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Abstract

The problem of motion of a homogeneous ball on a routh horizontal plane
is considered. It is known that if the ball rolls with sliding then the angular
velocity vector is a linear function if time: w(t) = at+b. To solve the problem
of rotational motion of the ball completely it is necessary to find the tensor
of turn that is to solve Darboux problem 1:3 = w x P. In general case (when
vectors @ and b is not parallel) this problem has not been solved up to now
and it will be solved below.

1 Introduction.

It is known that only some problems of the rigid body dynamics can be solved
analytically. Now the methods of mechanics by Hamilton are usually used for in-
vestigation of problems of the rigid body dynamics. Unfortunately, the methods of
Hamilton’s mechanics can be applied to the conservative problems or the problems
with small nonconservative forces and moments. The most of problems of the rigid
body dynamics is nonconservative. To solve these problems alternative methods
should be developed. A new approach to solution of the rigid body dynamics prob-
lems is based on using of the tensor of turn. The tensor of turn was introduced in
consideration many years ago [1], but it was not used in mechanics. For the first
time the tensor of turn was applied in mechanics by P. A. Zhilin [2], [3]. At the next
years the tensor of turn was used for formulation of the fundamental laws of mechan-
ics and creation of some continuum theories (nonlinear theory of shells, nonlinear
theory of bars, the theory of Kelvin’s medium). Using of the tensor of turn in the
rigid body dynamics began from papers by P. A.Zhilin [4], [5]. Method based on
using of the tensor of turn allowed to obtain some new results. In particular a new
approach to solution of Darboux problem was proposed [6]. This approach allows
to reduce Darboux problem to the 3-ed order linear differential equation. Applying
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Figure 1: A ball on the plane

the method proposed in [6] to solution of the problem of motion of a homogeneous
ball on the horizontal routh plane will be demonstrated below. This problem is well
known. It was considered in many papers and books (for example [7]). However
rotational motion oh the ball is not studied completely since in all known publica-
tions only angular velocity vector is found. Complete solution of this problem will
be constructed below.

2 Formulation of problem. The known results.
Equations of motion of the ball (see figure 1) are

mVe=F; +mg+ N, (0-w) = Rey x (Fp+ N) (1)
where the force of friction Fy, is

—uN V4[|V 4, Vai#0

Ey, = { ;o . @

Here m is the mass of the ball, § = 6 E is the tensor of inertia of the ball, £ is
the unit tensor, 6 = %mrQ, r is radius of the ball, mg is gravity, N = Nn is the
normal reaction of the plane, n is the unit vector orthogonal to the plane, pu is
the coefficient of sliding friction, f_ is the static force of friction, V¢ is the center
mass velocity, V 4 is velocity of the lower point of the ball, R4 = —rn. Taking
into account relation V4, =V +w X Roy the system (1), (2) can be rewritten as

follows

Va#0: Vo=—pgVa/|Val, 00 =pmgrnxV,/|Val, Va=Ve+rnxw

Vi=0: m‘Zc:f

[ dw=—-rnxf

Ve+rnxw=0

(3)
If the initial values of the angular velocity and the center mass velocity are related
by equation Vj+1rn X wy = 0, then the ball will roll without sliding

Ve(t) =V, w(t) =wp, f,=0 (4)

If the initial values of the angular velocity and the center mass velocity satisfy
condition Vy+rn X wy # 0, then the ball will roll with sliding till instant ¢,. At
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the instant ¢, velocity of the lower point of the ball V 4, become equal to zero and
the ball begin to roll without sliding.

0<t<t: Vel =-ngte+Vo, w(t)=" 2L tnxetw
(5)
t>t,: Ve(t) =Vel(t), w(t) = w(t.), f,=0
Here
Vo +7rn X w Vo+rnxuw,

(6)

" opg(l+mr2/0) €

Equations (5) determine the motion of the mass center of the ball completely

‘KO—FTB X C‘Jo’

0<t<t,: Ro(t) = -8 t* e+ Vit

(7)

t>t.:  Ro(t)=(—pgte+ Vo)t + 4 1e

Rotational motion of the ball is not determined completely since solution of the
problem of determination of the tensor of turn by the angular velocity vector (Dar-
boux problem) is not known for arbitrary angular velocity vector. At the interval
of time 0 < ¢ < t, the angular velocity vector is the linear function of time (5).
Solution of the Darboux problem is known for particular case n x e || w, only. The
problem of determination of rotational motion of the ball in general case will be
solved below.

3 The tensor of turn. Darboux problem.

Definition. The properly orthogonal tensor which is solution of equations
P-P'=P"-P=FE, det P = +1 ®)

is called tensor of turn.
Definition. Tensors S(t) and S (), calculated by formulae

S(t) = E(t)- P'(1), 8,(t) = PT(t) - (1) (9)

are called left spin tensor and right spin tensor accordingly.
Definition. Accompanying vector of the left spin tensor w(t) defining by formula

S(t) = wl(t) x E (10)

is called left angular velocity vector.
Definition. Accompanying vector of the right spin tensor (¢) defining by for-
mula

S.(H)=Q(t)x E (11)

is called right angular velocity vector.
The left Darbouz problem. Let the left angular velocity vector w(t) be known.
The tensor of turn should be found. This problem is formulated as follows

P(t) = w(t) x P(t),  P(t) =P, (12)
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The right Darboux problem. Let the right angular velocity vector Q(¢) be known.
The tensor of turn should be found. This problem is formulated as follows

P(t)=P(t)xQ1).  P0)=P (13)

=L,

The theorem of representation of the tensor of turn by the left and right angular
velocity vectors. Let both angular velocity vectors be known. Then the tensor of
turn can be found without additional integration. It is calculated by formula

P=AwQ+BwQ) +CuQ+D(wxw)(QxQ)
A=Q-QD=w-wD, B=-
C=MD=w?D, D=1/Qx0Q)?%=1/(wxw)’

Proof of this theorem can be found in [6]. It is based on relations between the left
and right angular velocity vectors: w =P-Q, w=P- Q, wxw= P-(2x Q) (see
figure 2). Theorem (14) allows to formulate Darboux problem as follows.

The left Darboux problem. The left angular velocity vector w(t) is known. The
right angular velocity vector () should be found.

The right Darboux problem. The right angular velocity vector Q(t) is known.
The left angular velocity vector w(t) should be found.

Two formulations of the left Darboux problem were proposed in [6].

Formulation I. The right angular velocity vector is determined as solution of
Cauchy problem

Q+awQ+bw) 2=cw)xQ, Q) =] -wy, Qlty) =L -y
. . . (15)

o x ol by @x@) - wx@) @ (W)

a(u—j) - (1 |— —|)7 b(—) (C_U % (.L))Q ) (—) ((,i) « Li})2 1

Formulation II. The right angular velocity vector is determined as solution of
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Cauchy problem
Q4+ Aw) Q@+ Bw) Q+Cw) Q=0

Qto) = Pl -wy,  Qto) = PL -y,

Two formulations of the right Darboux problem are similar (15), (16).

4 Solution of Darboux problem in the case w(t) is
a linear function of time.

According to formula (5) the problem of rolling with sliding of a homogeneous ball
on the horizontal plan can be reduced to the problem of determination of the tensor
of turn corresponding the left angular velocity vector

pmgrn X (Vo +7n X w)

b= 17
9’K0+T[LXC£0| ) v Wo ( )

w(t) =at+b, a=

According to formula (14) the tensor of turn corresponding the left angular velocity
vector w(t) = at+ b can be calculated by formula

P() = 200+ T2 (a(r) — (- 1)) ~ 252 (0(1) x )
212 2 (18)
e I e L B !

where the right angular velocity vector () is determined solution of Cauchy prob-
lem (15) or Cauchy problem (16). In the case w(t) = at + b Cauchy problem (15)
takes a form

() = Q) xQt),  Qto) =ate+d,  Qte) =a (P(to) = E) (19)
and Cauchy problem (16) takes a form

Q(t) + [a2(t — t0)? + 2aze] Q(t) — a2(t — to) Q) = 0

(20)
Q(to) =ato+10, Qto) = a, Q(to) =a x b
Let us represent vector €(t) using the cylindrical coordinate system
Q) =z k+rt)ele®)],  elot)] =cosp(t)i+sinp(t)
1 1 1 (21)
k=—a, L= aty+b), | = axb
Y I o7
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Let us substitute (21) in equations (20) and project the equations on vector k. We
obtain Cauchy problem in scalar function z(t)

() + [a®(t — to)? + 2aze] 2(t) — a®(t — to) 2(t) =0

(22)
2(tg) =0, Z(ty) = a, Z(ty) =0
Let us introduce a new variable
m(t) = 5t —to)? (23)
As a result differential equation (22) takes a form
P2 () 2 )+ (7 @) 2(7) - 5 2(r) =0 (24)

Let us look for solution of equation (24) in a form
2(7) :Cg—/g(s)\ﬁ—sds (25)
0

where C'is a constant and ((s) is unknown function. Substituting expression (25)
in equation (24) we obtain

¢ —¢(0)
\/F

Equation (26) is true if the integrand expression and term outside the integral equal
to zero

T

— [[5¢") +2¢(5) + (5 + ) (5)]

0

1

ds =0 (26)

s¢"(5) +2¢(s) + (s + ) ((s) =0, ((0)=C (27)
Solution of differential equation (27) is known [§].

Re®(1 — 28, 2, —2is)
COS S

((s)=C (28)

Here &(1 — %, 2, —2is) is the degenerate hypergeometric function

a(1- % 5 o =143 U0 2@ 525 Lo )

2 E'(k+1)!

Function z(t) defined by expressions (23, (25), (28) is a particular solution of dif-
ferential equation (22). It is easy to see that function z(t) satisfies the first and the
third initial conditions (22). The second initial condition (22) satisfies if

C' = V2a s sign (t — t) (30)
Thus solution of Cauchy problem (22) is

2 (t—to)?

2(t) = a (t—to) —V2a & sign (t —tg) /

0

Re ®(1 — £8,2, —2i
€ ( 2 14 ZS) %(t—t0)2—5d8

Cos §
(31)
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Relation |Q(t)] = |w(t)| allows to express function 7(t) in terms z(¢)

r(t) = \/a2(t — to)? + 2am — 22(t) (32)

Projecting equation (19) on vector k expression for angle ¢(t) is obtained

o0 =~ | Z= to)Qitgaae Y el =0 (33)

Formulae (18), (21), (31), (32), (33) give the complete solution of Darboux prob-
lem in the case w(t) :
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