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BIOMECHANICSOF HAND

J. Culik?

Summary: The top of article isnechanic model of hand power grip. The algorithm of
calculation of tendon and finger joint forces and finger stress staf@eisented.The
results can be used as loading for finger implants. The mechanic modetxohtsdons

and stiff finger bone elements. The bending moments at joints and tloa foictendons at
vaginas are omitted. The tendon influence is searched as a rope in pdteyns The
power grip of object is solved in two fomasgrip of some object, for example pliers and a
grip of a bar with circle crossection, 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 solvyepfetry position
of finger links, stress state at link bones and tendon forcée ibbject is griped with given
force. The aim of research was the completing of a compugram which enables for given
anatomic hand form and the size of an object to calculate boss state and tendon force
values. The stress state can be calculated for healthy hand. thoéogia 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 ajripn object. The 51
variant is the power grip of some object betwe‘@riimger links and wristThe hand has to grip
the greater object between the last finger links and wristr@ndmall object can be griped with
the greater force if it is put moor deeply into the palm, itmee&e object is griped with the
greater force between thé& gn=3) or the * (n=2) finger link and wrist. The parameteris
input value of program. The hand geometry is searched, it meansidee links position and
their slopes is calculated. The input parameter is the size of griped object onl

The 2" variant is a power grip of the round post, for exanaptean hanging at a horizontal
bar. The hand position is elected to be a wrist (ossa carpi) orettieal 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 suppogketmealthy 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 lergygnsum of previous two lengths
(from the end) in this order, for example 18, 28, 46, 74 [niing variant according to Hoggard
commend considers the link length as 1,684& previous length. Thompson [2] shows the form
of flexed finger too.
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Batmanabane and Malat{ii985) have published the maximums of angles of flexed linger at
its joints, tley are (from end of finger) 9(little finger 95), 100, 110 and 96. The angles are
smaller if only one finger is flexed. The slope angles carréatey if it is pushed on the finger.
Doyle and Blythe (1998), Strickeland (1987) present the fixatioermddn vagines on palmar
part of hand. The flexor is considered according to Brand (1198%3). The flexor is at tendon
vagina which has the same form as finger bones and near athasmtsrch form with radius
and the shortness during the flexionadis, wherea is bending angle at the joint. The same
displacement is at extensor. Verdan (1979) and Strickland (1987) detilatethe movements
are at extensor vags 3, 16, 44, 55 [mm] and at flexxB, 1617, 2623, 4638, 8885 [mm].
The curvature radius depends on the ligament state. The biomeoblaharsd is based by Mc
Brida (1942), Griffiths (1943), Napier (1956) and Lansmeer §L98apier divides two hand
grips: power grip and precision griphe finger is flexed at joint by the flexor tendon force at
distanceg= 5, 7.5, 10, 12.5 [mmgtart from radiecarpal connection for the finger length 200
mm (Brand (1993)). The values must be corrected by the finger length measuring
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Fig. 1. Schema of the hand links and tendons. Fig. 2. Geometry of power grip of labbaant

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 doaswk. The trump stress
state isn’'t study. The fingers will be numbered 1, 2, 3, 4 fronfifger to little finger and the
finger links 1, 2, 3, 4 from wrigtorpus ossis metacarpalis has number 1).

2. The finger links (and wrist) are connected by joints which doartsmit bending moments.
The mechanical system of the hand considers stiff bones (bone dédormateglected) and the
ideal bending tendons. The flexors bend the fingers and they are citunatbe palmar site of
the hand, each finger link has its own flexor. The tendons are itetigl®on vaginas (vaginae
synoviales), which is support near joints by ligaments (vagitaesfe digitorum manus). The



friction of tendons at vaginas is omitted. The distance betweeretters ati™ joint from this
joint is markedf;. The tendons and their vaginas are partly linear and curved andréhsglved
as system of cables and pulleys which is fixed to the joitts.t&ndon force bends the finger
with the moment which is equal force times the distdce

3. The finger links haveircle crosssections with the minimum of diameter at its center of
length.

4. The finger link touches of the object at pditvhich has the distansé&rom bone centevr,
wherer is bone radius andis input parameter.

5. The wrist (carpus) is solved as one joint. THefilger links (ossa metacarpi) moving are
bounded because they are connected by ligaments. The connection smeathlesfferences at
the F'link slopes (cylindrical form of wrist).

6. The finger bones have compact surface layer with elastic mBdaled spongiest part with
moduleE,.

The schema of hand griping the object is at the fig. 1, the follow parameteeslis us

A1(X1,Y1), ..., As(Xs,Ys) ... joints (begins and ends of finger links), correctly centers atfual
rotation of links.

B1(X1,Y1),..., Bs(Xs,Ys) ... contact points of finger links and object, they are at centers of links
S (Xs1,Ys1)s---» Q(Xa,Y4) ... centers of finger link bones

ai,..., a4 ... Slope angles of finger links

B, v ... assistant angles

L1,..., L4 ... lengths of finger links

r1,...,f4 ... finger link radiuses

R ... diameter of griped object

v ... parameter which defines relationship of distance between faugtrce and bone axis and
bone radius

f, ... distance flexors from th& joint

3. Geometry of power grip of object
The coordinates of point can be calculated from
X, =x,+L;cosa;
Vg =Y, +L;sing, (1)

whereq ; are the slope angles 8 finger link (see fig. 1) and; is its length (distance between
turning centers).

The positios of the points; are
X, =iy ¥ =y
1 2)
+ X, T VA —X.
‘X'H-l — xl le —}’;»VyHl yl Y, = :
2 L 2 L
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ri is bone radius andis parameter which defines relationship of distance betwegerfsurface
and bone axis and bone radius.

Rotation anglesr ; of bone links axis are

m=a1+f
as = o1+ (1) (3)
ad=qa; + (1+1,%)3

whereB = a, — a; is angle between the'and 2° finger links. Angle B will be determined to be
distance betweeB, a B,.; equal to size of grip objedt The ' approximation isx= 0, (the
finger link is horizontal).

The value ok is calculated to be fal=0 the pointd; andB,.; at the same place, it means
that for their distance is valid

L .
MA=L +L,cosa, +...+—cosa, —r,vsina, =0
L (4
Ay =L, sina, +...+7”sinan +rycosa, —1,,v=0
If (3) is set to (4) we will have got a system of transcendent equations for the unskFplu

Now the equations (4) (using formulas (33)) will g@ved by Newton’s iteration method
accordimg to follow algorithm:

1. k]_= 0.5,0,= O,,B]_: T2
2. 31 is increased till valudy (see (4)) will be negative
3. The better estimate is calculated from

OAx O Ax
{ﬁm}_{ﬂ,}_ SB Sk {Ax}
ki - k; @ & Ay

5B Sk

The calculation according to point 3 is repeated till the caloularror is greater #m given
error.

The valuesf and k were calculated for object diameter equal O according to previous
algorithm, now it must be chang¢tto be the distance betweBp andB,.; equal to the given
object diameteR. The valuekisn't changed and valyis calculated from follow algorithm:

1.0 =% =y1=0,08, kare results from previous algorithm.
2. The valuesy, x;, ¥, andX;, Y; are determined from formulas (1), (2),.(3)
3. Distance of pointB; andBy.1 is

=X+ (Y, —vn)’

4. If e=c —R <0 (the distance between the poiBsandB,.; is less than object diametdy
then

Boa=B &uw=¢ B=p-0.1

and the algorithm continue from 2.



At the appositive case is continued from 5.

Comment: ifc<d for # < 0, the task cannot be solved because the object diameter is too great for
arip.

5. Now the correct value of angBds at (8, 3, )

The better estimate can be ca#ted with help Regui&alsi method

el —€..,P
ﬁn — old old
’ =&

The calculation is repeated till the val|ue} is less then given occurrence.

The finger grip force= has direction from the poig, to the pointB,.;. The finger will be
turn to be the forc€ (join of pointsB, andB.;) vertical. The turn angle can be calculated from

n+l
tgaI:Y -

n+l

Vh

If the valueYns1 - vry is near to zero the finger turningn’'t be provided. The other values
a,,...,0n are calculated from formulas (4).

The previous algorithm is used for all fingers. The fingers haverdiit positions of points

A, B because the finger links lengthre different. The smaller finger has the greater amgle
The inference is cylindrical far of a wrist that corresposavith reality.

If the tong is griped the vertical foré¢eloads the poinB,.,;. The forces at the poing are
zero except

y,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 hangingaizantal bar. The geomgtr
of finger position is at fig. 1 and 2. We presume that the finger andogaict point is situated
on the linebetween bar center and link center and the last finger link rsbBr@iperpendicular
to bone axis.
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Fig. 3. Geometry of last finger link. Fig. 4. Geometry'od h—1 finger links.
Distance between the bar center and link center is
a=R+rv

whereR is bar radiusr; is finger link radius at link centey,is relationship of distance between
finger surface and bone axis to bone radiss distance betweef (center of finger link axis)
andfinger surface.

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

n

2a

n

blzb:a2+4n’ gy =

The angle®y, a,, b1 with x axis are
Bor= T2, Bar= Bort ¥, Bow1= Bart Y
A, is situated oty axis. Coordinates @&, An+1 IS

%= 0, Yn= bn, Xn+1= Bre1COS Bnr1, Ynea= bresSIn Bria
The angles betwedn. ; andb; of the other finger links arsee fig.4

le
a12 +bz+12 -—
cosy = 4
2aibi+1
Angle link g with axisx is
Bai= Bojr1- Y

Coordinates of point8i.1, S+ are
Xi+1 = 0j+1C0S By i+1, Yi+1= Di+1SiN By is1
Xsi= 8 COSfa,iy Ysi= & SIN Ba,
Because is at the center betwedy,; andA, the coordinates o4 is
Xi= Xis1t 2(Xs,i- Xi+1) = Xsr Xiv1, Yi= 2Ys,- Yis1
The distance of poir; from coordinate origin is

b, = \/xiz +y12

The angle ob; with x-axis is (forx= 0 is By = 772)

i
8By =—
X

i

Now let us turn the coordinate system (turn arléo be the poinfA; ony axis, it means
under bar center
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The angle$,, B will be corrected
Boi = Boi- ¢, B = Lai- ¢

The coordinate system will be now moved to be the pAintat coordinate origin. New
coordinates of point4;, B are

X = by cosBui, ¥ =bisinPyi+ by
Xi=RcosfBai1, Y =RsinBi1+bs
If the valueb;, is the same for all fingers then the distance between wrist and bar cesatmeels

The anglesr,, ..., a4 can be calculated from

a, = arctan Yim Vi

Xi =X

Let us search point8, and B,:; with positive and negativ& coordinate (if no point has
negativex coordinate then the bar has too large diameter and cannot be dgripedar vertical
force F loads pointsB.1, B,. The forcesF,, F..1 at these points can be calculated from
equilibrium conditions (see fig.6)

Fncosaani + Fni1 COSQan =0

Fn Sln aa,n.]_ + Fn+1 Sln aan = F

5. Bone stress state and tendon for ces

We calculated for all finger links (i=1,...,4) the coordinates@gtors 7, connecting pointg\
andB;. 1, vectorc, connecting pointgy andAi. 1 (see fig. 5)
i = Xi—=%X, z=Yi— Yy
Ci= Xit1 — % Gi= Yier — M
The tendon operates as a cable on pulleys near finger joints. The fermors considered at

the nearest place from joint where the tendon intersects the axgS between the link axe

directions.
B = o, ta;
! 2

The angle3, has direction cosinds;, b.

Each finger link has its own flexor and extensor. The sum ofeth@on forces at jointis
markedR;. The perpendicular distance of fofgefrom i-joint is fi. The tendon’s forc& can be
calculated from moment equilibrium condition. The forieg is calculated from moment
equilibrium for the last finger link to poin, (see fig. 5).

n filR Fznlxn— Fxn Fyn= 0 (8)



Fig. 6. Finger load

Fig.5. Tendon and external forces at lasti&hdint.

The horizondl and verticaljoint forcesH,, V, are calculated from equilibrium conditions at
these directions

n=Hxn - Rabi, V= Rnbyi - Fyn 9)
Let us defineHeq, Vieq @s joint forces withour, effect
Hredn= Fxn, Vredn= -Fzn (10)

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

Rifi - Hred,i+10y,i+1 — Vied,i+1bx1 + Fyirxi - Fxilyi
Hred,i= Hred,it1+ Fxiy Vied,i= Vredi+1— Fyi (11)
Hi = Hred,i— Rbyi, Vi = Vied,i + Ribyi

Each finger links has its own flexor with constant force atealjth andR; is sum of these
forces near joint. The moment of tendon forc&sto joint increases from™ to 2" joint and it is
equal zero for % joint. The tendon force must be positive (tensile) therefore trerflef the £
finger link doesn’t work but the extensor has a tensile force.

The bending momeri¥l;, normal and tangential forces, Q at finger link centers (poirth)
are calculated from joint (see fig. 1, 5). The positive bending moment has tensile part on the
palmar side

1
M[ = E(V[cxi +Hicyi)_Rifi (12)
Ni = Hjcosa - Visina (13)
Qi =Vicosa+H;sina (14)

whereR, H;, V; are calculated from (11) and

coS O = X =X sing = Yia — Vi
L H

i i



Normal stresses at compact and spongy bone part are

o, = N + M z o, = N + M z
© E E ’ ¥2 E E
AIWLEZA2 [1+lez A2+E—1A1 I,+—11,

1 1 2 2

whereN, M were calculated from (12), (131, E> are modules of elasticity of compact and
spongy bone partd;, A, and I, |, 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 crosssection is considered approximately circle then the follow formulas can the use
N Mz N Mz

x1 + ’ 6)52 +
A ] Ar2 1r2

rl rl

o

wherery, r, are radiuses of compact and/or spongious parts of bones and
4, = ”(7’12 _ll”zz)a 4, = 71'(ﬂb2”12 _/13”22)

VA T
I, :Z(”l4 _217’24% I, 22(127’14 _23”24)

where
ﬂzé, A =1-4, 4, :l, Ay=4,-1
E, A
Ei, E> are moduli of elasticity for compact and spongious part of bone

The maximal tangential stress for around circle ceession of bone is

0,90412966.0( 1’ —r, 1)
max7, =maxrt, = I 7 +]—
2(n, _72”2) r2
E

1

rl

wherer, r> are external and internal bone radiuses.

The forceF loading the hand will be now divided to fordeésloading fingers. It is used the
condition of the same value of maximal tendon force artb/same maximal values of normal
stress at all fingers (the algorithm is analogolibe crosssection areas of tendons are supposed
at the same ratio as cressction areas of bones at finger links centers. The follow digoi
used.The fingers are the first loaded by forEeand the maximal tendon forces or normal
stresses are determined. Now the fd¥ae divided to fingers according to dividing coefficients
k. The dividing coefficierd for the finger load are

1
co

k, =

1

max,i

where

2 1
c= _
i=1 O

= max,i

and/or



6. Conclusion

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

The results of program can be used for design of finger joint implants. Tikatadcbending
moments and normal and tangential joint forces can be used as laaglont searchedybthe
finite element method.
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