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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governrpentak—n—liai with—SO; ake—part—in—the—work—SO—cellaberates—closely—with the
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
The main tgdsk of technical committees is to prepare International Standards. Draft International Standards
adopted by |the technical committees are circulated to the member bodies for voting\»*Publication as an
International Standard requires approval by at least 75 % of the member bodies casting a-vote.

Attention is frawn to the possibility that some of the elements of this documentgmay be the subject of patent
rights. ISO shall not be held responsible for identifying any or all such patent rights.

ISO 3408-4 as prepared by Technical Committee ISO/TC 39, Machine fools.
ISO 3408 cdnsists of the following parts, under the general title Ball screws:
— Part 1: Vocabulary and designation

— Part 2: Nominal diameters and nominal leads — Metric series

— Part 3: Acceptance conditions and acceptance.tests

— Part 4: Ptatic axial rigidity

— Part 5: tatic and dynamic axial load-ratings and operational life
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Ba

Il screws —

Part 4:
Static axial rigidity

1
This
axial
2
The
refern

docy

ISO

3

Scope

rigidity of the ball screw.

Normative references
following referenced documents are indispensable for the application of this
ment (including any amendments) applies.

3408-1:2006, Ball screws — Part 1: Vocabulary and-designation

Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 3408-1 apply.

4

4.1

Symbols and subscripts

Symbols

Symbpol Description

[2

P
T

Contact angle
Reciprocal curvature radius
Ratio of the semi-major to the semi-minor axes of the contact ellipse

4

Lead angle

part of ISO 3408 sets forth terms and mathematical relations relevant to the determination|of the static

document. For dated

ences, only the edition cited applies. For undated references, the latest edition of thg referenced

Unit
degrees, °
mm-~!

degrees, °

Al

Elastic deflection

Material constant

Geometry factor

Diameter of the deep hole bore

Diameter of load application on the ball screw shaft
Diameter of load application on the ball nut

Ball pitch circle diameter

Ball diameter

Outer diameter of ball nut

© I1SO 2006 — All rights reserved
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Symbol
E

far

fal
frss Jen

F

~ o o~

~
2]

3

e Ny S

1%}

Z4

22

4.2 Subs

Symbol

pr

b/t

nu

Description Unit
Modulus of elasticity N/mm?2
Correction factor for accuracy classes (rigidity) —
Correction factor for load application —
Conformity (ratio of ball/balltrack radius to ball diameter) of ball screw shaft —

and ball nut

Axial force, load N
Number of loaded turns —
Rigidity characteristic N/um?3/2
Length mm
Unsupported length of ball screw shaft mm
Poisson’s constant (e.g. for steel m = 10/3) —
Rotational speed min”1
Lead mm
Time percentage %
Rigidity N/um
Backlash (axial play) um
Auxiliary value according to Hertz for the description of the ellipfic integrals ~ N-2/3-uym#/3

of the first and second kinds
Number of effectively loaded balls per turn

Number of unloaded balls in the recirculation system,©only for systems
where balls will be recirculated after one turn

Cripts

Description

refers to accuracy

refers to ball

refers to ball screw

refers to nut body/ball screw shaft

refers to external/load or the resulting deformation respectively

refers to limit-load (at this value the contact between balls and balltracks of ball screw shaf

ball nutis\eliminated)

refers(to equivalent

refers to normal load which acts upaon balls and balltracks of the ball screw shaft and ball n

the direction of the contact angle

refers to ball nut

refers to preload

refers to ball screw shaft

refers to ball/balltrack area

refers to ball screw within the loaded ball nut area
refers to ball nut 1

refers to ball nut 2

and

ut in
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Determination of static axial rigidity, R

General

The static axial rigidity of a ball screw exerts a major influence on its positioning accuracy. It is a function of
the design of the ball screw, its support and bearing arrangement. For the purpose of the calculation given
below support and bearing arrangement have been disregarded.

The static axial rigidity of ball screws is not linear. For the purpose of the study of rigidity, a ball screw can be
conceived as a combination of several linear and non-linear spring elements. For this reason the rigidity value

indic

ted is correct only for one load application

The

The
The

More
cont

Whe
that

It is possible to generate preload-by different methods:

a)

See

Heflection to be determined is caused by

hxial deflections of the screw shaft and the ball nut body,
radial deflections of the screw shaft and the ball nut body,
Heflections of the balls and the thread land.

calculation of the deflections attributable to the ball contact is based on the theory related to
following preconditions should be met as closely as possible:

he material of the contacting partners shall be homogenous, and isotropic,
n addition, Hooke’s law applies, i.e., no plastic deformiation, and
n the contact area only normal stress shall be acting, i.e., a level pressure surface is generatg

over, the applied simplified theory of_ Hertz specifies identical elasticity modulus and
action parameter for the material of balliscrew shaft, ball nuts and balls.

h calculating axial rigidity it is important to differentiate between ball nuts that have backlas
nave none, i.e. preloaded ball nuts.

Single ball nut with-continuous thread. Preloading by oversize balls, resulting in four-point

Figure 1.

Hertz stress.

pd.

transversal

h and those

ball-contact.

[V VA

Figure 1

© I1SO 2006 — All rights reserved
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b) Single ball nut with shifted thread between the preloaded areas, achieving two-point-ball-contact.

Figure 2

See Figure 2.

c) Single ball nut with double start thread and shifted pitch (two-point-ball-contact).

See Figure 3.

Figure 3

d) Double|ball nut consisting of two single-ball nuts, each with continuous thread. Axial displacement
of the two single ball nuts against each\ether.

See Figure 4.

Figure 4
The rigidity calculation set forth in this standard can be applied to all preloading methods described.
As it is very time-consuming — and hence unsuitable for practical purposes — to determine the precise axial

deflection on the basis of the corresponding formulae, a reasonably simplified calculation method is outlined
below so that the calculation may be effected with a pocket calculator.

4 © 1SO 2006 — All rights reserved
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5.2 Static axial rigidity, R
The static axial rigidity, R, constitutes the resistance to deformation and denotes the force AF, in newtons,
which is required to effect a component deflection Al by 1 um in the axial direction of load application:

AF

R="
Al

(1)

5.3 Static axial rigidity of ball screw, Ry

The overall rigidity, R, is arrived at by adding the pertinent rigidity values of the components:

2
Ry Ry R @

5.4 | Static axial rigidity of ball screw shaft, R

5.4.1 General

The Figidity of the ball screw shaft follows from the elastic deflection of the ball screw shaft Al caused by an
axial|force AF and depends on the bearing arrangement.

5.4.21 Rigid mounting of ball screw shaft at one end

See Figure 5.
P P <’ 3
= ——| [——7——— = mp—"—; B
S S
[S
[ -
a) b)
a See Equation (4).
Figure 5
Where-the rigidity is
2 2
no(d2 - dg ) E _ _
Ryp=———7— in case of a solid shaft dp, =0 (3)
4-15-10
de =Dpy — Dy, -COS & (4)

© I1SO 2006 — All rights reserved 5
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5.4.3 Rigid mounting of ball screw shaft at both ends

See Figure 6.

A
Y

A
Y

a8  See Equption (4).

Figure 6

Where the rigidity is

A (a2 -dd ) E I

Rso = : (5)
® 4~152'103 13_132
the minimun of rigidity is obtained at
/

lon =3

s2 2
and thus is

2 42
no(dg - dg ) E
RsZ,min == .2 (6)

Is-103
5.5 Statig axial rigidity-of ball nut unit, R,

5.5.1 Static axial rigidity of ball nut unit with backlash, R

nu1

5.5.1.1  Static'axial rigidity of nut body and screw shaft under resulting radial components of lodd
R

n/s

Determination of R

nis:
AF
Ryjg =—— (7)
Aln/s
AF
Al = (8)
e Rn/s

Nut: thick-walled cylinder subjected to “internal pressure” (radial component of normal ball thrust).

6 © 1SO 2006 — All rights reserved
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Screw shaft: cylinder subjected to “external pressure” (radial component of normal ball thrust).

Premise:

— the ball screw shaft is either solid or deephole drilled;

— ball screw shaft and ball nut have the same Young’s modulus and Poisson’s ratio.

The axial rigidity of the nut body and screw shaft under this type of load is

2.m.i- B E-tan’y

wherle

5.5.1.

In o
calcy

The

into @account because it is not an elasticdeflection [see Figure 7 a) and b)].

Rnjs =

2 2 2 2

D + Dg dc+dbo}.103
2 2 2 2

Dj _Dc dc_dbo

D¢ = Dy, + Dy -COSa

2  Static axial rigidity in ball/balltrack area, R

der to simplify, the ball nut body and the screw shaft deformations have been disregg
lation. The same applies to

LiIneven distribution of load on the balls and threads,
machining inaccuracies, and
change of contact angle.

Felative displacement between ball nut-and ball screw shaft due to the axial backlash has no|

9)

(10)

rded in this

I been taken

© I1SO 2006 — All rights reserved
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A[b/f,ca- Sa_
2 -t -t 2 Y A

7/
s - Alyie -l Sa e Al o -
2 |

a) b)

X axial displacement between ball nut and ball screw shaft
Y  external pxial load, F

Figure-7.

The extent df the axial deflection on the ball/balltrack-area is a function of
— load applied,

— nominal diameter,

— ball sizqg,
— number]of loaded balls;
— confornity, and

— angle of load application.

Thus the axiel-deflection-in-the ball/balltrack areais cnfﬁmnnfly npprnwmnfnr‘l hy the fnlln\nnng eguation:

cosy-sina

According to Hertz the approach of the components is calculated from:

2 2
Alg nppt =Yg - CE '\3IFN 'zps,n (12)

8 © 1SO 2006 — All rights reserved
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Where for the screw shaft balltrack/ball contact applies:

Zp _ 4 1 N 2.cosa
® Dy fis-Dy Dpyy —Dy -cOSa

For the nut balltrack/ball contact applies:

The
cos

COos

with

Dy  fin-Dw Dpy + Dy -cOScx

Z 4 1 2-cosa

puxiliary values Y , depend upon the ratio of the semi-major to the semi-minor axes of thecd
. The following equation makes use of sin 7, which can be obtained by:

sin 7 = +/1-cos? 7

174 1/2
) )

Ysyn:1,282[—0,154(sinr +1,348(sin)"' % 0,194 sinr}

is solely conditioned by the contour of the rolling partners. It is described as follows:
1 B 2.cosa
Jrs ‘Dw  Dpy —Dy, -COsa
COS 7 =
zps ‘
B 1 N 2-cosa
Jin-Dw  Dpy + Dy, -cOsa
coS 7, =
2. ‘

E +.K
cgen =3 11550 —oon 00
’ Eogn+Eob
Es n,b
EOs,n,b N 1
1- 2
Msn,b

For ball bearing steel:

Eg = E, = E, =2,1-10°
mg =mp =mp =10/3
Eos = Eon = Eqp = Eg

CES =Cgn = CEb X Cg 20,4643

© I1SO 2006 — All rights reserved
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(16)

(17)

(18)

(19)
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Fy=—— (20)
i-z4-COS@ - Sina
D, T
z :[—pw —22] (21)
oS- Dy, integer
¢ = arctan H (22)
7t Dpy
The rigidity ¢haracteristic k£ of one loaded turn of the ball screw is calculated from:
. 5/2 _5/2
P A 5in . aS;:zos 1) (23)
CE . Ck
and
ck:Ys':\s/Zps"‘Yn’:\i/zpn (24)
Thus, the axjal deflection due to Hertz stress exerted on a single nut can be calculated:
2/3
F
o = (@5)
k-i
d(Alpy _Zpws 1l (26)
3 (k . l.)2/3
The static axial rigidity of the ball/balltrack areaR}; at the axial force F'is:
dF 3 4 . \2
Rpp = =—-NFg-(i-k 27
b/t C(Alb/t) 2 e ( ) ( )
This reveald the dependence gf-the spring rigidity on the load. The system rigidity may be increased by
increasing the axial force exefted on the ball screw, e.g. by a preload force For.
5.5.1.3  Static axial-rigidity of ball nut unit with backlash, R
1T |1 1 (28)
Rout  [Remy ~ Ruys

5.5.2 Static axial rigidity of symmetrically preloaded ball nut unit, Rnuo.a

5.5.2.1

Static axial rigidity of nut body and screw shaft under preload, R

n/s,pr

As both nut bodies act like preloaded rings, the rigidity, Rys,pr of a double nut is twice as high as that of a

single nut:

R

n/s,pr

10

=2-R

n/s

(29)

© 1SO 2006 — All rights reserved
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5.5.2.2  Static axial rigidity of ball/balltrack area under preload, Ropr (see Figure 8)

In order to obtain high rigidity in the ball/balltrack area, nut systems are preloaded. Thus the backlash in the
individual nut and the relatively large ball/balltrack deflection at low load are eliminated.

FA
Flim A
1
2
£
// Ty
|
/ 5f
/ Fe 50
Y
3 | A[b/r,pr | Byt tin N
a) b)
Key
1 ball nut 1
2 ball nut 2
3 ball screw shaft
4 straight approximation line
5 actual curve

a Actual curve of the.axial deflection in the ball/balltrack area of the preloaded ball nut system if an addifional external
load between F, = Qand’r = Fjjy, is applied.

Maximum deviation’between 4 and 5 is approximately 6 %.

Figure 8

The preload force to be applied has to be determined carefully, as excessive preload will reduce life.

The following equation will furnish a guide value for symmetric double nuts:

Fm
=—3/7 (30)
P 53/2
The equivalent load F,, is obtained from the following equation:
(31)

© 1SO 2006 — All rights reserved 11
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The axial deflection of the ball/balltrack area due to the preload of a symmetrically preloaded nut system is
calculated according to Equation (25):

Al b/t,pr

For0 < F, <

{

F

2/3
_pr
“d

k

Fim» the rigidity R, in the ball/balltrack area is determined as follows:

— Al pr for F is determined as for Equation (32),

as therd

Al

b

and
Flim

the app

R

Ry,

5523 S

As both nut
nut [see Equ

1

bit

S

tor = At lim

3/2
=2%2.F,

oximation results in

ngle or double ball nut preloaded by two-point-ball-contact, R, ,

bodies act like preloaded rings, the-rigidity R, of a double nut is twice as high as that of a 5
ation (29)]:

1 1

Rnu2

5524 S

The static a
double ball ni

1

Rb/t Rn/s,pr

ngle ball nut preloaded by four-point-ball-contact, R, 4

Kial rigidity R of a nut preloaded by four-point-ball-contact is calculated according to that
ut preloaded by two-point-ball-contact:

1 1

(32)

(33)

(34)

(3%)

ingle

(36)

of a

(37)

Rnu4

= +
Rb/t Rnlg pr

5.5.3 Correction for accuracy, f,,

As tolerances accumulate during the manufacturing process, differences occur in rigidity evaluations.

The correction factor takes into account the following influences:

diameter).

See Table 1

12

machining inaccuracies of balltrack (travel variations, groove, surface roughness, contact angle,

© 1SO 2006 — All rights reserved
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Table 1 — Correction factor for accuracy f,, (reference data)

Standard tolerance grade

0,1

3

5

Factor /.

0,6

0,55

0,5

ISO 3408-4:2006(E)

The static axial rigidity of the ball nut unit calculated with the corresponding correction factor is:

Rnu,ar = far “Rny

(38)

© I1SO 2006 — All rights reserved
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Annex A
(informative)

Example calculation of static axial rigidity in preloaded symmetrical

double nut system

A.1 Givens

Ball pitch cirgle diameter Dy, =63,5 mm
Lead Py, =5mm

Ball diametefr D,, = 3,5 am
Number of Igaded turns i %5

Number of unloaded balls in the recirculation system Z =<3
Conformity ratio of ball screw shaft and ball nut fee frw =0,55
Contact angle o =45°

Outer diametter of ball nut D, =75mm
Equivalent axial load F =8000 N
Preload Forg¢e For =4 000N
Unsupported length of ball screw shaft I =1000 mm
Modulus of glasticity E =2,1 x 105 N/mm?2
Standard tolerance grad =3

Ball screw s

A.2 Indic

Given: a scr

d =D

d, =63

haft mounting according to Figure 2.

ation of screw shaft rigidity

w — Dy *C0Ss a

,5-3,5-cos45°

pw shaft mounted'rigidly at both ends, length /; = 1 000 mm

(4)

de =61,03mm

According to Equation (6):

s2min

14

2
_n-617-21000 _, 4z N/pm

1000-10°

© 1SO 2006 — All rights reserved
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A.3 Static axial rigidity of screw shaft and nut body R, due to resulting radial load

Given: outer diameter of ball nut D4 = 75 mm, then:

D, =63,5+3,5-cos 45° = 65,98

2.7-5.5.210 000 - tan? 45°
Rn/s r:2‘
P 752 1 65,082 3
752 65,98

Rojs.pr =7 458 N/jyum

A.4| Determination of axial deflection due to preloading Al

Geommetry factors:

4 1 2-cos 45°
Sr =35

= - + =0,646 55
3,6 0,55-3,56 63,56-3,5-cos45°

=0,60194

Z :i_ 1 B 2-cos 45°
Pn =357 05535 6354+35-cos45°

B 1 3 2-cos 45°
0,55-3,5 63,5-3,5-cos 45°
0,646 55 ‘

COSTg :‘

coszs =|-0,8393|=0,8393

B 1 . 2+¢os 45°
0,55-3,5 63,54 3,5-cos 45°

COS7,, =
‘ 0,60194 ‘

cost, =|-0,827 4| =0,827 4

174 1/2
) )

Y, = 1282- [—0,154 (0,543 6

+1,348-(0,543 6 —-0,194.0,543 6}

Y, = 0,969 4

174 1/2
) )

Y, :1,282~[—0,154~(0,5616 +1,348~(0,5616 —-0,194.0,561 6}

Y, =0,9845

cg =0,464 3

. _(__635m
" cos14357°-35 )

© I1SO 2006 — All rights reserved

(10)

(9) +(29)

(13)

(14)

(16)

(17)

(15)

(15)

(21)
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