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Ahstract_ Bio!l'Il.'Chanical models of the hand and fingers are useful tools for hand surgeons to improw surgical procedures 
and for biomedical researchcrs to explore the mcchanicalloading in the musculoskeletal syStem that cannot be easily measured 
ill \'iI'O. The PUfl)OSC ofttlc Pfl!SCnt study was to de\'e!op a realistic indt'x finger model for solving practical problems. 11K' mooc1 
includes the meshes of four bony sections (distal. middle. proximal and metacarpal bones) obtained via micro-cr scans. 'The 
tendon auachment si tes are adopted from the normative finger model. A total of sc\'cn tendonlmuscks are included in the model. 
The predicted tendon cxcursions and moment anns were compan:.'<i with publishl"<l experimental dala. One of the a(I\'antages of 
the current approach over previous studies is that the current model has been de\'eloped on a plalfoml of a commercial software 
package. such that researchers can apply it as a universal tool for practical problems. 
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I. Introduction 

There are Illultiple biomechanical model s of the hand and finge rs silllulating different problems. For 
example, Sancho-Bru et at. ( 1] deve loped a whole hand model si mulaling the musc le loadi ng for static 
gripping and free movements; Brook et at. [2] developed a biomechanical mode l of the dynam ics of the 
index finger and applied their model to simulate the muscle forces in pinch gri p and disc rotation; Biggs 
and Horc h [3] proposed a 3D kinematic long finger model and qualit:uive ly validated their model via 
the experi mental data of tendon/muscle excursions for the motion of the MCP joint. The biomechan­
ical fi nger mode ls proposed by Valero-Cuevas et at. 14J included anatomically realistic tendon/muscle 
con nections and musculoskeleta l parameters. All these mathematical hand mode ls are formulated ana­
lytically and re ly on certain simpl ifying assumptions. 

The theories of the tendon excursion and muscle moment arm for the finger, which researchers ap­
ply today. are based on three Landsmeer's models (5,6] and the nonnative model [7], The relationships 
between the moment arm, excursion, and joint angle are formulated mathematically in these models. 
According to the classical theory. the instantaneous moment arm of a tendon wi th respect to the axis of 
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a joint move ment is the slope of the tendon excursion with respect 10 the corresponding joint rotation. 
Using these theories, An el al. (8) experimentally determined the tendon excursion and moment arm of 
the fingers . In their tests. the tendon excursions were measured directly using displacement transducers 
while the mo ment arms were deri ved from the excurs ion data. Fowler et al. {9J determi ned the moment 
arms and lines of ac tion of the tendons in the index finger using a direct opt ical measurement from the 
high resolution MRI scans. The results obtained using these two different approaches have not been 
compared. In the current study_ we developed a simulation of joint kinemmics and musc le/tendon excur­
sions to predict the index finger moment arms by using the commercial software AnyBody (version 2.0, 
AnyBody Technology. Aalborg. Denmark). The model predictions are compared with published experi­
mental data. 

2. Melhods 

The index finger is modeled as a linkage system. based on the normative model [7], as il lustrated in 
Fig. I. The index finger consists of distal. midd le. proximal phalanges. and metacarpal bones. The DIP 
(distal interphalangea l) and PIP (proximal interphalangeal) joi nts are modeled as hinges with one DOF 
in the z-axis ; while the MCP (metacarpophalangeal) joint is modeled as a universal joi nt wi th two DOFs 
in the y- and z -axes. The centers of the DIP, PlP and MCP are considered to be located at O2• 0-, and 
0 6 • respectively. as shown in Fig. I. The attachment locations of the tendons are defined according to 
the normative model (Fig. I). Seven muscles were included in the proposed model: Flexor profundus 
(FP). fl exor sublimis (FS). extensor indicis (EI), extensor digitonlln communis (EC). radial interosseous 
(RI). ulnar interosseous (UI) and lumbrical (LU). 

In order to visuali ze the muscle/tendon attachment locations and to guide the musc le/tendon during 
the movements. the real bony section meshes were implemented into the proposed index finger model, 
as shown in Fig. 2(a). These bony section meshes were obtai ned via CT scanning of a cadaver right 
hand and input in a STL-fonnat. The lengths of eac h bony section scan have been scaled to fit to the 
required phalanx lengths in the index finger model. Since the bony meshes are not recognized as "contact 
surfaces" in AnyBody. we built e llipsoids at the bony con tact ends to gu ide the muscles/tendons. The 
muscle/tendons slide on the surfaces of the e llipsoids which mimic the bony surfaces. Figure 2(b, c) 
depicts the muscleltendon paths as they wrap on the ellipsoidal models for the bony surfaces at the PIP 
and DIP joints. 

In order to calibrate and validate the proposed model, the predicted muscle/tendon excu rsions and 
moment arms were compared with the experimental data by Fowler et al. 19] and An et al. [8]. Since 
the fi nger dimensions are norma lized in our model, we have to scale the model back to the real finger 
dimensions to make our results com parable with the published ex perimental data. The dimensions of the 
index finger model are sca led by the following factor: 

"/ II I I 0 0 Middle pllalal/x lengtll + DIP joim deptll 
MU. l e P 1ll1ll1). Lel/gtll Scale ( 2 3) = 00 00 

1 2 + 2 3 
(I) 

where Middle pllalanx length and DIP joint depth of the index finger are 21.3 and 4 .2 mm, respectively. 
adopted from [9J; 0 10 2 and 0 20 3 are the normalized DlP joint depth and middle phalanx length defined 
in the normative mode l [7]. as shown in Fig. I. 

After scaling our finger model to the dimensions in the experiments (9J. whi le maintaining the scal­
ing proportion of the nonnative finger model, the model predictions are comparable to the ex peri men-
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Joints 

DIP PIP MCP 
• • • y 

dLJL Jd. Lx 
= distal middle proximal metacarpal 

Phalanges 

0102 0203 0304 0405 0506 

0.228 1000 0.288 1.919 0.432 

Distal Point PToxlmal Point 
Joint Tendon X Y Z AR X Y Z .. 

IP EC/EI O"':~~! a",!f.''':J, -OO1~lri';:) 0.037 a~=: 01~i~':, ""':lri';": 0100 
FP 0.Q10 004 -0.184 -0.184 0.026 . 0 .... 0.1!:O .o.ax) .0 0.004.004 0.157 

FP .0212 (-0.212) ..Q..DI (-O.3E) 0.003 (0.003) OCXXl 0.4!:O (0.400) -O.2!9(-O.4C9) 0.(127 (UCI27) a.a>; 
RI -0.112(-0.112) 0.186 (0.186) OZl3(0223) a.CXXl 0.100 (0.100) 0.200 (0.181) 0..,. (U.268) 0.019 

MP UI -0.112(-0.112) 0.151 (0.151) -O.2!Il (-0200) a.CXXl 0.100 (0.100) 0.191(0.131) -<1..312 (-0.312) 0000 
FS -O21~ i~~ ~~;: 0'"; ~":l, OCXXl O~~::::: -021~i= a""ie,~ 0.100 

ECIEI .o.03B .0. 0218 -0.027 -0. OCXXl 0.(6) . O.ax) 0 -0.026 -0. 0.003 

FP -0..218(-0.118) .Q.386 (.o.J86) 0.031 (Om1) 0100 0.4!:O (O.3D) -0.45:1(.0.619) -0.15:1 (0.004) 0200 
FS -0..218(-0.118) .QAn(.o.477) -0.074 (.0.074) .,00 Il5IiO (U3:XI) ..Q.48:I(.o.6I39) -0.114(-0.114) 0""' 

eMe RI -<1..318 (.0.318) -0.033 (-0.033) 0.443 (0.443) a.CXXl o.:m (0.400) .o.E (.Q..l52) 0.519 (U62!l) 0.141 
LU -0.318 (-0.318) -0.148(-0.148) !lJ7O (1l31U) a.CXXl 0.400 (0.400) ..Q.ffiO(.o.704) Q.2X) (0.541) 0345 
UI 

-031: i~~~ -0"'; ~~ -OA6~ i;''",;! a.CXXl .~ ~.;: -O~i~) ""; i~= .m 
ECJEI -0.018 .0.01 0.421 421 -OJm -OCXl3 a.CXXl o.OCO. 0.483 0.483 -0.026-0. OCXXl 

Fig. I. Schematics of the proposed finger model and tendon attachrnenllocations. OJ. 02. 03. O~. 0 5 and 0 6 arc charncteristic 
markers. The DIP. PIP and Mep joints are assumed to be locatcd al 0:1. O~ and 06. respect ively. The finger dimensions and 
tendon allachmcnllocations are normalized to the length of the middle phalange. 0 203' The locations of the tendon allachment 
used in the current simulations arc compared with those of nonnative model [7J (numbers in parentheses). tlR is the adjustment 
distance of the allachrncnt locations in the current model from the original normative model [7[. 

tal data. We only calculated the excursions of each individual muscle/tendon; the moment arm of the 
muscles/tendons corresponding to a particu lar joint is deri ved by differentiating of the excursions with 
respect to that joint rotation. In the numerical tests, the variations of the musc le/tendon excursion and mo­
ment ann in response 10 the nexionlextension of the DIP and PIP joints as well as the flexion/extension 
and adduct ion/abduction of the Mep joint individually are calculated and com pared with the experimen­
tal data. 

3. Results 

The model predictions of the moment ann of the muscle/tendon corresponding to the Mep abduc­
tion(-)/adduction(+) and extension(-)/flexion(+ ) are shown in Fig. 3(a) and (b), respec tively. It is 
seen that the model predictions agree in trend with the experimental data [9]. In the Mep exten-
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(a) 

(b) 

(c) 

Fig. 2. Schemat ics of the proposed fi nger model. (a) Straight posi tion. (b) PIP joinl flexed by 90<). (c) DIP joint flexed by 60° , 
The figures show thaI the muscles wrap o\'cr the bony surfaces and confined by the pulleys. 

sian/flexion test (Fig. 3(a)). both model predictions and experimental dma indi cated that the moment 
arms for the EIfEC musc les are positive and they are distributed in a narrow range; whi le those for the 
RUUIILUIFSIFP mu scles are negative and spread in a greater range. In the Mep adduction/abduction 
test (Fig. 3(b». the model predictions agree in trend wi th the experimental data (the UI and RI musc les 
have the maximal positi ve and negative moment anns, respectively. and the mOment arms o f all other 
musc les rail within a range between them). The predicted moment arms or the musc les/tendon s corre· 
sponding to the PIP flexion are com pared with the experimental dara in Fig. 3(c). Since the mo ment anns 
or EI and EC musc les are identical. only the resuh ror the EI musc le is shown (Fig. 3(c». The mooel 
predictions agree in trend with the experi mental measurements (as shown in Fig . 3(c». Fo r the test with 
DIP joint eXlensionlf1ex ion. there are only three relevant mu sc les (Fi g. 3(d». in which the excursion or 
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Fig. 3, The predictcd muscldtendon momenl anns as a function of the joinl l1lQ(ion compan.'<! wi th the corresponding experi. 
mental data [91. (a and b) Mep joint flexion and adduction. respectively. (c) PIP joint flcxion. (d) DIP joint flexion. 

the EIIEC muscles are identical. Again, the predicted moment anns of the muscleltendon agree well 
wit h the experimental data in trends. 

Using the same tendon attach ment locations and finge r dimensions. the muscle excursions and mo· 
men! arms corresponding to the ex periments [8] have been predicted and com pared wi th their mea­
surements (Fi g. 4). The predicted musc le excursions and mome nt arms for the Me joint extension are 
compared with those measured experimentall y [8] in Fi g. 4(a) and (b). II is seen that the predicted ex­
cursions and moment arms for RI, VI and LU muscles are greater than the ex perimental data, while the 
model predictions agree well with the ex perimental data for the four muscles (Le., FP, FS, EI and EC). 
The compari son between the model predictions and experimental data for the excursion and moment 
arm corresponding to the MC joint adduction is illustrated in Fi g. 4(c) and (d). The pred icted musc le 
excursion and moment arms are consistent with the experimental measurements except for the RI and 
VI muscles. in which the predicted excursion and moment arm are considerably greater than the exper­
imental dala. The predicted musc le excursions and moment anns corresponding to the PIP joi nt fl exion 
agree c lose ly with the experimental data [7) for all six relevan( muscles (EC, EI, UI. LU, FS, and FP), as 
depicted in Fi g. 4(e) and (f) , respectively. In (his case, An et al. [8] prov ided onl y the average moment 
arms, which have been plotted as a constant and compared with the model pred ictions in Fig. 4(f). For 
the case of DIP joint fl ex ion (Fi g. 4(g) and (h», (he predicted musc le exc ursions and moment arms for 
the FP muscle also agree closely with (he experimen(al measurement [8), while the model predictions 
and experimental data differ slightl y for the ECIEI muscles. 
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Fig. 4. The predicted muscle/tendon e:<cursioos and moment arms as a function joint motions compal\.-d with the correspond­
ing experimental dala 18). Left column « 3). (c). (e) and (g»: musclellendon excursions, RighI column « b), (d). (I) and (h»: 
mus.c:leJtendon moment arms. 



1.2. \Vii tt 0.1. / Musc1t1ttl,don excursions of tilt index fillger 95 

., ,---------------------------------, 

l ·'b· "-~- ~S] ;:::1 ••• 

L 
I ----

I 
... _-........ .., _____ 't' .. ') 

•• l---_~ 

- __ \*'lI1lIIII 

... __ ........ l'f! 

.... ~_It· .. ·) 
•• L ______________________ ------____ -I 
~ • • 

(a) 
PIl'_~td09) 

(b) 

., ,----------------------------, .. 
I·· , 

_ __ ......... '1 I" 
• " L-,'" 

- __ toniIMI 

- __ """1111 -----
- '-'_.(1'" .... ___ ·t· .. ·) 

• . , 1-________________________________ --1 •• ~-----------------------------I ." " • ." " 
(e) "'--1""') (d) 

Fig. 5. The predicted musclcltendon excursions and moment anns as a functi on of the PIP joint extcnsion compared with those 
obtained using normmive model (1) and Landmeer's model III [5.6}. (a and b) Excursions and momem arms of ES muscle (it 
is equivalent to EelEl), respectively. (c and d) Excursions and moment arms of FP muscle. respl'Ctivcly. B()(h excursions and 
moment arms ha\·c !:It:en normalized by dividing with the middle phalanx length (i.e., ~Oj as shown in Fig. 1). 

In Fi g. 5, the excursions and moment arms of the ES and FP musc les for the PLP joint eXlen· 
sion/Aex ion predicted using the current models are compared with those usi ng the normative model 
[7] and Landsmeer's mode ls [5,6]. Ln order to investigate Ihe effecls of considering reali stic geometry of 
the bony seclion in the current mode l, we have com pared the simulations considering the muscle/tendon 
wrappin g over the surface of the bony sections (labeled as wmp in the fi gures) and those considering 
the mu sc le/lendon as a straight line between the atlachment sites on the bone (labe led as stmight in the 
figures). The musc le excursions and moment arms in these figures have been normalized by dividing by 
the middle phalanx length (i.e .. 0 20 3 as shown in Fig, I), which is estimated to 20.77 mm using Eq. ( I). 
The mlXlel predictions on the ES (it is considered to be equi valem to EC/E1) muscle excursion and mo­
ment arms for the PIP joint extension are comparable with Ihe normati ve mlXlel [7] and Landsmeer's 
model I [5] (Fig. 5(a) and (b». The muscle excursions calculated by all three models agree well, while 
the muscle moment arms obtained by these different approaches differ considerably. The moment arm 
calculated using the Landsmeer's model is constant, while those obtained using normati ve and current 
models vary as a fu nction of Ihe PIP joint angle. For the FP muscle in res)X)nse 10 the PIP joint fl exion, 
Ihe predicted excursion agrees well with those obtained using Landsmeer's model and normati ve mlXl­
e ls (Fig. 5(c», wh ile the predicted muscle moment ann is slightl y smaller than those obtained using the 
other two models (Fig. 5(d». 



96 1.Z WII e/ (II. I Ml4sc/eill'ndQn t'.lCursiOIl$ of /ile indt'x finger 

4. Discussion and conclusion 

It should be nOled that the approach to measure the moment arm in Fowler et al.'s [9] study is different, 
in principle, from that applied in [8] and in the curre nt study. The moment arms of the musc les were 
determined via optical observations in Fowler et al .'s slUdy, while they are derived from the measured 
muscle/tendon extensions in [8]. In the optical approach [9] , the moment arms are measured as the 
shon.esl di stance between the action line and the assumed rotation center geometrically. Theoreticall y, 
the moment ann could be measured precise ly using the optical approach; however. the determination 
of the rotation center is technically a tricky task, usually unrel iable when the rotalion center is mov ing. 
For an ideal hinge joint, both approaches should yield identical results. However, if the cen ters of the 
mome nt arms are moving during the joint fl ex ion, which is most likely in physio logical conditions, An 
et al.'s [8J approach may be more reliable. This may explain why in several cases (e.g .. for MCP joint 
motions), the magnitudes of the moment arms obtained from these two studies d iffer considerabl y. 

The model predictions of the moment arms wi th respect to the MCP joint fl ex ion agree well with 
the experi mental results by [I OJ, who measured tendon excurs ions using eleven cadaver specimens and 
de rived the moment arms of major musc les. The moment ann in 110] is defined in an opposi te direction 
10 that in the current study, while the magnitudes of the moment arms obtained in both studies agree 
we ll. The results from both studies indicated thai the moment arms of FSIFP and EIIEC are about 1.0 
and 0.9 cm. respectively, and are opposite in directions; and that the moment anns of UI, LU and RI 
muscles are in a range of 0.25--0.80 cm and are in the same dinx:tion as those of FS/FD (Figs 3(a) 
and 4(b». 

One of the tec hnical challenges in the modeling of the ex tensor mechan ism in an index finger is the 
model of a V-connection of three tendons. In the current mode l, we simplified the V-connection as two 
tendons funning via a middle attach ment point and merging together. The exc ursion of the main tendon is 
calculated as the average value of the excursions of two branch tendons. We have checked the difference 
in the excursions of the branch tendons in the numerica l tests performed in our study, and found they are 
typically wi th in 10-20% range. Therefore, the error due to such simplified treatment of the V-connection 
in our model should be acceptable. at least in the current numerical tests. 

Theoretically. the characteristics of the musc le excursions and moment arms of any individual hand 
can be numerically re-const ructed using the proposed approach, if the knowledge of eac h bony section 
and tendon attach ment s ites of that hand is availab le. In the current study, the dimens ions and tendon 
attachment sites were taken from a "generic" hand - the normati ve mode l [71: therefore, the model 
predictions reflect general trends of a typical index finger, al though they may not fit we ll to ind iv idual 
experimental measurement. One of the impoJ1ant features of the proposed model over the previous mod­
els is that the proposed approach can include the realistic bony geometries. which are assoc iated with the 
muscle excursion and moment arms. The current study represents a step towards a real istic hand mode l 
fo r the hand surgeons to predict the biomechanical consequences of the surgical intervention thereby to 
optimize the chances of hand function recovering. 
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