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Abstract 
Structural shape modification can be useful in many industrial applications. This paper deals 
with experiments and results on a rectangular laminated plate. This plate presents a strong 
extension/twist coupling due to an high anisotropic composite material and a lays-up 
sequence optimization. A large number of mechanical experiments has been done to compare 
the result to the prediction of the classical laminate theory. 3-dimensioned shape acquisition 
and optical microscopic observations of the plate have been performed, they allow the 
behavior of this plate to be better understood. 

 
 

1 Introduction 
Armanios E.A. [1] (1996) studied the extension/twist effect with laminate composites plate in 
order to use it in aeronautical structure. The aim of this paper is to understand how this kind 
of effect works before taking advantage of such technology in larger structure. This effect is 
interesting because it results in a great displacement due to a solicitation in another direction, 
this strange phenomenon is the expression of a well chosen stacking sequence. 
 
1.1 Extension/twist phenomenon 
This effect is possible to occur with laminate manufactured with composite materials. 
Actually, the anisotropy ratio EL/ET (Longitudinal and Transversal Young modulus) of a 
material, in addition to its orientation in the plies can drive the extension twist phenomenon. 

 
      Figure 1. Explanations of the extension/twist phenomenon 
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In our case, an antisymmetrized angle repartition (Fig 1) has been chosen, in order to expose 
the extension/twist coupling. Each ply responds to the extension by an opposite shear, these 
two shear strains bringing about a rotation of the laminate. This kind of stacking with this 
symmetry zeroes some terms of the coupling matrix and allows an expected behavior of the 
shell by avoiding extension/bending coupling. 
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Eq. 1 comes from the Classical Laminate Theory [2] and links loads with strains. Where Aij 
represent the in-plane behavior of the plate, the Dij control the out of plane bending behavior 
and the Bij matrix is the coupling between the two kinds of displacements. 
Actually, one of the goal of the design with composite materials is to cancel this Bij matrix 
because it often implies unwanted behaviors. In this paper, explanations to retrieve 
information about the stiffness matrix with different trials will be given. 
The main idea was to follow the lifetime of a sample from the stripping to the destruction. A 
first part of this paper will expose how to estimate initial distortions coming from the curing 
step. Secondly, three mechanical experiments will be shown to estimate different items of the 
stiffness matrix and also to expose the extension/twist coupling. A short conclusion will be 
given to synthesize different outcomes. Several replicates were used to confirm the results we 
present and to estimate the scattering of the data. 
 
2 3D-shape measurements using non-destructive technique 
Laminates with structural coupling often exhibit great displacements due to the curing 
process. Acquisitions of scatter plots representing the surface of samples have been done with 
a scanner measuring arm (Fusion FaroArm, 0.05mm repeatability). The greatest 
displacements are in z-direction due to the specific stacking sequence. Besides, as in the CLT 
[2], the following relation is assumed: 
 

( ) 22
0 222

, y
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k
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(2) 

 
A deterministic algorithm has been develop using the least square method to fit the scatter 
plot on a virtual deformed plate which is defined by Eq. (2). It allows to rotate and displace 
the frame with the assumption that the scanned geometry is close to a bended-twisted shell. 
This program retrieve curvature coefficients of the out of plane displacements. 
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      Figure 2. Out of plane displacement repartition and error of an unsolicited twist plate 

 
Figure (2) shows that an accurate regression is possible from a scatter plot. Such data permit 
to define a best stacking sequence in order to reduce residual stresses. From now on, a large 
amount of information about the shape of the unloaded plate is available, and mechanical 
trials can be done. 
 
3 Mechanical experiments 
3.1 Experimental set-up and precautions 
During tests, data from many sensors (torque, load, displacement, angle, strain gages) are 
gathered. In the figure (3), a snapshot shows a Schenck tensile/torque machine (65kN, 
1000N.m) used to test samples, a synthetic overview of the experiment points out apparatus of 
the sample (sensors, actuators, mechanical junctions). 
 

  
      Figure 3. Apparatus of tensile test 
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Determination of the strain tensor is an important step. Strain gage rosettes in delta 
configuration give strains in three specific directions, a frame transformation is needed to 
retrieve the surface strain tensor in structural axis Eq. (3). 
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Assumptions of the CLT allow to express strain and curvatures as in the double Eqs. (4). 
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So, the complete strain tensor at one point of the plate can be experimentally obtained and 
compared to numerical simulations. 
 
The balance of the quarter-bridge strain gage circuits is made before the clamping of the 
sample, the effect of this latter can be pointed out. Actually, the misalignment producing 
bending in several axis, or torsion can be underlined. We can see in figures 4a and 4b 
longitudinal strain gages signal during the clamping. 
 

 
      Figure 4. Strains in xx-direction induced by clamping, a) suitable, b) unsuitable 
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result, the left clamping induced more bending than the right one, even if the strain is more 
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directions will produce other kinds of shape and other difficulties. 
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3.2 Zero-torque tensile test 
This is the main goal of the study. The torque is controlled by a Proportional Integral 
Derivative controller device to be equal to 0 when a linearly time dependent force is imposed. 
This experiment is useful to monitor rotation induced by the extension/twist coupling. 

 

      Figure 5. Relation between force and rotation without torque 

 
The figure (5) points out the extension/twist effect. Henceforth, with a null torque, the plate is 
naturally rotating up to 70°. With these kinds of displacements, non-linear geometry effects 
appear because a tensile force in a global frame is a combination of in plane and out of plane 
force in a local frame. This can be predicted with an analytical formulation [1] or a finite 
element method [3]. 

 

      Figure 6. Variation of different a) strains and b) curvature with force 

 

Figure 6b shows the link between two terms Nx and kxy. The sample is not bending because of 
the low values of kx and ky. Figure 6a shows no occurrence of shear strain in the neutral plane 
and simultaneously linearity of εx

0 and εy
0 with the force. 
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3.3 No-rotation tensile test 

This experiment allows us to link the torque with tensile force resulting of the extension twist 
coupling. Even if the plate remains flat, the out-plane behavior is expressed. The advantage of 
this trial is that there is no geometrical non-linearity from the great displacement shape of the 
twist plate because the plate remains flat. 

 

      Figure 7. Relation between force without rotation 

 
When a fixation is done, the extension/twist effect is prevented, but it nevertheless appears 
through a large torque resultant seen by the sensor. The torque and force can be expressed 
with Eq (5), allowing to retrieve matrix coefficients A11, A12, B16, B26. 
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      Figure 8. Variation of different a) strains and b) curvature without rotation 
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This experiment points out a low variation of kxy, because the plate is twisted without 
solicitation. Applying a tensile force with a null rotation makes the shell become plane. kxy 
doesn't approach 0 because bridges of the gauge are equilibrated on a deformed shape. 

 
3.4 Torque test without displacements 

This last trial exhibits the reverse extension/twist coupling. Actually, the out of plane 
displacement is used to see this reverse effect happening on the extension behavior. 

 

      Figure 9. relation of a) torque and b) force with rotation without displacement 
 

It's also a simple experiment used to estimate the D66 (torsional stiffness) which is the link 
between rotation and torque Eq. (6). The reverse coupling is seen in the second figure 9b, by 
applying a torque on the plate. But this is not the best method to estimate B16, because the 
sample is very stiff in the longitudinal sense.. This two figures (10) support that only kxy is 
variable. 

xyxy kDM 66=

  

xyx kBN 16=     (6) 

 

      Figure 10. Variation of different a) strains and b) curvature without displacement 
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4 Destructive experiments 
Mechanical experiments can eventually lead to the destruction of the sample. There are 
several ways of monitoring it. Figure (11) represents three fields of temperature measured 
with a Cedip infrared camera at an acquisition rate of 150Hz. An increase of heat emission is 
seen about 100 ms before the sample breaks. 
The shape of this sudden increase follows the orientation of a specific ply of the stacking 
sequence of the laminate. This kind of failure has been observed on all extensions/twist 
samples and matches with transversal crack. In that case, the transversal direction stress (in 
the ply frame) is larger than the yield strength in this particular ply. 

 
      Figure 11. Temperature fields at different time before and after the sample break 

 
Optical microscopy remains an useful tool when it's needed to optimize the fabrication of a 
laminate. In our case, a slice of the plate was polished to be seen with a microscope, these 
observations allows to monitor thickness, fiber repartition, damage growth, delaminations, 
etc... 
 
5 Conclusion 
All experiments of this paper have shown the capability of a plate with such a large 
extension/twist coupling. This is now easy to compare with analytical calculations of finite 
elements results. We have proved that such a plate is sustainable and respond well to loads in 
terms of rotation ( about 70°). The next step of such a technology is the application on a larger 
structure. 
 
References 
[1] Armanios E. A., Makeev and Hooke D. Finite-displacement analysis of laminated 

composite strips with extension-twist coupling. Journal of Aerospace Engineering, 
Volume 9 Issue 3, pp. 80-91 (1996). 

[2] Kollar L. P., Springer G. S. Mechanics of Composite Structures. Springer, Cambridge 
(2003). 

[3] Reveillon D., Placet V., Garcin C., Carbillet S., and Boubakar M. L. Optimisation du 
couplage traction torsion dans une plaque stratifiée in “Proceeding of Congrès Français 
de Mécanique, Besançon, France, (2011). 

tb - 300 ms tb - 100 ms tb

Temperature (°C)

 

 

24

25

26

27

28



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


