and blind sides of ylinder, as well as redue frition e�ets, a moving membraneis substituted for the moving piston. Hysteresis is provided by embedding a permanent magnet inthis membrane, and plaing two steel piees at eah end of the ylinder, instead of using detents.
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Figure 4.3: Pneumati osillator. The rod side of single-ended ylinder C is an aumulator Crwhose pressure alternately rises and falls as the rod travels bak and forth, opening and losingvalve V to harge Cr through restrition R. Cr disharges through Rd. The detents on the rodprovide hysteresis.To eliminate leakage from the ylinder, the mehanial onnetion between the valve and ylinder isreplaed with a magneti one. The valve is made magnetially atuated by fabriating the poppetout of steel; this is the leftmost of the steel piees shown. Note that the hamber formed by themembrane and the valve body, to whih the referene pressure soure is onneted, is referred to asthe referene hamber, and that the hamber to whih the magnetially-atuated valve is attahedis referred to as the working hamber.
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89A more detailed desription of the operation of the osillator is given in the next setion.4.3 Osillator, Simulation and AnalysisThere are a number of equations that govern the resulting system:� the deetion of the membrane due to the pressure di�erene aross the membrane,� the fore from the magnet on the membrane,� the mass ow rate through the magnetially-atuated valve,� the mass ow rate through the disharge ori�e,� and the variable volume ylinder formed by the osillator body and the membrane.Assuming that the membrane moves slowly enough so that quasi-stati approximations apply, thefores on the membrane determine the position of the membrane, whih in turn determines the open-ing or losing of the magnetially-atuated valve. As the pressure di�erene aross the membranehanges with the opening and losing of the valve, the balane of fores hanges, losing the loopand ausing the system to osillate.From [Timoshenko, 1959, p. 69℄, the deetion w of the membrane enter due to a pointload P is: w = Pa216�Dwhere a is the membrane radius, andD = Eh312(1�v2) , with E being the membrane modulus, v Poisson'sratio for the membrane, and h the membrane thikness. From [Hermida, 1998℄, the deetion w ofthe membrane enter due to a pressure di�erene q aross the membrane is:w = �a 3r qaEhwhere � = 0:278 for material with Poisson's ratio of 0:5, a is the membrane radius, E is the membranemodulus, and h is the membrane thikness. Assuming superposition applies, the total deetion ofthe membrane enter is the sum of these two quantities.



90The fore on the membrane is approximated as a point load from the embedded ylindrialmagnet on the steel piees at either end of the ylinder. Following [Magnet Sales and Manufaturing℄to determine this point load, the ux density B(x) at a distane x away from the surfae of aylindrial magnet with radius R and length L is:B(x) = Br2 ( L+ xpR2 + (L+ x)2 � xpR2 + x2 )where Br is the residual ux density of the magnet and the distane is measured along the enterlineof the magnet. In this ase, the ylindrial magnet lies between two steel piees. Assuming that thesteel piees are perfet ferromagneti half-planes, if they are a distane d apart, then one fae of themagnet lies a distane x away from one steel piee and a distane d � L � x away from the other.The ux density is then 2B(x) and 2B(d� L� x), respetively, and the total fore on the magnetis approximately: F = 4B(x)2 � 4B(d� L� x)22�0 Awhere �0 is the magneti permeability and A the ross-setional area of the magnet. A plot of thisfore is given in the bottom half of Figure 4.6.Referring to Figure 4.4, when the membrane has moved ompletely to the left, the embed-ded magnet opens the magnetially-atuated valve. The resulting pneumati model is of an ori�eharging a variable volume ylinder, with another ori�e disharging that ylinder. When the mem-brane has moved ompletely to the right, the magnetially-atuated valve is losed, and the resultingpneumati model is solely of the disharge ori�e emptying the ylinder. The magnetially-atuatedvalve is modeled as either open or losed, open being de�ned as membrane within a small distaneof the leftmost travel of the membrane, and losed being greater than this threshold.Both the open magnetially-atuated valve and the disharge 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
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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 0:44 mW 160 �Wonsumption for at 5 Hz at 100 Hzeletrostati lampTable 4.1: Simulation parameters for 10:1 sale prototype and proposed at-sale devie.



93at atmospheri pressure, and inreases until the pressure di�erene aross the membrane is greatenough to overome the attrative fore between the embedded magnet and the valve, whereuponthe membrane snaps to the right. As noted previously, this provides the desired hysteresis. With themembrane at its rightmost position, the valve loses and the working hamber pressure falls until thepressure di�erene is great enough to overome the attrative fore between the embedded magnetand the steel piee in the referene hamber, as shown at the right of Figure 4.4. The membranethen snaps to the left, and the yle repeats. Note from the times indiated on the state trajetorythat the snapping ation happens relatively quikly ompared to the harging and disharging timesof the working hamber.In an analogy to the eletrial osillator mentioned previously:� one the membrane has rossed the enter position, the magnet fore provides the snap ationthat orresponds to the high gain of the desired hystereti relation,� while the membrane is at its extremes of travel, the membrane modulus and thikness, togetherwith the magnet fore, determine the pressures at whih the membrane swithes position,� and the volume of the working hamber, the diameters of the magnetially-atuated valve andthe disharge ori�e, and the supply and exhaust pressures set the swithing frequeny.Simulation results, with parameters set aording to Table 4.1, have been ompared toatual results from a 10:1 sale prototype of this osillator, shown in Figure 4.7. The prototype, withthe supply and referene pressures set appropriately and with the orret disharge ori�e attahedto the entire system, has been observed to osillate without failure at 5 � 6 Hz for approximately15000 yles, a portion of whih is shown in Figure 4.8. Comparing Figure 4.9 with Figure 4.8, thesimulation osillates at approximately twie the frequeny atually observed in the prototype, whihis within reasonable limits.Possible soures of error inlude:� the membrane model may not be appliable for large strain onditions,
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Figure 4.6: Simulated state trajetory (solid line in upper plot), relating membrane position andpressure in the working hamber, with fore on membrane due to magneti attration between theembedded magnet and steel endpiees plotted below. When the membrane is lamped at either endof its travel, the system follows the dotted trajetory, and stops at the irled points in state spae;when released, the system ontinues to follow the dotted trajetory until it rejoins the solid statetrajetory. A position of 0 mm orresponds to the situation illustrated in the left of Figure 4.4, anda position of 2:5 mm orresponds to that illustrated in the same �gure at the right.
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Figure 4.7: 10:1 sale prototype of the pneumati osillator, with dimensions 40x40x30 mm3.� the shape of the membrane forming one side of the variable volume ylinder is modeled as aone,� the magnet parameters are unveri�ed, due to lak of a gaussmeter,� the pressure losses through lines are unmodeled,� the referene pressure is modeled as onstant,� and the magnetially atuated valve is modeled as being either open or losed, with a ontra-tion oeÆient of 0:6.Osillation in the simulation was not observed exept for ertain ritial parameter values, indiatingthat the simulation is very sensitive to those parameters. Another major problem is that the peakmagnet fore was measured to be 1:1 N, as opposed to the 85 mN of the simulation. This disrepanyis most likely due to the assumptions made in the modeling of the membrane.4.4 Eletrostati ClampAlthough the eletrostati lamp[Monkman, 1988℄ is as yet unfabriated, simulation resultsindiate that the osillator prototype an be held at either end of its travel by a potential di�erene
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Figure 4.8: Pressure in the working hamber as a funtion of time for the 10:1 sale prototype of thepneumati osillator. The frequeny of osillation is thus orrespondingly lower than the intended100 Hz, beause the ylinder volume is 500 times larger. The waveform is also asymmetri beausethe harge and disharge ori�es have di�erent diameters.
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Figure 4.9: Pressure in the working hamber as a funtion of time for the simulation of a 10:1 saleprototype of the pneumati osillator. The osillation frequeny is twie that of the atual prototype,for reasons noted in the text.



98V of 180 V applied aross a dieletri with a permittivity � of 2, with a thikness d of 3 �m. Withthis potential applied, the lamp exerts an equivalent pressure of Pes = 12��0(Vd )2, or 32 kPa.The lamping works beause the equivalent pressure of the lamp adds to the pressuredi�erene aross the membrane. Consult Figure 4.6 and onsider the ase when the membrane is at0 mm, and the working hamber pressure is at 125 kPa; if the lamp is applied then, the pressure inthe working hamber, whih ordinarily would rise to 165 kPa, would need to rise to 197 kPa beforethe membrane would snap away from the magnet and move to the 2:5 mm position. However,beause the supply pressure is set to 190 kPa, that ritial pressure would not be reahed, e�etivelylamping the membrane at 0 mm. A similar argument an be made for the 2:5 mm position; withthe lamp applied, the working hamber pressure would need to fall below 125� 32, or 93 kPa, butthe exhaust pressure is set to 101 kPa.Suh an eletrostati lamp ould be onstruted by making the membrane out of a on-duting material, and using the valve body as the other eletrode. The valve body ould be oatedwith a thin layer of dieletri material, and the potential di�erene applied aross the membraneand body. For the 10:1 sale prototype swithing at f = 5 Hz, the apaitane is Ces = ��0Ad , or2:7 nF, and the power onsumed is P = CesV 2f , or 0:44 mW.4.5 Hybrid Atuator, MillisaleSimulations were also performed with parameter values set for an at-sale prototype ofthe hybrid atuator, as given in Table 4.1. In all other respets, the model was the same as thatfor the 10:1 sale prototype, inluding a quasi-stati membrane model. An osillation frequeny ofapproximately 350 Hz was predited from the simulation results, although whether the quasi-statiassumption an be said to hold is questionable. In addition, beause the peak magnet fore from theatual 10:1 sale prototype was an order of magnitude o� from that of the simulation, extrapolationof the model to at-sale dimensions is also suspet.



99However, the eletrial osillator, upon whih the pneumati osillator is based, is in gen-eral robust to parameter variations, provided the gain of the Shmitt trigger is high enough. Byappropriate membrane design and hoie of magnet parameters, high gain an be ahieved.4.6 Conlusions/Future WorkInitial investigation of the osillator and simulation seem enouraging, but the eletrostatilamp has not been implemented. Theoretial alulations for the lamp indiate the potential ofthe idea of driving a seondary atuator with an alternate power soure and braking that seondarywith an eletrially-driven primary atuator, but the true test will ome in the implementing anddemonstrating a omplete prototype that has both osillator and lamp. Construting the eletro-stati lamp may be prove to be diÆult, beause of the thin oating and high �eld strength thatwould be required.For an at-sale prototype, in addition to the lamp being a problem, embedding smallmagnets in the membrane that are suÆiently strong to provide hysteresis may also prove to beproblemati.Appliation of the hybrid atuator is more straightforward. The osillating pressure in theworking hamber an be tapped to drive another atuator, as long as it does not heavily load theosillator. Perhaps an even simpler method might be to replae the steel piee in the referene ham-ber with another magnetially-atuated valve, whih an then be driven in a pulse-width modulatedfashion. If suh a valve were to be attahed, metering a 2 atm absolute pressure at a ow rate of25 ml=s, the resulting milli-atuator potentially would have a power gain of 1100 from eletrial tomehanial power at an operation frequeny of 100 Hz.Overall, initial results will need to be expanded upon before a de�nitive statement aboutthis idea an be made. However, the design has a large number of degrees of freedom, spei�ally inthe hoie of magnet and membrane parameters. More generally, other mehanisms with hysteresis



100may be employed, and ertainly there is muh room for further optimization.
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Chapter 5
Conlusions

In order to atuate our tatile display with pneumatis, a mirovalve array was neessary.Unfortunately, none of the ommerially available valves was of the right size to satisfy our volumespei�ation. One the deision was made to fabriate our own valves, we needed an appropriatevalve design.Designing a valve requires an understanding of pneumatis. After examining the basipneumati elements, we disussed the major valve types and the fore, displaement, and powerrequired to atuate eah type. In partiular, single stage valve designs require greater fores anddisplaements that are diÆult to obtain from onventional MEMS atuators.However, multistage designs with primary and seondary atuators seemed promising.Spei�ally, we employed uid power to drive the seondary atuator, and some sort of brake orlamp as the primary atuator. The uid moves some slider or poppet, and the brake or lamp stopsthat element in one of two positions, to either keep the slider or poppet open or losed. The keyidea is that although the brake may require a fore on the same order as a single stage design, thestroke required may be signi�antly lower.The turbine brake valve was the rotary version of this sheme, and the osillator/lamp wasthe linearly reiproating version. Although both showed promise, the TBV was rejeted beause



102of the extremely tight toleranes needed and the resulting ompliated alignments required. Theosillator/lamp ould be made with looser toleranes, but its redution to the desired at-saledimensions will be future work.Reently, multistage valve designs [Wang, 2000℄ have appeared to be a ompetitive alter-native to the ideas proposed in this dissertation. Following the disussion of Setion 2.5, onsider atwo-stage valve design with a seondary ori�e of 0:5 mm in diameter, and a primary ori�e with1100 of the ross-setional area of the seondary. The primary ori�e is then 50 �m in diameter.Assuming that the primary experienes a worst ase pressure di�erene of 5 atm, A�P is used toestimate the maximum fore neessary to atuate the primary; the desired fore is then 0:99 mN. D4an then be used to estimate the neessary displaement to arrive at the desired value of 12:5 �m.Using the equations of Setion 3.2.6, we an then sweep through all possible parallel piezo-eletri bimorph dimensions, with length ranging from 1 to 10 mm in inrements of 0:2 mm, widthranging from 0:1 to 2 mm in inrements of 0:1 mm, and thikness ranging from 0:1 to 2 mm ininrements of 0:1 mm. The resulting bimorph that meets the desired fore and displaement withthe minimum power onsumption is 7:6 mm by 0:6 mm by 0:2 mm; with an applied voltage of20 V, the bimorph exhibits a bloked fore of 2:1 mN, a free displaement of 25 �m, and a poweronsumption of 56 �W at 100 Hz. The bimorph has a resonant frequeny of 1:6 kHz, giving a lowerbound on the atuation time of 0:61 ms. The best ase times for the seondary an be estimatedfrom the harging time from 1 atm absolute to 6 atm absolute and the disharging time from 6 atmabsolute to 1 atm absolute for a �xed volume ylinder with a diameter of 1 mm and a height of0:125 mm; this diameter is hosen beause it provides for both the inlet and outlet ori�es on theseondary, and the height is hosen beause it is one quarter of the diameter of the seondary ori�e.The resulting harging time for this volume is 325 �s, and the assoiated disharging time is 610 �s.Table 5.1 provides a side-by-side omparison of four possible valve designs: the piezoeletribimorph ap valve of Subsetion 3.3.4, the at-sale turbine brake valve, the at-sale osillator/lamp,and the two-stage design disussed above. Eah of the multistage valve designs appears to be within



103parameter bimorph ap turbine brake osillator/lamp piezo primary,valve valve pneumati seondarydimensions 17:5� 8 5� 3 4� 4 7:6� 2�1 mm3 �2 mm3 �4 mm3 �2 mm3ori�e diameter 0:5 mm 0:5 mm 0:5 mm 0:5 mmturn-on/turn-o� time 1:6 ms 1:1 ms 2:9 ms � 0:9 ms=1:2 mstheoretial power 54 mW 56 �W 160 �W 56 �WonsumptionTable 5.1: A theoretial omparison of a single stage piezoeletri bimorph ap valve, the at-saleturbine brake valve, the at-sale osillator/lamp, and a two-stage piezoeletri primary valve withpneumatially-driven seondary. The dimensions given are estimates of the overall volume required,and it is assumed that both the bimorph ap valve and two-stage design an be atuated in lessthan 1 ms.the same order of magnitude of power onsumption. As for ease of fabriation, the piezoeletriprimary with pneumatially driven seondary would be the hands-down winner, although ontam-ination and sealing issues also need to be taken into aount, sine the primary ori�e would be50 �m aross, neessitating good �ltering of the ompressed air. In addition, two primary valveswould need to be onstruted, although a single primary and disharge ori�e an be used with someloss in the exibility of the resulting ontrol sheme. It is surprising that the piezoeletri primaryvalve with pneumatially-driven seondary has not been seen more frequently in the literature, otherthan in [Wang, 2000℄, beause of the advantages it promises.The idea of the eletrially-driven brake with uid-driven seondary still appears to havesome merit. However, there is muh work left to be done, most learly of whih is the fabriation ofa working at-sale prototype of either the turbine brake valve or the osillator/lamp. Theoretialalulations indiate that the idea holds promise, with power requirements more than two orders ofmagnitude lower than traditional single stage valves. The designs presented here take advantage ofthe fat that the atuators required need high fore, but little stroke. However, whether or not thetheoretial laim is borne up by experimental results is another story.
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