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Summary: The top of article is mechanic model of hand power grip. The algorithm of 
calculation of tendon and finger joint forces and finger stress state is presented. The 
results can be used as loading for finger implants. The mechanic model consists of tendons 
and stiff finger bone elements. The bending moments at joints and the friction of tendons at 
vaginas are omitted. The tendon influence is searched as a rope in pulley system. The 
power grip of object is solved in two forms: a grip of some object, for example pliers and a 
grip of a bar with circle cross-section, for example if a man hangs on a horizontal cross 
bar. The algorithm was interpreted on a computer. The program can be used for 
pathologic cases too if some fingers don’t operate or have pathologic form. 

   
 
1. Introduction 

The biomechanics model of hand power grip is solved. The task is solving of geometry position 
of finger links, stress state at link bones and tendon forces if the object is griped with given 
force. The aim of research was the completing of a computer program which enables for given 
anatomic hand form and the size of an object to calculate bone stress state and tendon force 
values. The stress state can be calculated for healthy hand. The pathologic case can be solved 
only if the hand hasn’t some fingers or some finger links don’t be able operate. 

The calculation algorithm is developed for two cases of power grip of an object. The 1st 
variant is the power grip of some object between nth finger links and wrist. The hand has to grip 
the greater object between the last finger links and wrist and the small object can be griped with 
the greater force if it is put moor deeply into the palm, it means the object is griped with the 
greater force between the 3rd (n=3) or the 2nd (n=2) finger link and wrist. The parameter n is 
input value of program. The hand geometry is searched, it means the finger links position and 
their slopes is calculated. The input parameter is the size of griped object only. 

The 2nd variant is a power grip of the round post, for example a man hanging at a horizontal 
bar. The hand position is elected to be a wrist (ossa carpi) on the vertical under the bar center 
and the hand has contact points with the bar at the surface of link centers. 

The grip force is an input parameter. The both cases suppose that the healthy fingers without 
a thumb are in activity. The thumb only secures the hand not to slip out of an object. 

The length of finger links makes Fiboracci order. The length is a sum of previous two lengths 
(from the end) in this order, for example 18, 28, 46, 74 [mm]. The variant according to Hoggard 
commend considers the link length as 1,618 time previous length. Thompson [2] shows the form 
of flexed finger too. 
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Batmanabane and Malathi (1985) have published the maximums of angles of flexed linger at 
its joints, they are (from end of finger) 90o (little finger 95o), 100o, 110o and 90o. The angles are 
smaller if only one finger is flexed. The slope angles can be greater if it is pushed on the finger. 
Doyle and Blythe (1998), Strickeland (1987) present the fixation of tendon vagines on palmar 
part of hand. The flexor is considered according to Brand (1985, 1993). The flexor is at tendon 
vagina which has the same form as finger bones and near at joints has arch form with radius r 
and the shortness during the flexion is α r, where α is bending angle at the joint. The same 
displacement is at extensor. Verdan (1979) and Strickland (1987) declared that the movements 
are at extensor vaginas 3, 16, 44, 55 [mm] and at flexors 5, 16-17, 26-23, 46-38, 88-85 [mm]. 
The curvature radius depends on the ligament state. The biomechanics of hand is based by Mc 
Brida (1942), Griffiths (1943), Napier (1956) and Lansmeer (1963). Napier divides two hand 
grips: power grip and precision grip. The finger is flexed at joint by the flexor tendon force at 
distances r=  5, 7.5, 10, 12.5 [mm] start from radio-carpal connection for the finger length 200 
mm (Brand (1993)). The values must be corrected by the finger length measuring. 

 

 

Fig. 1. Schema of the hand links and tendons.   Fig. 2. Geometry of power grip of horizontal bar. 
 
 
2. Calculation presumption and used parameter 

The following algorithm supposes this simplification: 

1. The object is griped by 4 fingers with 4 links and the trump doesn’t work. The trump stress 
state isn’t study. The fingers will be numbered 1, 2, 3, 4 from forefinger to little finger and the 
finger links 1, 2, 3, 4 from wrist (corpus ossis metacarpalis has number 1). 

2. The finger links (and wrist) are connected by joints which don’t transmit bending moments. 
The mechanical system of the hand considers stiff bones (bone deformation is neglected) and the 
ideal bending tendons. The flexors bend the fingers and they are situated on the palmar site of 
the hand, each finger link has its own flexor. The tendons are in the tendon vaginas (vaginae 
synoviales), which is support near joints by ligaments (vaginae fibrosae digitorum manus). The 



friction of tendons at vaginas is omitted. The distance between the flexors at ith joint from this 
joint is marked fi. The tendons and their vaginas are partly linear and curved and they are solved 
as system of cables and pulleys which is fixed to the joints. The tendon force bends the finger 
with the moment which is equal force times the distance fij. 

3. The finger links have circle cross-sections with the minimum of diameter at its center of 
length. 

4. The finger link touches of the object at point Bi which has the distances from bone center ν r, 
where r is bone radius and ν is input parameter. 

5. The wrist (carpus) is solved as one joint. The 1st finger links (ossa metacarpi) moving are 
bounded because they are connected by ligaments. The connection enables small differences at 
the 1st link slopes (cylindrical form of wrist). 

6. The finger bones have compact surface layer with elastic module E1 and spongiest part with 
module E2. 

The schema of hand griping the object is at the fig. 1, the follow parameters is used: 

A1(x1,y1),…, A5(x5,y5) … joints (begins and ends of finger links), correctly centers of mutual 
rotation of links.  

B1(X1,Y1),…, B5(X5,Y5) … contact points of finger links and object, they are at centers of links 

S1 (xs1,ys1),…, S4(x4,y4) … centers of finger link bones 

α1,..., α4 … slope angles of finger links 

β, γ … assistant angles 

L1,…, L4 … lengths of finger links 

r1,…,r4 … finger link radiuses 

R … diameter of griped object 

ν … parameter which defines relationship of distance between finger surface and bone axis and 
bone radius 

fi … distance flexors from the i th joint 
 
   
3. Geometry of power grip of object 

The coordinates of points Ai can be calculated from 
 

                                                                                                                                                    (1) 
 
where α i are the slope angles of i th finger link (see fig. 1) and Li is its length (distance between 
turning centers). 

The positions of the points Bi are 
 
 
                                                                                                                                                    (2) 
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r i is bone radius and ν is parameter which defines relationship of distance between finger surface 
and bone axis and bone radius. 

Rotation angles α i of bone links axis are 
α2 = α1 + β  

                                 α3 = α1 + (1+k)β                                                      (3) 
α4 = α1 + (1+1,5k)β 

where β = α2 − α1 is angle between the 1st and 2nd finger links. Angle β will be determined to be 
distance between B2 a Bn+1 equal to size of grip object d. The 1st approximation is α1= 0, (the 1st 
finger link is horizontal).  

The value of k is calculated to be for d=0 the points B1 and Bn+1 at the same place, it means 
that for their distance is valid 
 
 
                                                                                                                                                    (4) 
 
 
If (3) is set to (4) we will have got a system of transcendent equations for the unknownś  β, k. 

Now the equations (4) (using formulas (33)) will be solved by Newton’s iteration method 
according to follow algorithm:  

1.  k1= 0.5, α1 = 0, β 1= π/2 

2. β1 is increased till value ∆y (see (4)) will be negative 

3. The better estimate is calculated from 
 
 
 
 
 
 
The calculation according to point 3 is repeated till the calculation error is greater than given 
error. 

The values β and k were calculated for object diameter equal 0 according to previous 
algorithm, now it must be changed β to be the distance between B2 and Bn+1 equal to the given 
object diameter R. The value k isn't changed and value β is calculated from follow algorithm: 

1. α1 = x1 = y1 = 0, β,  k are results from previous algorithm. 

2. The values αi, xi, yi, and Xi, Yi are determined from formulas (1), (2), (3). 

3. Distance of points B2 and Bn+1 is  

 

4. If ε = c – R <0 (the distance between the points B2 and Bn+1 is less than object diameter d) 
then 

                                                 βold = β,    εold = ε,   β = β - 0.1 

and the algorithm continue from 2. 
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At the appositive case is continued from 5. 

Comment: if c<d for 0≤β , the task cannot be solved because the object diameter is too great for 
grip. 

5. Now the correct value of angle β is at oldββ ,  

The better estimate can be calculated with help Regula-Falsi method                                            
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The calculation is repeated till the value  ε  is less then given occurrence.        

The finger grip force F has direction from the point B2 to the point Bn+1. The finger will be 
turn to be the force F (join of points B2 and Bn+1) vertical. The turn angle can be calculated from 
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If the value Yn+1 - vr1 is near to zero the finger turning isn’t be provided. The other values 
α2,...,αn are calculated from formulas (4). 

The previous algorithm is used for all fingers. The fingers have different positions of points 
Ai, Bi because the finger links lengths are different. The smaller finger has the greater angle α1. 
The inference is cylindrical form of a wrist that corresponds with reality. 

If the tong is griped the vertical force F loads the point Bn+1. The forces at the points Bi are 
zero except  

                                                                 Fy,n+1=F                                                                     (6) 
 
 
4. Geometry of power grip of round post 

The example of a power grip of a round post is a man hanging at a horizontal bar. The geometry 
of finger position is at fig. 1 and 2. We presume that the finger and bar contact point is situated 
on the line between bar center and link center and the last finger link has this line perpendicular 
to bone axis. 

 

 

 

 

 

 

 

 

 

b4 

b5 
γ 

a4 

S4 

A5 

A4 

       bi+1 

O 

Li/2 

γ 

ai 

bi 

Si 
Ai+1 

Ai 



 

 Fig. 3. Geometry of last finger link.                  Fig. 4. Geometry of 1st to n—1 finger links. 

Distance between the bar center and link center is 

ai= R + riv 

where R is bar radius, r i is finger link radius at link center, v is relationship of distance between 
finger surface and bone axis to bone radius, vri is distance between Si (center of finger link axis)  
and finger surface. 

The angle of last bone axis can be calculated according to fig. 3 

 

 

The angles bn, an, bn+1 with x axis are 

βb,n= π/2,  βa,n= βb,n+ γ,  βb,n+1= βa,n+ γ 

An is situated on y axis. Coordinates of An, An+1 is 

xn= 0,  yn= bn, xn+1= bn+1cos βn+1, yn+1= bn+1sin βn+1  

The angles between bi+ 1 and bi of the other finger links are (see fig.4) 
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Angle link ai with axis x is 

βa,i= βb,i+1- γ 

 

Coordinates of points Ai+ 1, Si+1 are 

xi+1 = bi+1cos βb,i+1,  yi+1= bi+1sin βb,i+1 

xs,i= ai cos βa,i,  ys,i= ai sin βa,i 

Because Si is at the center between Ai+1 and Ai, the coordinates of Ai is 

xi= xi+1+ 2(xs,i- xi+1) = 2xs,i- xi+1, yi= 2ys,i- yi+1 

The distance of point Ai from coordinate origin is 
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The angle of bi with x-axis is (for xi= 0 is βb,i= π/2) 
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Now let us turn the coordinate system (turn angle ϕ) to be the point A1 on y axis, it means 
under bar center 
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The angles βbi, βαι will be corrected 

βbi = βbi - ϕ,  βαι = βai - ϕ 

The coordinate system will be now moved to be the point A1 at coordinate origin. New 
coordinates of points Ai, Bi are 

xi = bi cos βbi,   yi = bi sin βbi + b1 

Xi = R cos βa,i-1,   Yi = R sin βa,i-1 + b1 

If the value b1 is the same for all fingers then the distance between wrist and bar centre is same. 

The angles α1, ..., α4 can be calculated from 
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Let us search points Bn and Bn+1 with positive and negative x coordinate (if no point has 
negative x coordinate then the bar has too large diameter and cannot be griped). The bar vertical 
force F loads points Bn+1, Bn. The forces Fn, Fn+1 at these points can be calculated from 
equilibrium conditions (see fig.6) 

Fn cos αa,n-1 + Fn+1 cos αan = 0 

Fn sin αa,n-1 + Fn+1 sin αan  = F 
 
 
5. Bone stress state and tendon forces 

We calculated for all finger links (i=1,…,4) the coordinates of vectors ir
r

 connecting points Ai 

and Bi+ 1, vector ic
v

 connecting points Ai and Ai+ 1 (see fig. 5) 

rxi = Xi – xi, rzi = Yi – yi 

cxi = xi+1 – xi, cyi = yi+1 – yi 

The tendon operates as a cable on pulleys near finger joints. The tendon force is considered at 
the nearest place from joint where the tendon intersects the angle axe βi between the link axe 
directions.  
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The angle βι has direction cosines bxi, bzi. 

Each finger link has its own flexor and extensor. The sum of the tendon forces at joint i is 
marked Ri. The perpendicular distance of force Rj from i-joint is fi. The tendon’s force Ri can be 
calculated from moment equilibrium condition. The force Rn is calculated from moment 
equilibrium for the last finger link to point An (see fig. 5).  

                                                           Rn fn
 + Fzn rxn – Fxn ryn = 0                                                (8) 

 



 

 

 

Fig. 6. Finger load  

 

 

Fig.5. Tendon and external forces at last and i th joint.                       . 

The horizontal and vertical joint forces Hn, Vn are calculated from equilibrium conditions at 
these directions 

                                                    Hn= Fxn - Rnbxi, Vn= Rnbyi - Fyn                                               (9) 

Let us define Hred, Vred as joint forces without Rn effect 

                                                           Hred,n = Fxn,    Vred,n = -Fzn                                                (10) 

The tendon and joint forces for the other finger links can be derived from the equilibrium 
conditions for the finger componets. 

Rifi - Hred,i+1by,i+1 – Vred,i+1bx,1 + Fyirxi - Fxiryi 

                                            Hred,i = Hred,i+1 + Fxi,  Vred,i = Vred,i+1 – Fyi                                     (11) 

Hi = Hred,i – Ribxi, Vi = Vred,i + Ribyi 

Each finger links has its own flexor with constant force at all length and Ri is sum of these 
forces near joint i. The moment of tendon forces R to joint increases from nth to 2nd joint and it is 
equal zero for 1st joint. The tendon force must be positive (tensile) therefore the flexor of the 1st 
finger link doesn’t work but the extensor has a tensile force.  

The bending moment Mi, normal and tangential forces Ni, Qi at finger link centers (point Si) 
are calculated from joint i (see fig. 1, 5). The positive bending moment has tensile part on the 
palmar side  
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                                                          Ni  = H i cos α - Vi sin α                                                  (13) 

                                                         Qi  = Vi  cos α + H i sin α                                                 (14) 

where Ri, Hi, Vi are calculated from (11) and 
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Normal stresses at compact and spongy bone part are 

 

 

 

where N, M were calculated from (12), (13), E1, E2 are modules of elasticity of compact and 
spongy bone part, A1, A2 and I1, I2 are areas and inertia modules there parts. The formulas 
suppose the centers of gravidity of compact and spongy part at the same place. 

If the cross-section is considered approximately circle then the follow formulas can be used 
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E1, E2 are moduli of elasticity for compact and spongious part of bone 

The maximal tangential stress for around circle cross-section of bone is 
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where r1, r2 are external and internal bone radiuses. 

The force F loading the hand will be now divided to forces Fi loading fingers. It is used the 
condition of the same value of maximal tendon force and/or the same maximal values of normal 
stress at all fingers (the algorithm is analogous). The cross-section areas of tendons are supposed 
at the same ratio as cross-section areas of bones at finger links centers. The follow algorithm is 
used. The fingers are the first loaded by force F and the maximal tendon forces or normal 
stresses are determined. Now the force F is divided to fingers according to dividing coefficients 
ki. The dividing coefficients for the finger load are 
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6. Conclusion 

The presented algorithm was implemented on compute. The input values are anatomic 
dimensions of hand, diameter of griped object, grip force and grip type (tongs or bar). If the 
algorithm of tongs grip is used the number of operate finger links can be selected. The small 
tongs can be griped with a greater force if the tongs is put deeply to palm and the last finger links 
doesn’t work. The program can be used for healthy hand and for hand with missing finger links 
or with some finger which doesn’t work. 

The results of program can be used for design of finger joint implants. The calculated bending 
moments and normal and tangential joint forces can be used as load for implant searched by the 
finite element method. 
 
 
Acknowledgement 

The research was supported by grant MSM6840770012 “Transdisciplinar Research at Area of 
Biomedical Engineering”. 

 

Bibliography 

Batmanabane, M., Malathi, S. (1985) Movements at the carpometacarpal and 
metacarpophalangeal joints of the hand and their effect on the dimensions of the articular 
ends of the metacarpal bones. Anat. Rec., 213:102. 

Bejjani, F., J., Landsmeer, J., M., F. (1989) Biomechanics of the hand. Basic biomechanics of 
the musculoskeletal system. Lea & Febiger, Philadelphia, London, pp. 275-304. 

Berger, M., A., de Groot, G., Hollander, A., P. (1995) Hydrodynamic drag and lift forces on 
human hand/arm models. J. Biomech. Feb., 28(2), pp. 125-133. 

Brand, P., W. (1993) Biomechanics of balance in the hand. J. Hand Ther., Oct. Dec., 6(4), pp. 
247- 251. 

Brand, P., W. (1985) Clinical mechanics of the hand. St. Louis, C.V. Mosby, pp. 30-60. 

Brand, P., W., Cranor, K., C., Ellis, J., C. (1975) Tendom and pulleys at the 
metacarpophalangeal joints of a finger. J. Bone Joint Surg., 57A:79. 

Čulík, J.: (2000) Mechanika ruky (Mechanics of Hand). Pohybové ústrojí (Locomotor System), 
r.7, n. 1. Spol pro pojivové tkáně ČLS J.E.Purkyně.  

Chiu, J., Robinovitch, S., N. (1998) Prediction of upper extremity impact forces during falls on 
the outstretched hand. J. Biomech., Dec., 31(12), pp. 1169-1176. 

Dorsi, R., Yeh, C., LeBlanc, M. (1998) The design and development of a gloveless endoskeletal 
prosthetic hand. J. Renabil. Res. Dev., Oct., 35(4), pp. 388-395. 



Doyle, J., R., Blythe, W.(1975) The finger flexor tendom sheath and pulleys: Anatomy and 
reconstruction. AAOS Symposium on Tendom Surgery in the Hand. St. Louis, C. V. Mosby, 
pp. 81-87. 

Frenger, P. (1995) Inexpensive complex hand model. Biomed. Sci. Instrum. 31, pp. 257-262. 

Hoggard, V., E., Jr. (1989) Fibonacci and Lucas Numbers. Boston, Houghton Mifflin. 

Ladsmeer, J., M., F. (1963) The coordination of finger - joint motions. J. Bone Joint Surg., 
45A:1654.  

Monleon Pradas, M., Diaz Calleja, R. (1990) Nonlinear viscoelastic behaviour of the flexor 
tendom of the human hand. J. Biomech., 23(8), pp. 773-781. 

Small, C., F., Bryant, J., T., Pichora, D. ,R. (1992) Rationalization of kinetic descriptors for three 
- dimensional hand and finger motion. J. Biomed. Eng., Mar., 14(2), pp. 133-141. 

Strickland, J., W. (1987) Anatomy and kinesiology of the hand. In Hand Splinting. Principles 
and Methods. 2nd Ed. Edited by E. E. Fess and C. A. Philips. St. Louis, C. V. Mosby, pp. 3 – 
41. 

Wang, X. (1999) Three dimensional kinematics analysis of influence of hand orientation and 
joint limits on the control of arm postures and movements. Biol. Cybern., Jun, 80(6), pp. 449-
463. 

Verdan, C. (1979) Induction á la chirurgie des tendons. In Tendon surgery of the hand. Edited by 
C. Verdan, J. H. Boyes. 1st English Ed. Edinburgh, Churchill Livingstone, pp. 9-11. 

Vinet, R, Lozac'h, Y., Beaidry, N., Drouin, G. (1995) Design methology for a multifuntional 
hand prothesis. J. Rehabil res. Dev., Nov., 32(4), pp. 316-324. 

 
 
 
 


