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ABSTRACT

The three-link mechanisms are the basis of most mechanical transmissions designed to convert the motion
parameters of the input links. The general case diagram of such mechanism is examined, in order to define the
possibility of obtaining three-link mechanisms able to perform the function of motion conversion at a high
enough forward stroke efficiency in traction mode, and also, to ensure the mechanism self-stopping when
necessary. The values of the back and forth stroke efficiency were obtained in a general form, and verified for
screw-nut transmissions and screw and worm gears. The use of the obtained dependences during the mechanical
transmissions design allows to determine more accurately the conditions for their operability.

KEYWORDS: Self-stopping mechanisms, Transmission screw-nut, Screw and worm gears, Mechanical
transmissions theory.

I INTRODUCTION

The mechanical transmissions widely used in different kind of machines and engineering devices have a big
variety of designs and they are produced in large quantities in mechanical engineering [1], [2]. The creation of
general computing methods and design of mechanical transmissions allows us more accurately to determine the
effect of the friction forces in the process of the power transmission from the input to the output link, to identify
the possible modes of different types of mechanisms and to carry out the comparison and optimization of their
results according to different criteria.

The one-degree-of-freedom 3-link mechanisms are the base of most of the mechanical transmissions designed to
convert the motion parameters of the input links, or to convert one type of motion to another. These devices
include the toothed and worm gears transmissions, screw-nut transmission, cam and wedge mechanisms, etc.

Nomenclature

angle between the directions of the friction forces of the gears S
angle between the directions of the friction forces of the gears 5,
angle between the force direction F,, and axis of rotation of the link 1 V12
angle between the force direction F,,, and axis of rotation of the link 2 Va1
angle of the profile in the normal section a,
angle of the thread profile in the transverse section a
angular velocity of the link 1 @,
angular velocity of the link 2 Py
arm of the force Fnxo I
arm of the force Fn1 1)
arm of the force Fr h
arm of the friction force Fr1z hi,
arm of the friction force Fra; h21
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arm of the normal force Fn1» r2
arm of the normal force Fno: r21
arm of the resultant force F,, h
arm of the resultant force F,,, (P
axial component of the normal force Fni2 Fan12
axial component of the normal force Fn»; Fana1
coefficient of efficiency of the backward stroke a1
coefficient of efficiency of the forward stroke T
component of the friction force Fri2 Firiz
component of the friction force Frn Fira1
external driving moment M
external load moment Mo
friction force Frao
friction force Far
friction moment Mn
friction moment Mp
generic coefficient of friction of the nut 2
helix angle of the teeth lines B
helix angle of the teeth lines i
initial circle Mwi
initial circle w2
lead angle of the screw thread A
lead angle of the worm thread in the initial circumference A
linear velocity v
linear velocity V;
normal force Fn2o
number of starts of the nut thread Z
parameter of the friction links 1 K.
parameter of the friction links 2 Ka:
pitch of the nut thread Px
projection of the friction force Fri2 at the points of contact Fir12
projection of the friction force Fr»1 at the points of contact Fira1
projection of the normal force Fq1 at the points of contact Fin12
projection of the normal force Fy21 at the points of contact Fin21
projection of the velocity v, Vg
projection of the velocity v, Vi
resultant normal force Fuz
resultant normal force Fo:
sum of the helix angles o

. MATERIALS AND METHODS
In order to define the possibility of obtaining three-link mechanisms able to perform the function of motion
conversion maintaining a high enough forward stroke efficiency in traction mode, and also, to ensure the
mechanism self-stopping when necessary, we examine the scheme of the general case of such mechanism
designed to transmit the rotary motion between the intersecting axes (Fig. 1).
The diagram shows the loads on the mechanism links in traction mode of the forward stroke during the power
transmission from the link 1 to the link 2. The backlash between the elements of the higher kinematic pair is
provisionally shown.
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Fig. 1. Scheme of the three-link mechanism for the transmission of rotary motion between the intersecting axes

The driving input link 1 is loaded with the external driving moment M3, which is led to the axis of this link and
the driven output link 2 with the given external load moment M,. The friction moments Mr and My, applied
respectively to the links 1 and 2, consider all the friction forces, which arise at these links under the power
transmission from the link 1 to the link 2.

The equilibrium equations of the links 1 and 2 at steady motion in traction mode of the forward stroke are given
as:

M, =F,5,5iNny,+ My ; D
M,=F,,,sin Va+Mi, (2)
Where F,, and F,,, are the resultant normal forces on the kinematic pair elements, formed by the links 1 and 2;
r, and r,, are the arms of the resultant forces F,, and F,,, corresponding to the rotation axes of the links 1 and
2 respectively; 7, and y,, are the angles between the forces direction action F,, and F,,,, and the rotation axes

of the links 1 and 2, respectively.
The equations (1) and (2) can be presented as:

M,=F,,5,sin 712(1+ klZ) ; (3)
M,=F,h,sin 721(1+k21) ) (4)
where
— M T1 .
&_ﬁdﬁmm’ ®)
M,

Kpy=—"12— 6
' Foaii8iny,, ( )
In the equations (5) and (6), the values k,, and k,, are the friction parameters of the links 1 and 2. These values

can be positive, if the direction of the resulting friction moment on the link coincides with the direction of the
normal force moment corresponding to the rotation axis; and negative, if these directions are opposite.
The coefficient of efficiency of the forward stroke 7, of the mechanism in traction mode is defined as follows:

_ oM,
12— 1] 7
he=" M. (7)

Where @ and @, are angular the velocities of the links 1 and 2.
To determine the value of the angular velocities relation @,/w, in the equation (7), we find initially the linear
velocities v; and v, of the points of application of the normal forces F,, and F,;:

vi=al; V.=l . (8)
The projections v,, and v,, of the velocities v, and v, for the action line of the forces F,, u F,, , i.e., for the
direction of the general normals at the points of application of these forces are defined as follows:

Vi =ViSiNy,=asiny,, ; 9)
Voo =V, 8IN 75 =,1,SIN 75, . (10)
According to the basic gearing theorem, these projections should be equal to:
Vi, OF @SINy,=@,1,SiNy,, (11)
from which
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@ _hSiNg, (12)
@ SNy,

Substituting the values M, in the equation (7) and M, from (3) and (4), the relation w,/w, from (12), and also
considering that the modules of the forces F,, and F,,, are equal, so we obtain after the conversion:
14Ky,
TR,
If we analyse the general cases of transmission rotary to linear motion, linear to rotary motion or linear to linear

motion by a three-link mechanism, it is easy to see that the general expression to determine the coefficient of
efficiency is different from (13).

The coefficients k, and k,, in the formula (13) for the links 1 and 2 of the three-link mechanism, which is
assigned to convert linear to linear motion, will be identical to the friction parameters of the these units.

(13)

N
¥ FCosa, (14)
— Fat2
k21 - Fna1cosay (15)

Using the operability condition of the mechanism in traction mode of the forward stroke and the value of the
friction parameters (14) and (15), we obtained the operability condition as k, > k,; > —1; and the condition of
the mechanism self-stopping in traction mode of the forward stroke as k,; < —1.

The load scheme of the mechanism links in traction mode of the backward stroke differs from the scheme on the

Figure 1 because the angular velocities of the links and the moments M,, and M, of the friction forces have
opposite directions. Consequently, the equation of the links motion will be:
M, =F SNy =M, | (18)
M, =F,k,sin Vio— M-, . (19)
If we use the parameters of the friction links in forward stroke, determined by the formulas (5) and (6) or (14)
and (15), then the equations (18) and (19) can be presented as:

M, =Fh,:Sin 721(1_ k21); (20)
M, =F,1,sin 712(1_ klz) . (21)
The coefficient of efficiency of the backward stroke 7,, of the mechanism in traction mode will be equal to:
_aM,
1= oM, (22)
Substituting in this equation the values of M, and M; from (20) and (21) with (12), we obtain:
1-k
7721=l—k221 . (23)

If the condition of the mechanism operability in traction mode of backward stroke (8) expressed in terms of the
parameters of the friction links k,, and k,,, determined for the traction mode of the forward stroke (5) and (6) or
(14) and (15), so it will given as:

1>k, >k, - (24)
According to (23) and (24), the self-stoppimg condition in traction mode of the backward stroke is given as:
k,>1. (25)

To obtain the conditions of the mechanism operability, we examine the equilibrium equations of its links in this
mode in Figure 1, for which the condition (25) is complete, i.e., to operate in release mode [1]. The scheme of
the load on the mechanism links in brake release mode differs from the load scheme during the backward stroke
only in that the moment M, is a driving one, i.e. it has the same direction and angular velocity @, so the
equation will be wroten as:

M, =—F. 08Ny, + M, (26)

M,=F s8Ny, — M-, , (27)
or, by analogy with (20) and (21);

M,=F5,8in (k1) ; (28)

M, =F,sin 721(1_k21) . (29)

The release coefficient of the mechanism in brake release mode of the forward stroke according to [1] is:
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_ oM,
/112—(02'\/'2 . (30)

After substituting the values M, and M, from (28) and (29), as well as the relations % from (12), the equation
(30) is given as::

k-1

/112:15 k21 . (31)
From the equation (31) it is known that the operability of the mechanism in brake release mode can be achieved
only under the implementation of the conditions:

Koy<1, (32)
which, therefore, is the operability condition of the mechanism in this mode.
Using the obtained general formulas, we examine the examples of determining the efficiency and other
characteristics, which depend on the friction forces for some three-link mechanisms.

Screw-nut transmission

Figure 2 shows the load scheme on the screw 1 and the nut 2 in traction mode of the forward stroke during the
conversion of the rotary motion of the screw 1 to the linear motion of the nut 2.

The geometrical parameters of the screw and nut are assumed to be known.

All the normal forces on the contact surfaces of the screw and nut are conventionally led to a single point on the
average diameter of the thread and replaced by the resultant normal forces Fn12 on the screw and Fq21 on the nut.
Similarly, all the friction forces on these surfaces are replaced by the resultant friction forces Fri2 and Fnziand
applied on the same points. Figure 2 shows the axial components Fani2 and Fan1 of the normal forces Fni2 and
Fn21, the components Firiz and Firpr of the friction forces Friz and Frz1 and also the normal force Fnyo and the
friction force Frz0, acting on the nut.

The generic coefficient of friction of the nut f3, which consider the nut friction in the guide screws in addition

to the coefficient of sliding friction on the screw surface, is determined as follows:

FaTZ — I:aT_z
F..cos6, F.,sSinA’

f201 =

where A is the lead angle of the screw thread.
FaTZ = FTlein A+ FTzo = f21Fn21Sin A+ fzanzo .

Figure 2 Scheme of forces in the screw-nut transmission

The normal force Fno can be found from the equations of equilibrium of the nut relative to its axis:
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Frao=1(Fuust+Firzh)= ,"“(rbsm y+fuhcosa),

where I, h and ry, are respectively the arms of the forces Fnzo, Fr21, Fn21 relative to the axis of the nut
r= szz
"7 2rtgy

where Px is the pitch of the nut thread; z, is the number of starts of the nut thread.
Considering the found value of Fnyo, the total projection of the friction force Far2 will be equal to

Furo= nu{fusm/ﬂ fl (rsiny+ fnhcos/l)}
and therefore, the generalized coefficient of friction f3 is determined as follows:
fa="f, + fl (rb z:n7+ fﬂhctglj

The parameter of friction of the screw ki is given by the formula:

_ fih,sing,

2T orsiny

where §,=90°-A4, and the relation h,/r, can be expressed by the profile angle of the thread ¢, in the
transverse section, which, in turn, depends on the angles 1 and y [2]:

r, g4
——=C0S¢, =—— .
h, % tgy

Also bearing in mind that the angles 7, A and «, are related by the correlation

COSy=C0SAC0S, ,
the formula to determine the parameter of friction of the screw will be given as:
_ fptgycosd _ f,cosd - f,

2= "tgAsiny  tgAcosy cosa, ctgl .
The parameter of friction of the nut will be:
k — fo COSé‘Zl fo Slnﬂ, f201 tgl

'cosa,,  'COSy  COSa,

The conditions of the non-self-stopping alternative of the screw-nut transmission, able to operate in traction
mode of both forward and backward stroke, are as follows:

tgA>—12 s ctga>—a 1 [fﬂ fl_( §'n£+fﬂhctgﬂﬂ

COsa, COSa, COSa,

The coefficient of efficiency of the forward 7, and backward stroke 77,, of this alternative is determined as
follows:

1_fo 94 1- [f21+f(rb§'n7/+fuhctgiﬂ 194

21C05a | COSc,

The= ctgl ctgd :
1+ fui 1-f, 2=
cosa, cosa,
1-f, ctgd -1, ctgd
= C'?S,O{n _ ’cosa,

g o sin tgi

1+ £ e 1+[f21 | ( o siny +f21hctg/1j Cogsan

Without the calculation of the friction in the guide nut these formulas are as follows:
tgd . _tgli-p)
Tha= _(_)g Jtp M= gl

where

fa
cosc
The self-stopping performance of the screw-nut transmission, which has the properties of the first alternative of
self-stopping, is possible under the conditions:

p=arctgcof;2 =arctg
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f, . fs _ 1 of  siny
tg’kcosm’ Ctg’bcoswn_cowzn flerI r,,siM+f21hctg/1 :

In this case, the coefficient of efficiency of the forward stroke is determined by the same formulas that we used
for the non-self-stopping performance, but the brake release coefficient during the operation at release mode is
determined with the formula

fu%_l
coSa,
fha= foof . siny gl
T2
1+[ o+ | (rb sinat f21hctg/lﬂ cosa,
or without calculate the friction in the guiding nut
_9(p-4)
Hha= tg4

Screw and worm gears
The diagram of the hyperboloid screw transmission, formed with a zero involute cylindrical gears, is shown the
in Figure 3a. The diagram shows the first gear cylinders and the directions of the oblique teeth in the

engagement. The screw lines of this teeth on the initial circumferences have the helix angles f,, and S,,, and
the gears axes of in the diagram intersect in the space at an angle o=£,,—f.. -

P

a)

c)

Fig. 3. Hyperboloid screw transmission:
a - diagram; b — plan of velocities; ¢ — transverse section of the link 1;
d — transverse section of the link 2; e — diagram of the worm gear

Figure 3b shows the plan of velocities of the contact points, which determines the direction of their relative
velocity and thus the direction of the friction forces at these points.
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Figure 3c and d represent the projections Fiio and Fm2 of the normal forces Fni2 and o at the points of contact
and the projection Fer12 and Fero1 of the friction forces Friz and Fr2; at these points.
Figure 3e shows the diagram of the worm gear, which is a particular case of the screw hyperboloid transmission,
when the sum of the helix angles of the lines of the gear teeth is 90°:
o=Lu+5.=90°.
The friction parameters of screw transmission gears in the Figure 3a without calculate the losses in the support
are determined as:
k,=f h,sing,, . © k= f hﬂs_in Oy .
SNy, ' 1,,SiN 75,
In the diagrams of the Figure 3c and d, it is clear that the arms hy, and hy; of the friction forces Fri2 and Fray are
equal according to the radii of the initial circumferences ry1 and rue, and the arms ri2 and rz; of the normal
forces Fn12 and Fno1 are equal to the main radii of the circumferences.
The angles ¢, and 6,, between the directions of the friction forces of the gears match to the helix angles £,

and f,, of the teeth lines. Thus, the formulas to determine the friction parameters of the gears can be written as:
~ RSB . g RSN B

M2 1 217

1SNy, rszin721 .
Considering the correlations
fn _ _ 1 ol _ 1 .
b OS2 =COSQly = |
fa . t9 Lty ' e e t9 8.2 1972

€0sy,,=sin 3,,C08cx,; COSy,,=Sin 3,,C08cx, ,
the formulae to determine kiz and kz; after the conversions are given as:

k,=f tgﬂwl ©ky=f tgﬁwz

cosq, cosa, '

Where «, is the angle of the profile in the normal sectlon.
The obtained values of the gears friction can only be used for transmissions similar to that shown in Figure 3a,
where the crossed axes angle & is determined by the difference £, and S,,. If the angle & is equal to their
sum, then only the parameter ki, will be positive, and the parameter ko1 will be negative.
For example, for a worm gear, where tg/,,=ctgp. , these parameters will be equal:
tgﬁm kg Ct9Bu
0k =—f .
cos, cosq,

According to the condition (36), the screw transm|55|on will be able to operate in traction mode of both forward
and backward stroke, i.e. it will be non-self-stopping if:

f
Ct9fu < Ct9f.. < cosa,

The coefficient of efficiency of the forward stroke s and backward stroke 7,, in this case is determined:

o ato=L,—pf.:

12_

_cosa,+ftgf,.. = cosa,—ftgpf. .
¥ cosa,+ftgB, 0 % cosa,—ftgB,

o at o=Lu+pfw:
cosa,— ftg .. . _ cosa,—ftgf., .
cosa,+ftgB. " " cosa,+ftgB., ’

ho=

e \WOrm gears:

ol Bump)_ 9% . 19f. _tgld-p)
t9f.  t9lh+p)’ oBute) WA
Where 4,=90°-4, is the lead angle of the worm thread in the initial circumference;

p= arCtgcom

The conditions for obtaining a self-stopping screw transmission, having the properties of the first self-stopping
version, are as follows:

http: // www.ijesrt.com © International Journal of Engineering Sciences & Research Technology
[291]


http://www.ijesrt.com/

} THOMSON REUTERS
ISSN: 2277-9655
[Morozov* et al., 7(7): July, 2018] Impact Factor: 5.164
IC™ Value: 3.00 CODEN: IJESS7

fo. f
Ctgﬂ““<c0505n ’ Ctgﬂwpcown :

During the operation in traction mode of forward stroke the coefficient of efficiency is determined with the
formulae of a non-self-stopping transmission, and in release mode as follows:

o at o=Lu—Pw:

— ftgﬂvw._cosan .

2= Cosa, — 1 tgB.

® at O-:ﬁw/l+ﬁwz:
_ ftgfu.—cosa, .
“cosa,+ftgp,

2

e WOrm gears:
L= 196u _ tg(,o—ﬂl) .
to(futp) 194
It should be noted that in the self-stopping worm gear S,+p>90° and p>4, .
The second self-stopping alternative, when the screw transmission is able to work only in traction mode of the

forward stroke, is only possible in the transmissions with positive values of friction parameters. The conditions
for this alternative in accordance with (34) are as follows:

cosa,

194>, 2 fa .
The coefficient of efficiency of the forward stroke for this alternative is determined by the same formula that we
used for the non-self-stopping transmission with positive friction parameters, i.e. at o=y + Sz -
The third self-stopping alternative, when the screw transmission is able to operate only in brake release mode of
the backward stroke lead, is only possible in the transmissions with different signs of friction parameters. The
conditions of this alternative in accordance with (35) are as follows:

f f
< )
tgﬁ“’l_cown ' tgﬁ””2<005an '

The coefficient of brake release is determined by the formula given above for the transmission of the first self-
stopping alternative at o=8,+ ...

1. CONCLUSIONS
The dependencies obtained during the analysis of the friction forces influence in the kinematic pairs of three-
link mechanism on its operation under different modes, allow us to draw the following conclusions.
1. The relation of the total moment of the friction forces to the moment of the normal forces relative to the
rotation axis of the link can be used as the main parameter to determine the influence of the friction forces on
the power transmission process from the driving to the driven link for every movable link, which performs a
rotary motion, and for the links which execute a linear motion can be used the relation of the total projection of
the friction forces to the projection of the normal force on the motion direction of the link. These relations are
called parameters of the friction links.
2. All the characteristics of the mechanism, which depends on the presence of friction forces in its kinematic
pairs, can be expressed through the parameters of friction of the movable links: Coefficient of efficiency of
forward and backward stroke, coefficient of release, conditions of operability and self-stopping in traction mode
and brake release are parameters of the self-stopping alternatives. At the same time, to determine all of these
characteristics, it takes only to find the parameters of friction of the movable links in traction mode of the
forward stroke.

REFERENCES

[1] Panyukhin V. 1., “Self-stopping mechanisms”, National Scientific and Technical Society Press,
Vladimir, 1981, 58 pages.

[2] Munster N. S., “Determination of the coefficient of efficiency of toothed transmissions”, Tashkent
Polytechnic Institute, Vol. 30, 1968, pages 82-104.

[3] J. Ry$ and F. Lisowski, “The computational model of the load distribution between elements in
planetary roller screw”, Proceedings of the 9th International Conference on Fracture & Strength of
Solids, pp. 9-13, Jeju, Republic of Korea, June 2013

http: // www.ijesrt.com © International Journal of Engineering Sciences & Research Technology
[292]


http://www.ijesrt.com/

i THOMSON REUTERS
ISSN: 2277-9655
[Morozov* et al., 7(7): July, 2018] Impact Factor: 5.164
IC™ Value: 3.00 CODEN: 1JESS7

[4] M. H. Jones and S. A. Velinsky, “Contact kinematics in the planetary roller-screw mechanism”,
Proceedings of the ASME International Design Engineering Technical Conferences, J. Mech. Design ,
135, 2013

[5] J. Rys, F. Lisowski, “The computational modal of the load distribution between elements in planetary
roller screw”, J. Theoretical Appl. Mech., 82, pp. 699-705, 2014

[6] M.H. Jones, S.A. Velinsky, “Stiffness of the roller screw mechanism by the direct method”, Mech.
Based Design Struct. Mach., 42, An Int. J., pp. 17-34, 2014

[7] D.S. Blinov, M.l. Morozov, “Uneven load distribution between mating windings of roll and screw with
nut of planetary roller drive”, Sci. Educ. Bauman MSTU, 2014, pp- 1-14, 2014

[8] Shangjun Ma, Geng Liu, Ruiting Tong, and Xiaocai Zhang, “A New Study on the Parameter
Relationships of Planetary Roller Screws”, Mathematical Problems in Engineering, Volume 2012, 29
p., 2012

[9] O. A. Ryakhovskii, D. S. Blinov, and P. A. Sokolov, “Analysis of the operation of a planetary roller
screw mechanism”, Bulletin of Mechanical Engineering, vol. 4, pp. 52-57, 2002

[10]Z. Zhang and K. M. Li, “Analysis on the accuracy of the electric cylinder with planetary roller screw”,
Manufacture Information Engineering of China, vol. 40, no. 10, pp. 72-74, 2011

[11]L. Gao, “Design and research of planetary roller-screw for precision application of the aerospace”,
M.S. Thesis, Nanjing University of Science and Technology, 2012

[12]Morozov V. V., Panyukhin V. I., Panyukhin V. V., “Mechanical transmissions: Coefficient of
efficiency and self-stopping”: Monograph; Vladimir State University Vladimir, 2002, 164 pages. ISBN
5-89368-301-3

[13]Morozov V. V., Panyukhin V. 1., Panyukhin V. V., “Toothed-screw transmissions for converting rotary
to linear motion”, Vladimir State University, Vladimir, 2000, 160 pages.

[14] Kozhevnikov S. N., “Mechanisms and machines theory”, Mechanical Engineering, Moscow, 1969, 574
pages.

[15] Kragelsky I. V., Dobychin M. I., Kambalov V. S., “Basic calculations for friction and deterioration”,
Mechanical Engineering, Moscow, 1977, 526 pages.

[16]Ma S, Liu G, Zhou J, Tong R, “Optimal design and contact analysis for Planetary Roller Screw”,
Nanjing University of Science and Technology, 20009.

[17T]Ma S, Liu G, Tong R, Zhang X, “A new Study on the Parameter Relationship of Planetary Roller
Screws”, Mathematical Problems in Engineering, Volume 2012 (2012), Article 1D 340437.

[18] Morozov V. V., “Roller-screw mechanisms Kinematic characteristics: monograph”, Vladimir State
University, Vladimir, 2005, 78 pages. ISBN 5-89368-634-9

[19] Bolotovski I. A., “Guide for geometric calculation of involute toothed and worm gears”, Mechanical
Engineering, Moscow, 1986, 448 pages.

CITE AN ARTICLE

Morozov, V., Zhdanov, A., Tellez, R., & Kochetov, D. (2018). APPROACH TO THE
CONSTRUCTION OF A GENERAL MECHANICAL TRANSMISSIONS
THEORY. INTERNATIONAL JOURNAL OF ENGINEERING SCIENCES & RESEARCH
TECHNOLOGY, 7(7), 284-293.

http: // www.ijesrt.com © International Journal of Engineering Sciences & Research Technology
[293]


http://www.ijesrt.com/

