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Degree of Freedom and Stiffness Analysis of Spherical Notch Joint
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1. Introduction

Flexible joints (flexure hinges) offer an alternative to traditional
mechanical joints that alleviates many of their disadvantages, such
as eliminating the presence of friction, backlash, and wear,
producing sub-micron accuracy due to their continuous monolithic
construction, simplifying production as monolithic construction,
enabling low-cost fabrication. However, the motion of flexure
hinge is not pure because axial shearing, torsion loading and
bending exert a profound influence on the deformation of a flexure,
which will lead to a puzzle when we design a parallel mechanism
based on the flexure hinge. If the position of one end relative to the
opposite one, the degree of freedom (DOF) of a three dimensional
flexure hinge is six. When we use the pseudo-rigid-body model
approach to model and analyze the compliant parallel mechanisms,
it is very difficult to confirm the whole systems DOF and mobility,
more difficult to arrange the actuators.

In the [1], a single-axis flexure hinge of constant-width and
rectangular cross-section are modeled as have a revolute joint and a
prismatic joint (2-DOF) instead of 1-DOF revolute joint, which
increase the position accuracy of the system. In the [2, 3, 4],
circular cross section profile of multi-axis flexure hinge is modeled
as a spherical joint (3-DOF). N. Lobontiu [5] analyzed the circular
cross-section corner-filleted flexure hinges of three-dimensional
compliant mechanism, which considered the DOF of spherical
notch joint is 6. But on the application of the practice, spherical
notch hinge joint may be a universal joint (2-DOF) or a spherical
joint, depending on the thinness of the narrowest cross-section and
other geometric parameters. Pseudo-rigid-body models of spherical
notch hinge joint are shown in Fig. 1.

(b) Universal Joint

Fig. 1 Pseudo-rigid-body model of spherical notch hinge joint (a)
spherical joint, (b) universal joint

This paper focus on the DOF analysis of the right-circular cross
section of multi-axis flexure hinge. The circular cross section
profile of multi-axis flexure hinge is described as Fig. 2. (a) is the
corner-filleted and (b) is elliptical, right-circular can evolve from

the (a) or (b) suppose that /=01in (a), andr, =7, =7 in (b),
respectively.

—

Fig. 2 Circular cross section profile of multi-axis flexure hinge (a)
corner-filleted with radius » and length / , (b) elliptical
withr, and 7, semiaxis, (c) right-circular with radius r

2. Degree of freedom and stiffness analysis

In mechanics, DOF is the set of independent displacements
and/or rotations. The three dimensional flexure hinge is a 6-DOF
element, without exception for spherical notch hinge. When we
model the spherical notch joint, we must know how to ignore or
pay attention to the displacement or rotation at certain direction. In
the conventional operation, comparing the quantity of
displacements/rotations under the certain force/ torque to evaluate
the DOF of the element or system. However the quantity of
displacements/rotations are related to the compliance (or spring
rate) of the flexure hinge, and compliance is determined by the
geometric parameter of the flexure hinge.

In the [3], closed-form compliance expressions of generic
circular cross-section corner-filleted flexure hinge are obtained.
Analytic compliance factors of point 3 which denote at Fig. 2 (c)
are calculated and shown in Table 1. From the Table 1, it is clear to
see that compliance factors increase sharply along with the non-
dimensional parameter a (=r/f) , especially for the rotational
compliance factors.

Table 1 Parameters for simulation and analytic compliance factors

No. r r o Cor Cor Cou. Conr.
(m)  (m) x10°)  (x10%)  (x10°)  (x107)
1 0005 001 05 32 1.4 46 5.8
2 0.005 0.005 1 11.7 19.6 67.6 85
30005 0.002 2.5 655 563.4 2400 2958

R=¢0.03m, L=0.1m, E=70x10° N/m*, v=0.25
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3. FEA modeling of right-circular spherical notch hinge
joint

Three-dimensional model is built by using ANSYS, which use
4-node, three-dimensional, 6-DOF per node elements (SOLID 73).
The parameters of modeled flexure hinge are shown in Table 1. A
“smart meshing” technique is used that automatically refined itself
in higher stress concentration circular regions.

Constraints and forces are applied at the opposite end of the
flexure, where constraints are applied at the plain in possession of
point 1 and force in the x—, y— , z— direction and moment
along x —, y —, z — direction is applied at the point 4, respectively.
Fig. 3 (a) show the model which added the force and constraints,
and (b) is the results after deformed.
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Spatial &€-DOF circular cross section of flexure hinge

Fig. 3 FEA model (a) model added the force and constraints, (b)
results after deformed

In the previous description, analytical design equations [3, 5]
were derived to calculate compliances at point 3. But for nodal
deformations list from FEA results at point 3 were the total
deformation with respect to the section which contain the point 1.
But we just concern on the deformation of hinge joint section, so
the pure deformations caused by the hinge is the results of nodal
deformation of point 3 subtracting the deformation of point 2. Fig.
4 showed the pure deformation which caused by force or moment
at point 3.
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Fig. 4 Comparisons of deformation results of FEA

In the Fig. 4, it is clearly shown that rotational deformation is
more distinct and active than the linear deformation at the point 3
under the every force or moment. That is to say spherical notch
hinge joint can be assumed to 3 rotational joints instead of 3 linear
joints and 3 rotational joints when we model it by using pseudo-
rigid-body method. In this situation, spherical notch hinge joint
should be a spherical joint. At the same time, from the Fig. 4,
deformation of point 4 increases along with the non-dimensional
parameter & (= r/t) obviously.

On the other hands, the
parameter « , rotational deformation is more inconspicuous. And
through analyzing the FEA data, ifa =1, two of three rotational
deformations are larger than another one. However, & = 0.5, two of

smaller of non-dimensional

three rotational deformations are almost same, in this situation,
spherical notch hinge joint should be a universal joint.

4. Conclusions

The paper introduces the right circular cross-section flexure
hinges for three-dimensional compliant mechanisms. Three special
non-dimensional parameters are used to analyze the flexure hinge
joint. Firstly, the Analytic compliance factors are calculated by
using closed-form compliance equations. And find that compliance
factors increase along with the non-dimensional parameter « ,
especially for the rotational compliance factors. Secondly, finite
element simulation results certificate the theoretical computation.
Another purpose of the paper is to find an approach to model the
spherical notch hinge joint to different DOF by using pseudo-rigid-
body. Spherical notch hinge joint can be replaced by a universal
joint when non-dimensional parameter @ = 0.5, and by a spherical
joint when non-dimensional parameter & =2.5, depending on the
thinness of the narrowest cross-section.

Because three special  are used to analyze the hinge joint, it is
difficult to find out the critical joint of non-dimensional
parameter « .

Future work

In the future, a continuous non-dimensional parameter & should
be used to analyze the spherical notch joint. And stress and DOF
analysis should obtained via both FEA and experimental
measurements.

Reference

1. Yi, B.-J.,, Chung, GB., Na, H.Y., Kim, WK., Suh, [.LH.: Design
and experiment of a 3-DOF parallel micromechanism utilizing
flexure hinges. IEEE Trans. Robot. Automat. 19(4), 604-612
(2003)

2. J. M. Paros and L.Weisbord, “How to design flexure hinge,”
Mach. Des.,vol. 37, pp. 151-157, 1965.

3. N. Lobontiu, Compliant Mechanisms: Design of Flexure
Hinges, CRC Press, 2003.

4. Chung, B.-J. Yi, and S. Oh, "Design of a new spatial 3-DOF
parallel mechanism with application to a PDP TV mounting
device," in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2007,
pp. 3999-4006.

5. N. Lobontiu and J.S.N. Paine, Design of circular cross-section
corner-filleted flexure hinges for three-dimensional compliant,
Journal of Mechanical Design, Trans ASME 124 (3) (2002), pp.
479-484.

1094




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




