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Abstract— The Digital Hand is a precise and movable 3D model 
of a human hand and has been developed for virtual ergonomic 
assessments for product design. In ergonomic assessments, 
estimating the force of grasping and manipulating the product 
are effective in constructing reasonable assessment criteria. 
Therefore, in this paper, we proposed a method to derive internal 
force distribution of a finger in the Digital Hand software by 
building a musculoskeletal model, and by solving a non-linear 
optimization problem on the forces of finger muscle-tendons and 
the joint surfaces in case of the pinch and the power-grasp. The 
simulation results were validated by comparing the estimated 
muscle-tendons forces with the ones of the simulation and 
experimental results in past literatures. 
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I. INTRODUCTION 

Ergonomic-conscious design of hand-held products, such 
as electronic appliances, handy tools and containers, 
contributes a great deal to increasing their high value and 
market competitiveness. However, current ergonomic 
assessment of these products, such as comfort or fatigue 

estimation of grasps, are still dependant on sensory tests by 
real human subjects where the manufactures need to prepare 
expensive mockups but obtain only subjective and qualitative 
evaluation results.  

To solve these problems, our research group has proposed 
the Digital Hand where the 3D bone structure, surface skin 
geometry and finger motion of the human hand were precisely 
modelled. The simulation in the Digital Hand software 
enables us to generate plausible grasp postures and to predict 
the quantitative measures of grasp stability [1] and fitness [2] 
as grasp quality measures. However, internal forces acting on 
internal finger muscle-tendons during grasping which might 
strongly relate to the comfort and fatigue of the grasp were 
not estimated in our previous Digital Hand studies.  

Therefore, in this paper, a biomechanical model is 
developed and introduced into our Digital Hand where the 3D 
musculoskeletal structure in one finger is modelled and the 
internal muscle-tendon loads can be estimated. The estimation 
was reduced to a non-linear optimization problem. Finally, in 
the pinch and power-grasp postures, the validity of the 
proposed biomechanical model is discussed by comparing the 
simulation results obtained from our model with the ones of 
past simulation and experimental results. 

FDP  Flexor digitorum profundus  Fx.n  Force vector of x-axis in nth joint  

FDS  Flexor digitorum superficials  Fy.n  Force vector of y-axis in nth joint  

EDC  Extrinsic digitorum superficialis  Mxy.n  Joint moment of sagittal plane in nth joint  

EIP  Extrinsic indicis proprius  Mxz.n  Joint moment of transverse plane in nth joint  

RI  Radial interosseous  JRF.n.x  Joint reaction force of nth joint directed along the x-axis  

UI  Ulnar interoosseous  JRF.n.y  Joint reaction force of nth joint directed along the y-axis  

LU  lumbrical  Fi  Independent muscle-tendon force variable in ith tendon  

LE  Long extensor (index: EDC+EIP)  θMP.FE,θPIP.FE,θDIP.FE Flexion/Extension angle of MP,PIP,DIP joint, respectively  

ES  Extensor slip  θ(MP+PIP).FE,θ(MP+PIP+DIP).FE 
Flexion/Extension angle derived by adding  
θMP.FE & θPIP.FE, θMP.FE & θPIP.FE & θDIP.FE , respectively  

TE  Terminal extensor  θMP AA  Abduction/Adduction angle of MP joint 

UB  Ulnar lateral band  αi.FE  
Correction coefficient of moment arm in ith muscle-tendon at  
abduction/adduction joint motion  

RB  Radial lateral band  αi.AA  
Correction coefficient of moment arm in ith muscle-tendon at  
flexion/extension joint motion  

MP  Metacarpophalangeal  Ri,n.P,Ri.n.D  
Moment arm after joint motion of ith muscle-tendon in  
nth joint at proximal and distal phalange, respectively  

PIP  Proximal interphalangeal  R’i,n.P,R’i.n.D  
Moment arm before joint motion of ith muscle-tendon in  
nth joint at proximal and distal phalange, respectively  

DIP  Distal interphalangeal  l1,l2,l3  Phalange length of proximal, middle, distal phalanx, respectively  

PCSAj  
Physiological cross-sectional area in 
 jth muscle in cost function  

F1,F2,F3  Input forces at distal, middle, proximal phalanx, respectively  

TABLE I 
NOMENCLATURE  



II. BIOMECHANICAL MODEL OF FINGERS 

Fingers are driven by complicated muscle-tendon networks, 
and constructing an accurate musculoskeletal model for the 
whole hand is still an open problem in biomechanics. 
Therefore, a musculoskeletal model of one finger is proposed 
in this research. The model is an improved version of the one 
originally proposed by Fok [3]. We replaced the fixed 
moment-arm lengths of flexors and extensors in their model 
with the variable ones in our model. 

A. Mechanical Equilibrium Conditions at Finger Joints 

Fig.1 shows the biomechanical structure of the proposed 
muscle-skeletal model for one finger in the sagittal plane. 
When external forces F1, F2 and F3, caused by a grasp exist in 
the sagittal (x-y) plane and act on midpoints of distal, middle 
and proximal phalanges, then the following equilibrium of 
forces and moments (1) (2) must hold at three finger joints 
(DIP, PIP and MP) for flexion/extension motion in the sagittal 
(x-y) plane and for adduction/abduction in the transverse (x-z) 
plane, respectively. This can be written as:  
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where, Fx,n is a force component in x-direction acting at joint 
n, and Mxy,n is a moment on the sagittal (x-y) plane at joint of 

n. For example, for flexion/extension motion in the sagittal 
plane at a DIP joint, equation (3) and (4) must hold for 
forces in the x-direction and for moments in the x-y plane, 
including the external force, which can be written as: 
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where, FJRF.DIP.x is a joint reaction force of the DIP joint in 
the x-direction, FFDP is a muscle-tendon force acting on 
flexor digitorum profundus, FTE is a muscle-tendon force 
acting on terminal extensor, and MP+PIP+DIPFE 

MP+PIP+DIP where MP, PIP , DIP is a flexion/extension 
angle of MP, PIP and the DIP joint. l2 and l3 are the lengths 
of middle and distal phalanx, respectively. Ri.n.P , Ri.n.D 
denote the length of moment arm which force acting on a 
muscle-tendon, i, generates for the proximal (P) or distal (D) 
bone around a finger joint n, respectively.  

As the moment arm lengths actually vary according to the 
finger joint angles, we introduce a new linear model for 
them where the arm length, Ri.n.q, can vary in proportion to 
finger joint angles as, 

 PDqRR qniAAnAAiFEnFEiqni ,,........  　  (5) 

where n.FE is a flexion/extension angle and n.AA an 
adduction/abduction angle of a finger joint n, i.FE and i.AA 
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constants of proportion, and R’i.n.q is a fixed value of the 
moment arm which is normalized by the middle phalanx 
length. The constant values of i.FE, i.AA and R’i.n.q were 
derived from a previous experiment [4]. 

B. Mechanical Equilibrium Conditions at Finger Muscle-
tendon Networks 

Fig.2 shows the simplified muscle-tendon network 
structure of the finger in our proposed model. From the 
network connectivity of Fig.2, the following equality and 
inequality conditions (6) on tensile forces acting on finger 
muscles-tendons must hold at each junction in the band. At 
the same time, the conditions that all tensile forces must be 
positive are expressed by inequality conditions (7).  
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C. Estimation of Finger Muscle-tendon and Joint Reaction 
Forces based on Non-linear Optimization 

When grasping an object, it has been assumed that 

muscle-tendons with larger physiological cross-sectional 
areas generate more forces and that the total amount of 
stresses acting on the finger muscle-tendons is minimized [3]. 
Therefore, in this research, the unknown internal load 
patterns consisting of finger muscle-tendon forces and joint 
reaction forces were derived from the solution of the 
following non-linear optimization problem (8):  
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where PCSAj denotes the physiological cross-sectional areas 
of a finger muscle-tendon, j, whose values were referred to 
as the ones in [3,5]. Giving three external force values, F1, 
F2 and F3, as fixed values, we can solve this nonlinear 
optimization with equality and inequality constraints 
(1)(2)(6) and (7), then 16 unknown inner muscle-tendon 
forces Fi (i  T ) and joint reaction forces Fx,n , Fy,n ( n 
 PIPDIPMP ,,  ) can be obtained.  

III. MODEL VALIDATIONS AND DISCUSSIONS 

The validity of the biomechanical model was examined at 
two grasp postures; the pinch posture and the power grasp of 
cylinders with various diameters. In the pinch posture, the 

Fig.3 Muscle-tendon forces (FFDS, FFDP) of the index finger in case of pinch posture 

Fig.4 Estimated internal load distribution of the index finger in case of pinch posture 

(b) In-vivo measurement of muscle-tendon forces 
by experiments of Kursa[6]
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finger joint angles of the index finger were set as MP=45deg 
and PIP=35deg, and the tip of thumb touches the one of the 
index. An external force F1=1～15N was applied to the finger 
tips. On the other hand, in the power grasp, plausible grasp 
postures where a cylinder with diameter of 20mm to 60mm 
was held were generated using the Digital Hand. External 
forces, F1=15N, F2=5N and F3=10N, were applied to each of 
the phalanxes of all fingers and F1=15N to a thumb. Under 
these conditions, the unknown inner muscle-tendon forces and 
joint reaction forces were estimated, and they were compared 
with those of the previous simulations and experiments.  

Fig.3 (a) shows the estimated change in muscle-tendon 
force of the flexor digitorum profundus, FFDP, and of the 
flexor digitorum superficial, FFDS, in the case of the pinch. It 
was shown that FFDP becomes greater than FFDS as the applied 
force to the finger tip increases, and that this tendency well 
fits to the previous experiment [6] which is shown in Fig.3 (b). 
Fig.4 compares the estimated internal load distribution in the 
pinch posture. Except for FRI, FUI and FJRF.MP, our estimated 
forces agree well with the other simulation results. Our 
simulation results showed that relatively large forces for FRI, 
FUI and FJRF.MP are needed to help other muscle-tendons exert 
enough force. This result can be supported by other simulation 
results [7]. Therefore, the internal load estimation of the finger 

by our model can be considered to be effective in the case of 
pinch postures.  

On the other hand, Fig.5 shows the estimated change in the 
total muscle-tendon forces in the case of the power grasp. It 
was shown that the total force decreases as a cylinder diameter 
increases and takes a minimum at 40mm. This tendency and 
the amount of the force agree well with the previous 
experiment [8] and the previous simulation result [3] which is 
shown in Fig.5 (b). However, in the comparison of muscle-
tendon force distribution of Fig.6, FFDP becomes smaller than 
FFDS, which does not agree well with the previous experiment. 

IV. CONCLUSIONS AND FUTURE WORKS 

A musculoskeletal model of a finger was proposed to 
estimate the internal finger load patterns aimed at objective 
virtual ergonomic assessment of the Digital Hand. The 
comparison of the estimated results with the previous works 
showed that the model can be used for the estimation in case 
of the pinch posture. However, in the power-grasp posture, the 
total muscle-tendon forces could be well estimated, but the 
finger internal load distribution could not be predicted well. A 
possible cause of this disagreement might be that the 
optimization was executed only by one finger muscle-tendon 
stresses, and muscle-tendon stresses of all the fingers and the 
thumb must be optimized simultaneously. This is left as our 
future work.  

Fig.5 Total muscle-tendon forces of the index finger in case of power grasp posture 

Fig.6 Estimated internal load distribution of the index finger in case of power-grasp posture 

12
13
14

15
16
17

18
19
20

20 30 40 50 60

T
o

ta
l 

m
u

sc
le

-t
en

d
o

n
 f

o
rc

e
/t

o
ta

l 
in

p
u

t 
fo

rc
e

Cylinder diameter [mm]

(a) Estimated total muscle-tendon 
forces by our model 

(b) Estimated total muscle-tendon 
forces by the model of Fok[3] 

0.00 

2.00 

4.00 

6.00 

8.00 

10.00 

12.00 

14.00 

16.00 

18.00 

20.00 

22.00 

24.00 

FDP FDS LE RI UI LU MP関節作用力 PIP関節作用力 DIP関節作用力

筋
・
腱
力
/外

力

示指：把持姿勢における筋・腱力値[筋・腱力/外力]

提案モデル An et al.(1985)
Chao et al.(1976) Kim(2010)
Schuind et al.(1992)

※1

※2
※1 ※1Fok

※1:Result with simulation ※2:Result with experiment

Result with 
simulation

Result with 
experiment

Result with 
simulation

Result with 
simulation

Result with 
simulation

Result with 
simulation

Result with 
simulation

Result with 
simulation

Result with 
simulation

Result with 
simulation

Result with 
experiment

Proposed method

M
u

sc
le

-t
e

n
d

o
n

 f
o

rc
e

/in
p

u
t f

o
rc

e

MP joint 

reaction force

PIP joint 

reaction force

DIP joint 

reaction force



REFERENCES 
[1] Y.Endo, S.Kanai et al., Virtual ergonomic assessment on handheld 

products based on virtual grasping by digital hand, SAE Trans. J. of 
Passenger Cars - Electronic and Electrical Systems, 116(7) 
(2006),pp.877-887. 

[2] Y.Endo, S.Kanai et al., Optimization-Based Grasp Posture Generation 
Method of Digital Hand for Virtual Ergonomic Assessment, SAE Int. J. 
of Passenger Cars -Electronic and Electrical Systems, 1(1) (2007), 
pp.590-598. 

[3] K.S.Fok and S.M.Chou, Development of a finger biomechanical model 
and its considerations, J. of Biomechanics, 43 (2010), pp.701-713. 

[4] K.N.An et al., Tendon excursion and moment arm of index finger 
muscles, J. of Biomechanics, 16(1983), pp.419-425. 

[5]  J. Freund et al., A dynamic model of the forearm including fatigue, J. 
of Biomechanics, 34 (2001), pp.597-605. 

[6] K. Kursa et al., In vivo forces generated by finger flexor muscles do 
not depend on the rate of fingertip loading during an isometric task”, J. 
of Biomechanics, 38 (2005), pp.2288-2293. 

[7] R.T.Lauer et al., The function of the finger intrinsic muscles in 
response to electrical simulation, IEEE Trans. Rehabilitation 
Engineering, 7 (1999), pp.19-26. 

[8] Y.K.Kong and B.D.Lowe, Optimal cylindrical handle diameter for 
grasp force tasks, Int. J. of Industrial Ergonomics, 35 (2005), pp.495-
507. 

 

 



<<
  /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


