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用于儿童斜视矫正的压贴三棱镜设计与制作

付明磊1,胡炜杰1,乐孜纯1,MankoD.Y.2,AntonovE.E.2,
KryuchynA.A.2,PetrovV.V.2

(1浙江工业大学 理学院,杭州310023)

(2乌克兰国家科学院信息记录研究所,乌克兰 基辅03113)

摘 要:为了填补我国学术界和产业界在压贴三棱镜的国产化设计、制作以及测试等方面工作的空白,
研究了压贴三棱镜镜片结构设计理论,并推导了压贴三棱镜镜片透过率以及畸变的计算公式,数值模拟

了不同材料、不同棱镜度数的压贴三棱镜的透过率以及压贴三棱镜的畸变情况.数值模拟结果表明:与

现有PVC材料相比,PMMA材料具有更大的阿贝系数和更小的材料吸收率,是一种制作低成本压贴三

棱镜的理想材料.利用金刚石切割工艺制作出精密的压贴三棱镜模版,模版的表面光洁度达到14级,并

采用热压工艺,在温度为180℃压力为130kg/cm2 的工艺参数下制作出不同棱镜度数的压贴三棱镜样

片,验证了以PMMA材料为基材、采用热压工艺制作压贴三棱镜的可行性.为了测试压贴三棱镜样片的

实际棱镜度(Δ),自主设计并搭建了压贴三棱镜棱镜度测量系统.实验结果表明:对低(10Δ)、中(20Δ)、
高(30Δ)三组压贴三棱镜样片的棱镜度测试结果与理论值的偏差分别为0.01Δ、0.04Δ和0.02Δ.所有样

品的棱镜度偏差均符合国家医用棱镜的标准.因此,所制作的压贴三棱镜样片具有较高的光线偏折精

度,为治疗儿童斜视疾病提供了一种高质量、低成本的产品方案.
关键词:菲涅尔棱镜;贴压三棱镜;斜视;透过率;棱镜度
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DesignandFabricationofRigidFresnelPrismsforComplex
TreatmentofStrabismusinChildren

FUMing-lei1,HUWei-jie1,LEZi-chun1,MankoD.Y.2,AntonovE.E.2,KryuchynA.A.2,PetrovV.V.2
(1CollegeofSciences,ZhejiangUniversityofTechnology,Hangzhou310023,China)

(2InstituteforInformationRecording,NationalAcademyofSciencesofUkraine,Kiev03113,Ukraine)

Abstract:Inthispaper,wepresentourdesignofarigidFresnelprismandderivethecalculationsofits
transmittanceanddistortion.Thetransmittanceofprismsmadeofdifferentkindsofpolymersandtheir
distortionwerenumericallysimulated.Simulationresultsshowedthatpolymethylmethacrylate(PMMA)hada
largerAbbecoefficientandalowermaterialabsorptionratethanpolyvinylchloride(PVC).Then,onthebasis
ofthesimulation,stampsfortheprismsweremachinedusingthediamond-cuttingmethod;thesurface
roughnessofthestampsreachedclass14.Weverifiedthatlow-costprismscanbefabricatedfromPMMAusing
thethermopressingmethodundertheconditionsof180℃and130kg/cm2.Asystemwasconstructedtotest
theprismdiopter(PD)valuesofthesamples.Experimentalresultsshowedthatthedeviationsbetweenthe
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calculatedandactualPDvaluesfor10Δ(lowPD),20Δ(mediumPD),and30Δ(highPD)prismswere
0.01Δ,0.04Δ,and0.02Δ,respectively.ThePDdeviationsofthesampleprismsallagreedwiththeChinese
tolerancestandardforamedicalprism.Hence,weverifiedthattherigidprismsfabricatedinthisstudyare
sufficientlyprecisetoreflectlightandareahigh-quality,low-costsolutionforthetreatmentofstrabismusin
children.
Keywords:RigidFresnelprisms;Press-onprisms;Strabismus;Transmittance;Prismdiopter
OCISCodes:230.5480;170.4460;220.4840;330.1400

0 Introduction
Strabismusisaneyediseasecommoninchildren,inwhich,accordingtoasurvey,theincidencerateisclose

to5%[1].Strabismuscanseriouslyaffectthephysicalandmentalhealthofchildren,soearlytreatmentisvery
important[2].EyeglasseswithrigidFresnelprismsareprescribedforchildrenatleasttwoyearsofage,when,
accordingtocurrentunderstanding,theactivedevelopmentofthevisualsystem(includingbinocularinteraction)
commences.Theprismspromotetheformationofnormalbinocularconnectionslongbeforesurgicalinterventionis
usedwhenthepatientisanadult[3].Somestrabismuspatientsarenotsuitableforsurgicaltreatmentformedical
reasons[4].Therefore,agoodsolutionforthesecasesistowearglassesmadeofrigidorpress-onFresnelprismsin
combinationwithothermethodsforthecomplextreatmentofstrabismus[4-5].

Comparedtotraditionalprisms,Fresnelpress-onprismshavemanyadvantages,includingtheirlightweight
andeaseofuse[6-7].Thetwomostwell-knownbrandsofFresnelpress-onprismsarethe3Mprism(USA)andthe
Trusetalprism(Germany)[8].The3MTMPress-onTMPrismismadeofpolyvinylchloride(PVC)[6,9],whichhasa
highrefractiveindexbutasmallAbbecoefficient(kAB=34)[10].Thus,thedispersionphenomenonofPVCis
relativelyobviousandresultsinadecreaseintheacuityofapatientwhilewearingtheseprismeyeglasses[6-7,11].

TheInstituteforInformationRecording,NASofUkraine,wasthefirsttoproducetherigidFresnelprism
madeofPMMAin2009[7].PMMAhasahigherAbbecoefficient(kAB=57.53)andbettertransmittanceinvisible
lightthandoesPVC[10].Since2014,ourresearchgroupatZhejiangUniversityofTechnologyhascollaboratedwith
theInstituteforInformationRecording,NASofUkraine,tostudyandpromotethekeytechniquesofrigidFresnel
prismsinChina[6,10-11].Thispaperreportstheprogressonthedesign,fabrication,andtestingoftheseprismsin
China.

1 DesignandnumericalsimulationofarigidFresnelprism
1.1 Devicedesign

AsshowninFig.1(a),arigidFresnelprismisadiscwithaseriesofgroovesinitssurface.Fig.1(b)shows
thesectionofarigidprismdesignedusingtheFresnelprinciple.Therefractiveangleα,reverseangleβ,andrelief
pitchWdeterminethedesignoftherigidprism,andαdeterminestheprismdiopter(PD).ThedependenceofPD
onαandontherefractiveindexnofamaterialisdiscussedinsection1.2.Thetransmittanceoftheprismis
affectedbyβ,theoptimalvalueofwhichis2°~3°

[7].Thediffractionphenomenonintheprismiscausedmainlyby
asmallW[8,11].Thus,thebestrangeforWis600~800μm

[11].

Fig.1 ModelofarigidFresnelprismandthecrosssectionofarigidFresnelprism
1.2 Theoreticalmodelofprismdiopter

ArigidFresnelprismcanhaveOutwardPrismSerrations(OPS)[Fig.2(a)]orEyewardPrismSerrations
(EPS)[Fig.2(b)][12].WhenalightbeampassesthroughanOPSprism,itisdeflectedandtherelationship
betweenthePDandαisdeterminedbySnell’slawandiswrittenas[12]

PDOPS=100*tanarcsinn*sinα-sin
sinα
n
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Similarly,foranEPSprism,therelationshipbetweenthePDandαiswrittenas
PDEPS=100tan[arcsin(nsinα)-α] (2)

Fig.2 RigidFresnelprismwithoutwardprismserrationsandeyewardprismserrations
  We choseto use polymethyl methacrylate
(PMMA)forourrigidFresnelprism.Thus,n,which
isinEq.(1),isintherangeof1.48~1.50forvisible
light[13].Forcalculations,nisusually1.492[10].

Fig.3showstherelationshipbetweenαandthe
PDoftheOPSandEPSprismsmadeofPMMA.The
calculatedPDsobviouslydifferwhenα>25°.

Becauseahigh-PDrigidFresnelprismwithEPS
hasobviousvisualfieldloss[14],onlyOPSprismsare
discussedinthispaper.Table1presentsthecalculated
valuesofαforOPSprismswithdifferentPDs. Fig.3 PDasafunctionofαforrigidFresnelprism madeof

PMMA
Table1 AngleαforanOPSrigidFresnelprismwithdifferentPDs

OPSPD(Δ) 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Angleα/(°) 2.33 4.65 6.96 9.25 11.51 13.74 15.94 18.09 20.20 22.26 24.27 26.23 28.13 29.98 31.77

1.3 Theoreticalmodeloftransmittance
Transmittance,animportantparameteroftherigidFresnelprism,isdirectlyrelatedtothelossoflightwhen

itpassesthroughtheprism.Absorptionandreflectionoflightbythesurfaceoftheprismcausethelossoflight.A
rigidFresnelprismisapproximately2.4mmthick,solightlossduetoabsorptionmaybeignoredbecauseofalow
absorptioncoefficientof0.02cm-1inthevisiblelightregion[15].

LightisreflectedbythesurfaceofarigidFresnelprismthreedifferentways,asdescribedbelow.
Fig.4(b)showsthereflectionoffaceAB,wheretherateoflightlossischaracterizedbyk1.Usingthe

Fresnelformulas,k1canbedeterminedas

k1=0.5×
tan2θ

tan2(2α-θ)+
sin2α

sin2(2α-θ)
é

ë
êê

ù

û
úú (3)

whereθisthefirstdeflectionangleandαistherefractiveangleofrigidFresnelprism,asshowninFig.4(a).
Fig.4(c)showsthereflectionoffaceAC,wheretherateoflightlossischaracterizedbyk2,whichisdefined

as

k2=0.5×
tan2(γ-θ)
tan2(γ+θ)+

sin2(γ-θ)
sin2(γ+θ)

é

ë
êê

ù

û
úú (4)

whereγistheseconddeflectionangle,asshowninFig.4(a).
Fig.4(d)showsthereflectionandtransmissionoffaceBC.ThelightintheareaBEdoesnotcontributeto

usefulimaging,andforarigidFresnelprismwithahighPD,thelightreflectedbyfaceBCwouldcausemonocular
visualconfusion[10].Therefore,thereflectionandtransmissionoffaceBCcauselightloss,therateofwhichis
characterizedbyqanddefinedas

q=FC/AC= (tanαtanθ)(1+tanαtanθ) (5)
Therefore,thetransmittanceoftheFresnelprismis[9]

T= (1-k1)(1-k2)(1-q) (6)
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Fig.4 BeampathandthelossoflightonthereliefofarigidFresnelprism
  AccordingtoEqs.(3)~(6),therelationship
betweenthetransmittanceandprismdioptercanbe
calculated.Fig.5showsthatasPDincreases,the
transmittanceoftheprismdecreases.Inaddition,the
transmittanceoftherigid Fresnelprism madeof
PMMAishigherthanthatofprismsmadeofPVCand
polystyrene(PS)whenPD≤25Δ.
1.4 Theoreticalmodelofdistortion

TheFresnelprismisusedtoeliminatediplopia
andhelpchildrenformbinocularvision[3].TheFresnel
prismdistortstheimage,sothenormaleyeandthe
obliqueeyewiththeFresnelprismreceivedifferent
images,whichhindersthefusionofbinocularvision.

Fig.5 RelationshipoftransmittanceandPDforrigidFresnel
prismsmadeofdifferentmaterials

Therefore,itisveryimportanttostudyquantitativelytheimagedistortioncausedbytheFresnelprism.
ThemaincauseofthedistortionbytheFresnelprismisthatthedeflectionanglesoftheincidentlightare

different.AsshowninFig.6,thelightisincidentontheprismatanglesθLandθR,which,afterthelightpasses
throughtheprism,becomeθ'Landθ'R,respectively.However,θ'LisnotequaltoθLandθ'RisnotequaltoθR.Using
Snell'slaw,θ'Landθ'Rcanbedeterminedfromformulas(7)and(8)

θ'L=arcsinnsinα-arcsin
sinα
n
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θ'R=arcsinnsinα+arcsin
sin(θR-α)

n
æ

è
ç

ö

ø
÷

é

ë
êê

ù

û
úú{ }-arcsinnsinα-arcsin

sinα
n

æ

è
ç

ö

ø
÷

é

ë
êê

ù

û
úú{ } (8)

  ThedistortionoftheFresnelprism,causedbyθ'Landθ'RnotbeingthesameasθLandθR,canbeexpressedby
formulas(9)and(10)

DL(α,n,θL)=
θ'L
θL=

-cosα-arcsin
sin(θL+α)
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DR(α,n,θR)=
θ'R
θR=

cosα+arcsin
sin(θR-α)
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whereDLandDRdenotethedistortionoftheimageontheleftandrightsidesafterpassingthroughtheFresnel
4-3003211



FUMing-lei,etal:DesignandFabricationofRigidFresnelPrismsforComplexTreatmentofStrabismusinChildren

prismatdifferentangles,andthedividinglineoftheleftandrightsidesistheverticalincidentlightray.Asshown
inFig.6,θLandθRaretheanglesoftheleftandrightincidentrays,θ'Landθ'Raretheanglesoftheleftandright
emittedrays,αistherefractiveangleofrigidFresnelprism,andnistherefractiveindexoftheFresnelprism
material.

Accordingtoformulas(9)and(10),thedistortionoftheFresnelprismcanbedeterminedbynumerical
simulation.Fig.7presentsthedistortionofthePVCandPMMAFresnelprisms,bothofwhichhavePD=30Δ.
TheordinateisthemagnificationoftheimagebytheFresnelprismsrelativetothesourceimageandtheabscissais
theangleofincidence,whereanegativeangleindicatesthatthelightwasincidentontheleftsideandapositive
angleindicatesthatthelightwasincidentontherightside.Fig.7showsthattheimageforbothFresnelprismsis
graduallycompressedfromrighttoleft.ComparedtothatofthePVCFresnelprism,theimageontherightsideof
thePMMAFresnelprismisclosertotheoriginalimage,whiletheimagenear0°orontheleftsideofPVCFresnel
prismisclosertotheoriginalimage.Ingeneral,intermsofdistortion,thePMMAFresnelprismisslightlyworse
thanthePVCFresnelprism.

Fig.6 DistortionintheFresnelprism Fig.7 DistortionofFresnelprismsmadeofPVCandPMMA

2 FabricationandtestingofrigidFresnelprisms
2.1 FabricationofrigidFresnelprismsamples

WefabricatedaseriesofstampsforproducingrigidFresnelprismswithdifferentPDs;allstampshada
surfaceroughnessofclass14.Thestampsweremadeof7075aluminumalloybecauseofitsappropriate
mechanicalproperties.BecausethestampsweretobeusedtothermopressblankPMMAdiscswithasmallsurface
roughness,ultraprecisionmachining(UPM)wasusedtomachinethestamps.Diamondcuttingisaneffective
methodinUPMbecauseofitshighrigidity,highcapabilityasanarc-cuttingtoolofuptoafewseconds,high
thermalconductivity,lowfriction,andhighresistancetowear[16].

Fig.8presentsthefabricationprocessoftherigidFresnelprisms.Inthefirststage[Fig.8(a)],theprepared
PMMAblankdiscisfixedontothebase,whichhasmirrorsurface.Inthesecondstage[Fig.8(b)],aseriesof
groovesareformedinthesurfaceofthePMMAblankdiscviasimultaneousthermaltreatment(atT=180℃)and
pressure(P~130kg/cm2).ThedemoldingtemperatureofthePMMAsubstrateisintherangeof50~60℃and
shouldnotbe>80℃[17].Therefore,inthethirdstage[Fig.8(c)],whenthetemperatureisdecreasedto70℃,
thePMMAsubstrateseparatesfromthestamp.Finally,inthefourthstage[Fig.8(d)],therigidFresnelprism

Fig.8 FabricationofrigidFresnelprismsamplesbythermopressing
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sampleisready.
  Fig.9(a)showsthemagnificationofpartoftherigidFresnelprism(whitespotsonthebackgroundarethe
imageoftheobjectstageofthemicroscope).TherigidFresnelprismsampledemonstratedagoodimage-shifting
effect,asshowninFig.9(b).

Fig.9 SampleofafabricatedrigidFresnelprism
2.2 Prismdioptertestsystem

TotestthePDoftheprismsamples,atestingplatform wasdesigned[18].Fig.10showstheschematic
diagramofthetestingplatform,andFig.11isaphotoofthetestingplatforminthelab.Thetestingplatform
worksasfollows:AHe-Nelaser(λ=632.8nm)hastwopolarizersthataresettoweakenthelaserbeam;thus,
aproceduretoadjustthetestingplatformisneeded.TherigidFresnelprismsampleisfixedatthesampleholder.
Thelaserbeamisdeflectedasitpassesthroughtheprism.AccordingtothedefinitionofPD,thedistancebetween
thedigitalverniercaliperandtherigidFresnelprismmustbe1m.Areceivingphotodiodeisfixedonthesliderof
thedigitalverniercaliper.Whentestingthesampleprism,theoperatormovesthephotodiodebymovingtheslider.
Theoperatorstopsmovingthesliderwhenthesignalfromthephotodiodereachesitsmaximumvalue,i.e.,the
photodiodehasdetectedthedeflectedlaserbeam.Theoperatorthenreadsthemeasuredvalue(incm,withan
accuracyof±0.001cm)onthescreenofthedigitalverniercaliper.ThemeasuredvalueisequaltothePDofthe
testedsampleprism.

Fig.10 Schematicdiagramoftheprismtestingsystem
2.3 ResultsofPDtestofthesamples

WetestedthePDofthreegroupsofsample
prisms,witheightsamples,numbered1~8,ineach
group.Thesamplesofthefirstgrouphadatheoretical
PDof10Δ,thatofthesecondgrouphadaPDof20Δ,
andthatofthethirdgrouphadaPDof30Δ,which
representedthelow,middle,andhighvaluesofPD,
respectively.Table2presentsthetestresultsforthe
firstgroupofsamples,forwhichtheaveragedeviation
betweenthetheoreticalandtestvalueswas0.01Δ.

Fig.11 Photooftheprismtestingsystem
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Table3presentsthetestresultsforthesecondgroupofsamples,forwhichtheaveragedeviationbetweenthe
theoreticalandtestvalueswas0.04Δ.Table4givesthetestresultsforthethirdgroupofsamples,forwhichthe
averagedeviationbetweenthetheoreticalandtestvalueswas0.02Δ.ThereportedtoleranceofthePDofamedical
prismis±0.25Δ[19].ThePDdeviationsofthesampleswereallwithintheChinesenationaltolerancestandard[19]

formedicalprisms.Thetestresultsverifiedthattheprismsampleswerehighqualityandhighlyprecisefor
reflectinglight.

Table2 TestresultsforrigidFresnelprismsampleswithPD=10.0Δ

SampleNo. 1 2 3 4 5 6 7 8 AVG
PD(Δ) 9.95 9.99 9.97 10.02 10.00 10.00 10.01 9.98 9.99

Deviation(Δ) -0.05 -0.01 -0.03 +0.02 0.00 0.00 +0.01 -0.02 -0.01

Table3 TestresultsforrigidFresnelprismsampleswithPD=20.0Δ

SampleNo. 1 2 3 4 5 6 7 8 AVG
PD(Δ) 19.97 19.99 19.96 19.97 19.96 19.96 19.95 19.92 19.96

Deviation(Δ) -0.03 -0.01 -0.04 -0.03 -0.04 -0.04 0.05 -0.08 -0.04

Table4 TestresultsforrigidFresnelprismsampleswithPD=30.0Δ

SampleNo. 1 2 3 4 5 6 7 8 AVG
PD(Δ) 30.01 30.04 30.00 30.08 29.99 30.02 29.96 30.02 30.02

Deviation(Δ) +0.01 0.04 0.00 +0.08 0.01 +0.02 0.04 +0.02 +0.02

3 Conclusions
Inthispaper,wepresentedourdesignofarigidFresnelprismandanalyzedtherelationshipbetweenthePD

andtheangleα.ThemethodofcalculatingthetransmittanceanddistortionoftherigidFresnelprismintheorywas
proposed.ResultsfromnumericalsimulationshowedthataPMMArigidFresnelprismhasahighertransmittance
butgreaterimagedistortionthanaPVCprism.Onthebasisoftheseresults,wefabricatedstampsusingthe
diamond-cuttingmethodandusedthemtomanufacturesamplesofrigidFresnelprismsusingthermopressing.
Testsoftheprismaticforce(PDunits)andtransmittanceofthesampleprismsshowedthatthePDdeviationofthe
samplesandtheirtransmittancewerewithintheChinesenationaltolerancestandardformedicalprisms.However,
therearestillmanytechnicalchallengestoimprovingthequalityofourrigidFresnelprism.Inthefuture,wemay
useadifferentmaterial,suchasnickelalloy,tomachinethestamps.
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