
 

Conceptual Design of Cable Driven Parallel Mechanism 
for Planar Earthquake Simulator 

Daisuke Matsuura1 , Shota Ishida1 , Muhamad Akramin1 , Emek Barış Küçüktabak1 , 
Yusuke Sugahara1 , Yukio Takeda1 , Nobuo Fukuwa2  and Minoru Yoshida3  

1   Department of Mechanical Sciences and Engineering, Tokyo Institute of Technology, 
Tokyo, Japan 

2   Disaster Mitigation Research Center, Nagoya University, Nagoya, Japan 
3   Hakusan Corporation, Tokyo, Japan 

 
 

1. Introduction 

Numbers of massive earthquakes occurred globally in the past decades. One of the 
significant example is the Great East Japan Earthquake in 2011 with a magnitude of 
9.0. The occurrence of earthquake cannot be prevented, but its effect towards public 
can be reduced by several means. Earthquake simulator is helpful for society to ex-
perience real seismic waves in safe environment. This can be used to raise awareness 
toward disaster (prevention).  Cable-driven parallel mechanisms offer remedy to 
some shortcomings of conventional serial and parallel mechanisms (Gosselin, 2014). 
Using cables, it offers large workspace, low inertia of moving parts, transportability 
and ease of assembly/disassembly. These advantages of cable-driven parallel mech-
anisms are practical for an earthquake simulator that is accessible to public.   

Earthquake Simulator Vehicle, Kishinsha (Masaki, 2013) is one of the simula-
tors that is widely used for the purpose of disaster prevention education in Japan. It 
is good in term of transportability but can reproduce limited types of seismic wave. 
E-Defence (Ohtani, 2004) can reproduce various types of seismic wave with high 
precision. This simulator has a 20 m×15 m moving platform which is driven by 
forteen hydraulic actuators. Due to its massive size, this simulator is lack of trans-
portability. Jishin-The-Vuton (Roh et al, 2013) is very excellent in term of 
transportability. Its driving principle is based on the VUTON crawler, developed by 
Hirose (Hirose, 1993), to reproduce seismic waves in two-dimensional plane. By 
using the crawler, the simulator can achieve wide range of motion. As a drawback, 
this simulator is prone to tipping due to difference in height of the center of gravity 
of the moving parts and the driving mechanism (crawler).  
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In order to develop an earthquake simulator with high transportability perform-
ing wide range of seismic waves in plane, a composition of simulator has been 
proposed (Shiwaku et al, 2012). The proposed design was composed of a parallel 
mechanism driven by four cables arranged in a plane and air bearings to reduce the 
friction. After this, we have succeeded this project to develop a simulator of real size. 
There are numerous examples of research regarding cable driven parallel mecha-
nisms (Khakpour et al, 2014) (Liu et al, 2014) (Babaghasabha et al, 2015), however, 
to the best knowledge of the authors, researches aiming at development of earth-
quake simulator involving massive load and high acceleration have not been 
successfully done yet.  

Following the introduction, the conceptual design of planar earthquake simulator 
is presented, which is composed of a cable driven parallel mechanism with four ca-
bles, flat floor and air bearings to support the mechanism with low friction. Cable 
arrangement is investigated by dynamic simulation with respect to stability.  Finally, 
a prototype design is presented. 

2. Composition of Planar Earthquake Simulator 

Figure 1 shows the concept of our planar earthquake simulator. It is composed of a 
cable driven parallel mechanism (CDPM) with four cables, a flat floor and four air 
bearings. Object or human occupant are put on the output link of CDPM to experi-
ence simulated earthquake. As the first step, our target is to achieve big earthquake 
motions in the horizontal plane. To this end, the four air bearings are arranged be-
tween the output link of CPDM at each corner and the flat floor. This composition 

 

Figure 1. Conceptual drawing of planar earthquake simulator. 
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contributes to a stable support of the output link to prevent tipping by small cable 
tension forces and smooth and fast motion with low friction. 

The arrangement of the cables is shown in Fig. 2. To achieve full motion control 
of the output link in the horizontal plane, four cables are used. As shown in the side 
view (Fig. 2(c)), the heights of the attachment points of cables on the base, h1, and 
the output link, h2, are not the same, which is the main difference of the present 
mechanism configuration from that of the previous one. This means, our proposed 
CDPM has a spatial cable arrangement and a constraint plane (planar pair is com-
posed of air bearings and flat floor) to achieve stable, smooth and fast motions in a 
plane. The effect of this configuration is investigated through dynamic simulations 
in the following section.  

3. Dynamic Simulations  

Dynamic model of the CDPM is shown in Fig. 3. ࡭ࡲ, ,࡮ࡲ  are the cable ࡰࡲ and		࡯ࡲ
tension forces applied on points ଵܵ	ሺ࡭ࡲ	and	࡮ࡲሻ	and	ܵଶሺ࡯ࡲ		and	ࡰࡲ	ሻ , ࢈ࢌ૚, ,ଵܤ ૝ are the bearing forces, applied on points࢈ࢌ ૜ and࢈ࢌ,૛࢈ࢌ ,ଶܤ  is ࢑ࢌ ,૝ are the reaction forces between ground and air bearingsࡺ ૜ andࡺ,૛ࡺ,૚ࡺ .ସ, respectivelyܤ ଷ andܤ
the kinetic friction force and ߤ௞ is the kinetic friction coefficient. To simplify the 
equations, instead of four different reaction forces, their equivalent, ࢗࢋࡺ is used. ࢗࢋࡺ is applied on point N, and its x and y positions with respect to the center of mass 
of the output link G are denoted as ݔே and	ݕே. Greater net moment from other forces 
with respect to x and y axes, causes the position of N to be further; thus, makes it 
more prone to tipping. 

For a planar motion, dynamic equations become as follows: 
 

(a) isometric view                  (b) top view                   (c) side view 

Figure 2. Arrangement of cables of CDPM. 
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 ݉൥ݔሷீݕሷ0ீ ൩ ൌ ࡭ࡲ ൅ ࡮ࡲ ൅ ࡯ࡲ ൅ ࡰࡲ ൅ ૚࢈ࢌ ൅ ૛࢈ࢌ ൅ ૜࢈ࢌ ൅ ૝࢈ࢌ ൅ ࢗࢋࡺ ൅ ࢑ࢌ ൅ ݉݃ ൥ 00െ1൩        (1) 

 
ࡵ  ൥00߰ሷ ൩ ൌ ሺࡿࡳ૚ ൈ ሻ࡭ࡲ ൅ ሺࡿࡳ૚ ൈ ሻ࡮ࡲ ൅ ሺࡿࡳ૛ ൈ ሻ࡯ࡲ ൅ ሺࡿࡳ૛ ൈ ሻࡰࡲ ൅ ൫࡮ࡳ૚ ൈ ૚൯࢈ࢌ ൅൫࡮ࡳ૛ ൈ ૛൯࢈ࢌ ൅	൫࡮ࡳ૜ ൈ ૜൯࢈ࢌ ൅ ൫࡮ࡳ૝ ൈ ૝൯࢈ࢌ ൅ ൫ࡺࡳ ൈ ൯ࢗࢋࡺ ൅ ሺࡺࡳ ൈ ࢑ሻࢌ                

(2) 

 
|࢑ࢌ|  ൌ െหࢗࢋࡺหߤ௞  (3) 

 
  Since the system is redundantly actuated for a planar motion; to have a unique 
solution, one of the cable tensions, ܨ஼ ൌ  is preliminary determined. Bearing |࡯ࡲ|
forces, physical, kinematic and dynamic parameters are the known parameters. Un-
known parameters are the magnitudes of three cable forces, หࢗࢋࡺห,|	ݔ ,|࢑ࢌே and ݕே. 
These seven unknowns can be solved by using the seven scalar equations from 
equations (1), (2) and (3).  

 Dynamic simulations have been carried out. Standard values of physical, kin-
ematic and dynamic parameters used in the simulations are shown in Table 1. 
Simulation results in Figs. 4 and 5 show how cable tension forces, friction force, 
magnitude and position of the equivalent normal force change with respect to ݄ଵ 
and kinetic friction coefficient, for two different ீݖ values. In Fig. 4, the ideal case 
when the heights of the center of gravity, ீݖ, and the cable attachment point, ݄ଶ, 
are equal is considered. From this result, it is known that position of ࢗࢋࡺ is inde-
pendent from the height difference of cable attachment points and gets further 

 

 

Figure 3. Dynamic model of CDPM with air bearings. 
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from the center as the ߤ௞ increases. In Fig. 5, the case when ீݖ ് ݄ଶ which should 
occur in practical usage is considered, where ீݖ ൌ 0.65	m and	݄ଶ ൌ 0.7	m. In Fig. 
5(a), hatched area shows the safe region without tipping. It can be seen that as the 
difference ݄ଶ െ ݄ଵ decreases, output link gets more prone to tipping.  

By comparing the results in Figs. 4 and 5, it is known that magnitudes of the 
cable tension forces, normal force and friction force are not dependent on the 

Table 1. Parameter values for simulation. 

Parameter Value  Parameter Value Parameter Value ݉ 
W 
D ݄ଶ ௕݂ 

40 kg 
1 m 
1 m 

0.7 m 
95 N 

஼ܨ  ீݔ   ሶீݕ ሶீݔ ீݕ 

400 N 
-0.8 m

0 
0.1 m/s

0 

ሷீ ߰ ሶ߰ݕሷீݔ  ሷ߰  
9.8 m/s2 

0 
0 
0 
0 

 
 

   
(a) ݔே vs. ݄ଶ െ ݄ଵ                        (b) Cable forces vs. ݄ଶ െ ݄ଵ 

 

   
(c) Neq vs. ݄ଶ െ ݄ଵ                            (d) Friction force vs. ݄ଶ െ ݄ଵ 

Figure 4. Simulation results (home position, ீݖ ൌ ݄ଶ ൌ 0.7 mሻ. 
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height of the center of mass (ீݖሻ. In addition to this, it is also known that the height ݄ଵ has a maximum limit,	݄ଵ,௠௔௫, to prevent tipping. The effect of the difference ݄ଶ െ ݄ଵ,௠௔௫	on	ீݖ , is summarized in Fig. 6. Since there is no practical ݄ଵ,௠௔௫ 
value for high coefficient of friction cases, which can also be seen in Fig. 4(a) and 
Fig.5(a), values of ߤ௞ ൑ 0.2 are investigated. From this result, it is seen that if the 
friction coefficient is high, it’s better to select h2 smaller than zG, whereas if ߤ௞ is 
small, higher h2 leads to more safe. It is worth noting that the effect of the coeffi-
cient of friction, in terms of tipping, decreases as the difference between ݄ଶ	and	ீݖ 
decreases. 

On the basis of these results, to have the most stable system, setting the physi-
cal parameters as follows is suggested. To decrease the possibility of tipping, ݄ଵ 
should be set as low as the physical constraints allow. By using a lower coefficient 
of friction, cable tension forces can be kept in a desired region without loosening; 
however, it is important to make the connection point higher than the center of 
mass to obtain the most stable system in practice when the coefficient of friction 
is low.  

   
(a) ݔே vs. ݄ଶ െ ݄ଵ                        (b) Cable forces vs. ݄ଶ െ ݄ଵ 

 

   
(c) Neq vs. ݄ଶ െ ݄ଵ                            (d) Friction force vs. ݄ଶ െ ݄ଵ 

Figure 5. Simulation results (home position, ீݖ ൌ 0.65 m, ݄ଶ ൌ 0.7 mሻ. 
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4. Prototype simulator 

Based on the results mentioned above, we build a prototype. As one of the key parts 
of CDPM, the composition of a cable spool mechanism with the overview of our 
prototype earthquake simulator is shown in Fig. 7. The width and depth of the pro-
totype are approximately 3.2 m each, and the height is 1.5 m approx. The cable spool 
mechanism is driven by a 400W brushless DC servomotor with a planetary gear head 
of reduction ratio 1/14 (EC60/GP81, Maxon motor ag). The actuator units are driven 
by servo amplifiers (1BLDC, HiBot corp.) to adjust the lengths of the four cables 
calculated by using pulse encoder signals of 500PPR with a PID feedback process. 
In addition, tension of the one of four cables is measured by a tension sensor (pickup: 
LSP10-K25-B-S and amplifier: T300, Eiko Sokki corp.) to maintain it to a specific 
value. All the above sensor signal processing, dynamic analysis and feedback control 
is performed by a PC-based controller (Intel Core- .5GHz, 16GB RAM, operated by 
Windows-7 Enterprise Edition) at 1kHz frequency triggered by a hardware timer 
interruption.  

5. Conclusions 

Conceptual design of an earthquake simulator using cable driven parallel mechanism 
is presented. To achieve seismic motions with high stability, spatial arrangement of 

 

Figure 6. Relationship between ݄ଶ െ ீݖ  and ݄ଵ,௠௔௫. 
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cables has been investigated. Prototype simulator which covers 1m stroke in each 
direction has been built.  
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Figure 7. Overview of our prototype earthquake simulator and cable spool mechanism. 



<<
  /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


