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INTRODUCTION 
The success of total knee arthroplasty has contributed to its widening 
application to a younger, more active patient population whose daily 
regimen includes more demanding high flexion activities. Worldwide 
expansion to Middle Eastern and Asian patient populations, where the 
attainment of high knee joint flexion is often a cultural requirement, has 
been steadily increasing in recent years. This in turn has led to design 
changes in contemporary polyethylene tibial inserts which accommodate 
these increased flexion ranges. This study reveals the contact areas and 
stresses that are associated with polymer insert abrasion and subsurface 
delamination for four contemporary total knee designs during the most 
highly loaded portions of three different high flexion activities, and suggests 
their efficacy in clinical use. 
Two cruciate retaining designs were evaluated, the 3DKnee (DJO Surgical) 
and Vanguard CR (Biomet). In addition, two posterior stabilized designs, 
Legacy LPS-Flex Fixed Bearing (Zimmer, Inc.) and the P.F.C. Sigma RPF 
(DePuy, a Johnson & Johnson Company), were also included. All four 
designs are currently available for clinical use in the United States. 

METHODS 
A three-dimensional, finite element model was created for each total knee 
design by measuring the articular surfaces of implantable quality parts using 
a laser profilometer. Maximum joint loads and the angle of knee flexion 
that they occur at were determined through a meta-analysis of the literature 
for three high flexion activities; stair ascent1,2,3,6 (60°), rising from a chair4 
(90°) and rising from a double leg kneel5,6,7 (135°) using a body weight of 
71 kg. The loads were applied and the virtual components were allowed 
to settle into their preferred alignments without friction or consideration of 
soft tissue constraints. A protocol exception requiring additional femoral 
constraint was needed to evaluate the Vanguard CR during stair ascent. 
To aid in comparison, all polymer inserts were characterized by the same 
gamma irradiated, nonlinear material8 of 10 mm thickness maintained 
at 37° Celsius. Contact areas and stresses on and within the polymer 
inserts were calculated and their magnitudes and locations were then 
photorealistically imaged. 
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STRESS RESULTS The distribution of surface contact stresses is 
appreciated from a superior posterior view 
of the left knee. These stress images (green 

Contact Area:    258 mm2

Contact Area:    260 mm2

Contact Area:    447 mm2

Surface Stress Subsurface Stress

60° Flexion
4.3 BW Inferior

0.2 BW Posterior

90° Flexion
3.3 BW Inferior
1.0 BW Anterior

135° Flexion
4.5 BW Inferior
0.4 BW Anterior



Vanguard CR

background) give an indication of the areas 
where surface abrasion caused by contact 
with the femoral component can occur. The 

higher the contact stresses, the greater the 
propensity for abrasive damage. The footprint 
of the surface stress distributions visualized 

Contact Area:    250 mm2

Contact Area:    251 mm2

Contact Area:    258 mm2

Surface Stress Subsurface Stress

60° Flexion
4.3 BW Inferior

0.2 BW Posterior

90° Flexion
3.3 BW Inferior
1.0 BW Anterior

135° Flexion
4.5 BW Inferior
0.4 BW Anterior

See DiscussionSee Discussion



Legacy LPS-Flex Fixed

Contact Area:    335 mm2

Contact Area:    311 mm2

Contact Area:    277 mm2

Surface Stress Subsurface Stress

for these designs overlie and influence 
subsurface Von Mises stress volumes. These 
isosurface stress images (blue background) 

illustrate volumes of polymer within the 
insert stressed above a 9 MPa damage 
threshold.9 Isosurfaces are defined by points 

60° Flexion
4.3 BW Inferior

0.2 BW Posterior

90° Flexion
3.3 BW Inferior
1.0 BW Anterior

135° Flexion
4.5 BW Inferior
0.4 BW Anterior



P.F.C. Sigma RPF

Contact Area:    287 mm2

Contact Area:    323 mm2

Contact Area:    338 mm2

Surface Stress Subsurface Stress

60° Flexion
4.3 BW Inferior

0.2 BW Posterior

90° Flexion
3.3 BW Inferior
1.0 BW Anterior

135° Flexion
4.5 BW Inferior
0.4 BW Anterior

of identical stress magnitude, and when 
present, appear as concentric ellipsoids or 
cylinders. They represent a visual inference 

of the potential for material delamination, 
the dominant mechanism of failure in total 
knee retrievals. 



DISCUSSION 
The component geometries of each design studied define their respective conformity and intrinsic 
constraint. The lateral compartment of the 3DKnee has a spherical style conformity and thus offers high 
constraint and achieves low magnitudes of both surface and subsurface stress. In contrast, the medial 
compartment has a swept cylindrical shape and allows excursion when presented with a strong anterior 
femoral thrust during the chair rise activity. The articulation pivots about the lateral compartment, causing 
medial compartment engagement near the anterior edge. 
The Vanguard CR achieves reasonable conformity in the coronal plane, while displaying a relatively flat 
geometry in the sagittal, with a built in 3° posteriorly directed slope ending in a minimum lip geometry. 
This design geometry did not provide enough intrinsic posterior constraint during the modeled stair ascent 
activity and additional anteriorly directed force was required to maintain the femoral component in its 
pictured position. This low constraint design allows the femoral component to traverse the proximal 
surface of the tibial insert, distributing stress throughout the entire plateau during high flexion activities, 
increasing the role of soft tissue load sharing to achieve stability.
In contrast, both the Legacy LPS-Flex Fixed and P.F.C. Sigma RPF designs are less dependent on soft 
tissue constraints and achieve stability through a polymer spine / femoral cam interaction. This feature 
constrains contact to the central and posterior portions of each compartment during high flexion activities. 
The PFC Sigma RPF geometries display lower stress than the Legacy LPS-Flex Fixed with the exception 
of kneel rise where the geometries promote wedging of the femoral component between the polymer 
spine and posterior insert lips.
Of the three high flexion activities evaluated, kneel rise is the most demanding. In this position both 
surface and subsurface stress levels reach large magnitudes and if repetitively encountered are suggestive 
of material damage. The posterior stabilized designs promote contact near the posterior edge of the insert 
to increase the opportunity for patients to achieve high flexion, however at the expense of high stresses 
being located near the posterior edge.
Fluoroscopy studies10,11 clearly demonstrate that high flexion angles are achievable in different patient 
populations. The attainment of these orientations as part of normal activity suggest that in the high 
demand patient the posterior aspects of tibial component inserts may indeed be subject to these high stress 
environments. Internal rotation of the femoral component relative to the tibia is naturally coincident with 
high flexion and may further contribute to damage as the lateral compartment of the knee unloads.  

CONCLUSION 
This study suggests that in high flexion activities polymer stress levels can influence component integrity 
in total knee replacement. Whether these extremes of flexion are realized is dependent on component 
design, surgical and patient factors. 

REFERENCES 
1.  Morrison JB, “Function of the Knee Joint in Various Activities”, Biomed Eng., 4(12):573-80, 1969. 
2.  Taylor WR, Heller MO, Bergmann G, Duda GN, “Tibio-femoral Loading During Human Gait and Stair Climbing”, J Orthop Res., 

22(3):625-32, 2004. 
3.  Costigan PA, Deluzio KJ, Wyss UP, “Knee and Hip Kinetics During Normal Stair Climbing”, Gait and Posture, 16(1):31-7, 2002. 
4.  Ellis MI, Seedhom BB, Wright V, “Forces in the Knee Joint Whilst Rising From a Seated Position”, J Biomed Eng., 6(2):113-20. 
5.  Dahlkvist NJ, Mayo P, Seedhom BB, “Forces During Squatting and Rising From a Deep Squat”, Eng Med., 11(2):69-76, 1982. 
6.  Nagura T, Andriacchi T, Alexander E, Matsumoto H, “Muscle Co-Contraction Increases the Load on the Posterior Cruciate Ligament 

During Deep Knee Flexion”, Transactions of the 49th Annual Meeting of the Orthopaedic Research Society, 28:843, 2003. 
7.  Spanu CE, Hefzy MS, “Biomechanics of the Knee Joint in Deep Flexion: A Prelude to a Total Knee Replacement that Allows for 

Maximum Flexion”, Technol Health Care., 11(3):161-81, 2003. 
8.  Waldman SD, Bryant JT, “Nonlinear Viscoelastic Behaviour of Irradiated Ultra-High Molecular Weight Polyethylene at 37° C”, 

UHMWPE Workshop, ASTM Annual Meeting, 1994. 
9. Williams JG: Stress Analysis of Polymers, Halstead Press, John Wiley & Sons, 1984.
10.  Banks S, Bellemans J, Nozaki H, et al., “Knee Motions During Maximum Flexion in Fixed and Mobile-Bearing Arthroplasties”, Clin 

Orthop., 410:131-8, 2003. 
11. Kanekasu K, Banks S.A.,Honjo S., et. Al., “Fluoroscopic analysis of knee arthroplasty kinematics during deep knee flexion kneeling”, 

J Arthroplasty, 19:998 2004.  

AAOS 2013 *Additional research papers are available at http://orl-inc.com  © 2013  Orthopaedic Research Laboratories
Cleveland, Ohio.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /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 false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /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 false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 100
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 100
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[Smallest File Size]'] Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  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
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


