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OueHka yBeJIMYCHUS HATPY304HOM CIIOCOOHOCTH
IUVIAHETAPHOI0 POJIMKOBHHTOBOI0 MEXaHNU3MA
B 3ABHCHMMOCTH OT KOHCTPYKTHUBHBIX IapaMeTPOB

SA. I1. 3enkuna MockoBCKHii TOCYIaPCTBEHHbIH TEXHUYECKUIl YHUBEPCUTET
um. H. J. baymana, r. MockBa, Poccuiickas ®exepauus

Annoranmsi. Pabora nocsiiena pa3padboTke HOBOTO IMOAXOJa K OIEHKE CTAaTUYECKOM M JAMHAMUYECKOH rpy3o0-
MOABEMHOCTH TIJIAHETAPHBIX POJIMKOBUHTOBBIX MexaHM3MOB (ITPBM) st coBepuICHCTBOBAHUSI MX KOHCTPYKTHB-
HBIX TMapaMeTPOB U YCKOPEHMs IpoLecca CO3AAHUS HOBBIX m3aenuil. CylecTBYIOIIME KIACCUYECKHE PacueTHBIE
MOJIEJIM OMHMPAIOTCS] HA SMIIMPUYECKUE HCCIEOBAaHNS M 00JIa/Ial0T CEPhEe3HbIM OIPAaHUYEHHEM: OHM HE YYHUTBHIBAIOT
BIIMSTHUE T€OMETPHUYECKHUX I1apaMeTpOB Pe3bObl M CTATUYHBI MO CBOEH CyTH. DTO HE MO3BOJSET OLCHUTH JUHAMH-
Ky M3MEHEHHs] KOHCTPYKTHBHBIX XapaKT€pPUCTUK MEXaHM3Ma, CPEIU KOTOPBIX OMNPENEISIONIYI0 POJIb UIPAET Yroi
npoduitst pe3bObl, HEMOCPEACTBEHHO BIMSIOMINI Ha paclpelielieHne HanpspDKeHUH M OOIIyI0 HaJeKHOCTh. B kaue-
CTBE METOJIOB HCCIIEAOBaHUS B pabOTe NMPUMEHEHO MAaTeMaTH4ecKoe MOJEIMpPOBAHUE, MO3BOJIMBILEE OTOMTH OT
cyry00 SMIMpPHUYECKHUX PAacueToOB. ABTOPOM CO3/1aHa OpUTMHAJbHAs pacyeTHas METOAMKA, YUNTHIBAIOIIAs reoMme-
TPHIO PE3bOOBBIX JeTalell 1 M3MEHUYUBOCTH yIla MPOQWIS BUTKOB, OT KOTOPOTO 3aBHCUT KOHIIGHTPAIMs HaNpshKe-
HUHA B 3auemieHnu. D(PQEeKTHBHOCTh MPEUIOKEHHOTO ITOJX0/1a MOATBEPXKICHA CPaBHUTEIBHBIM aHAM30M CTaH-
naptHoi koHcTpykumu [IPBM ¢ yriom mpoduins 90° u MOaepHH3MPOBaHHOIO BapuaHTa ¢ yrioM npodwis 70°.
Pacuersl pokaszany, 4TO yMEHBIICHHE yIiia Mpo(WiIs BUTKOB 00ECHEYMBACT MPEBOCXOACTBO B HArpy304HOU CIIO-
COOHOCTH O CPaBHEHHUIO C TPAJULIMOHHBIM HCToMHeHueM. O0JacTh IPUMEHEHHUS PE3yNIbTaTOB OXBAThIBACT MHIKE-
HEpHO-TEXHUYECKHE IIEHTPHl M KOHCTpYKTOpckue Oropo. PaspaboraHHBI MHCTpyMEHTapuii MoxkeT 3()h(EeKTHBHO
HCIONB30BaTbCs MpPU CO3JaHMM U MOAEPHHU3ALUU CHJIOBBIX JIMHEHHBIX IPHUBOAOB C IOBBILIEHHBIM PECYPCOM
paboTHI TS HYK MalllMHOCTPOCHHUSI, aBUACTPOCHUS U POOOTOTEXHUKH.

Knroueswvie cnosa: I’l/laH@mdeblﬁ pO]ZuKO@MHmOBOMV MEXAHU3M, HASPY3OUHAA CnOCO6HOCmb, cmamuveckas epys3o-
I’lO()'be/l/lHOcmb, ounamu4eckas 2py30n0()'b€MHOC‘mb, HEPABHOMEPHOCNTb HACPYIHCEHUS 6UIMKOE, Y2OJl i’lqubqu}Z pe3b6bl.
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Abstract. The paper is devoted to a new approach for evaluating the static and dynamic load capacity of planetary
roller screw mechanisms (PRSM) to improve design parameters and accelerate product development. Existing
classical models rely on empirical studies and lack consideration of thread geometry. This limitation prevents
assessing the dynamics of design characteristics, specifically the thread profile angle, which critically influences
stress distribution and overall mechanism reliability. As research methods, the paper utilizes mathematical modeling
to move away from purely empirical calculations. The author developed an original method accounting for threaded
component geometry and profile angle variability, which dictates stress concentration in the mesh. The approach's
effectiveness is validated via a comparative analysis of a standard PRSM (90° profile angle) and a modernized
version (70° profile angle). Calculations proved that reducing the profile angle ensures superior load capacity over
traditional designs. The scope of application covers engineering centers and design bureaus. The developed tools
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can be effectively used to design and modernize heavy-duty linear actuators with an increased operating life for

mechanical engineering, aerospace, and robotics.

Keywords: planetary roller screw mechanism, load capacity, static load capacity, dynamic load capacity, uneven

loading of threads, thread profile angle.

INTRODUCTION

The development of new mechanical engineering
products and the modernization of existing ones must
be carried out in accordance with the main trends in
mechanical engineering.

In aircraft and rocket technology, ball screw
mechanisms (BSM) are used to convert rotary motion
into linear motion; they have a lower load capacity
than planetary roller screw mechanisms (PRSM). To
improve the quality of such mechanisms, there is a trend
to replace hydraulic cylinders with electromechanical
drives, the power mechanism of which must have a high
load capacity. PRSM is such a mechanism [1, 2, 3].

One of the trends in mechanical engineering
development is increasing the load capacity of
mechanical engineering products, which for the
aerospace industry translates into increasing load
capacity without increasing weight.

This means that devices must be modernized to
transition to a lighter-weight design, which must maintain
the load-carrying capacity of the previous, heavier
device. Load capacity is the maximum load (force) a
device (mechanism) can withstand without parametric
failure, functional damage, or loss of functionality under
specified conditions.

A review of foreign literature [4-7] showed that
the determining factors for static strength are uneven
load distribution and manufacturing errors, while
durability under extreme conditions is limited by
contact fatigue wear mechanisms under linear coupling
conditions.

Along with theoretical models, there are industry
design standards implemented in the designs of
manufacturers. Using reference data, such as static and
dynamic load capacities, provided in manufacturers'
catalogs to calculate such transmissions presents a
number of challenges for the following reasons.

1. In the PRSM catalogs, for each standard size
of the mechanism, a set of numerical values of its main
parameters is given. These characteristics are given
without a methodology for their assessment, which
makes it impossible to apply them. The connection
and overall parameters of the mechanism are given
structurally. Data is provided only for the assembly unit,
without information about specific details, including
limiting loads.

2. When synthesizing a machine unit, it may
turn out that the required transmission or actuator is not
presented in the catalog.
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3.  The lack of data on the methodology for
determining dynamic characteristics precludes design
modifications by changing roller lengths.

4. The lack of data on methods does not allow
us to evaluate new constructive designs of mechanisms
that are not presented in the catalog, and at least
approximately estimate their resource.

Taking into account the arguments presented above,
the objective of this work is to develop a method for
predicting the static and dynamic load capacity of the
PRSM, depending on the mechanism structure, the
dimensions of its components, the acting loads, and
the mechanical characteristics of the materials from
which these components are made. Previously, such a
technique was developed in [8], but this technique does
not provide for the possibility of modifying the angle a
of the profile of threaded parts of PRSM. To achieve this
goal, the task is to modernize the method proposed in [9],
i.e., it is necessary to take into account the possibility of
changing the profile angle of the threaded components of
the PRSM.

MAIN PART. General Calculation Assumptions

To develop the methodology, the general calculation
assumptions discussed in [10, 11] were adopted:

1. All threaded components of the PRSM are
manufactured with absolute precision.

2. The uneven distribution of the axial force F, of
the mating PRSM components in the direction of tension-
compression displacement is not taken into account;
i.e., all rollers are equally loaded with the axial force F,.

3.  From a strength perspective, the worst-case
scenario is considered when there are depressions in the
mating surface; i.e., the effective length of the roller L,
is assumed to be equal to the length of the nut L .

4.  The replacement of the roller and nut threads
with annular projections is considered.

5. The initial contact points of the mating
threads of the nut and roller and the mating threads of
the roller and screw are assumed to be located at the
mid-diameters of the mating PRSM components.

6.  Taking into account all the assumptions made,
we have identical nominal axial forces F in the mating
surfaces of the roller threads with the nut threads and
with the screw threads.

Development of a methodology for assessing

the static and dynamic load capacity of the PRSM
Let us consider the case when the working axial
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force F _ is applied to the nut. Taking into account
the nominal axial force /' = F,./ N, the following
dependence is obtained

s Fpg- P

- - : (M
N-m, N-L,

F

where F is the axial force; N is the number of rollers;
m, =L / P is the number of roller turns in the two
specified mating positions; L, is the length of the threaded
portion of the roller; P is the thread pitch of the PRSM
components.

In the work [10, 11] the overturning moment of the
roller was derived, which takes the form taking into
account the working axial force F :

M = (F

X

-d, )/N. 2)

Then we obtain a dependence taking into account
the profile angle of the threaded parts of the PRSM:

k
4 Fyax - tg(a/2) - P 5 3)
J=1

where 3*_ J’ —sum of the number of turns on the roller’s
generatrix; k = L /(2 - P) — number of working turns
(number of radial forces).

Using equation (3), we find the maximum force:

FE o Frg - dap - Ly
MAX ™ 4.2 . N . p2 - tg(a/2) .Zl;:l]z'

“

The resulting formula (4) takes into account the
change in the angle a of the PRSM threaded parts profile.
And the maximum force value F”, , can be used to
determine the load distribution between the threads of
the PRSM threaded parts.

Then, taking into account the obtained formulas,
we can clarify the coefficient of uneven loading of the

threaded parts of the PRSM:

H — F -
_(FHZ-P_I_ Fug - dap - Ly )_N-Lp
N-L, 4-2-N-P2-tg(a/2)-X_,J?) Fus- P’
Therefore:
dzp'Lpz
Ky=1(1+ . 5
H ( 8-P3-tg(a/2) - Xf_,J? ©

From equation (5) it is evident that the obtained
coefficient of uneven loading of the threaded parts of
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the PRSM does not depend on the working axial force
F . acting on the output link of the PRSM.

To determine the static lifting capacity of a planetary
roller screw mechanism, it is necessary to consider
the maximum compressive force F,, acting on the
mechanism's output link. If the maximum equivalent
stresses o,,,, in the most heavily loaded roller turn are
equal to the permissible stresses /o/, then the working
axial force F . will be equal to the static lifting capacity
of the PRSM C . From this, we obtain the condition for

the static lifting capacity:
Flun=Cp

In accordance with GOST 18854-2013, the axial
static load capacity of the PRSM is determined by the
initial plastic deformation condition. To simplify
calculations, it is assumed that the permissible axial
force on a static transmission is determined by the
condition of initial plastic deformation. The critical
threshold is the ultimate strength ¢ in the most heavily
loaded roller thread of the PRSM. With this ¢, value,
the residual deformation in the contact zones of the
rollers with the screw and nut threads is approximately
equal to 0.0001 times the double radius R of the roller
profile.

To calculate the axial static load capacity, itis necessary
to determine the permissible design stresses. Due to
the high cost of full-scale testing of actual structures,
it is most likely that the manufacturer SKF reduces the
determination of the PRSM passport parameters to an
analytical method, based on analogs-rolling bearings,
as noted in [11]. The nature of the contact interaction in
PRSM is closest to the nature of the contact interaction in
thrust-radial bearings [11].

For thrust or thrust-radial bearings, the value of C
permissible contact stress is /o] =4200 MPa [11]. Hence,
0,.x = 4200 MPa, and the force F  corresponding to
these stresses is C , static load capacity of the PRSM.

In order to calculate ¢, ,, from the action of the
working force F° _, for a PRSM with arbitrary geometry,
it is necessary to use the Hertz solution [12, 13] for the
initial point contact, the contact area (Fig. 1) is considered
to be flat elliptical.

The theory of elastic deformations of complex-shaped
bodies at their points of contact allows us to determine
the shape and dimensions of the contact area, the
magnitude and nature of the pressure distribution over
the contact area, and the degree of convergence of the
bodies. This requires knowledge of the principal
curvatures of the contacting surfaces at the point of
initial contact, the elastic constants of the material,
and the magnitude of the applied load. This problem
is examined in detail in [12] in a general form. The
data presented allow us to easily determine the shape
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Figure 1 — Contact area at initial point contact, where a is the major semi-axis and b is the minor semi-axis

of the contact area and the maximum stresses in the
contact zone of two elastic bodies for various cases
encountered in practice.

For our case, the contact pressure ¢ is distributed
on a flat elliptical area over half of the ellipsoid, where
the greatest contact pressure ¢, will be located in the
center of the ellipsoid (Formula 7), and the area of the
elliptical contact area with the major ¢ and minor b
semi-axes (Formula 6); a detailed calculation of the
contact pressure for the PRSM was given in [10, 11].

(6)

And the greatest contact pressure occurs at the center
of the contact area (the solution to the Hertz problem
is given):

3[3(¥xn 2
QMAX=%' E(F) * Fymax, (7
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where E* - is the elastic constant of the PRSM
component materials; Y2 - is the sum of the principal
curvatures of the mating turns at the point of their initial
contact; n,, n, and n, - are coefficients determining
the dimensions of the contact area and the magnitude
of the maximum contact pressure.

The value of the elastic constant E* for a screw and
roller made of steel I1IX15 (ShKh15) or XBI' (KhVG),
20X3MB® (20Kh3MVF), etc.:

E*=0,867 - 10° 1/MPa.
The sum of the principal curvatures at the point of

initial contact of the screw and roller turns is given
in the formula:

Z e E N 4- sin(a/Z). ®

dZB de

In the work [10, 11] the dependence of the argument is
given as Q:

Q=v2- dzp/(\/i “dyp + 4 dyy sin(a'/Z)). )

The regression dependences of the coefficients  , n, and
n, on the argument  take the form
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n = 14077 - Q5%
n, = 0,73537 - Q01055
n = 0,96626 - Q015 (10)

P

Using the Hertz contact problem for initial point
contact, the greatest contact pressure, we obtain:

q _np 33 Fos - P - Ky
MAX — _°

2
_(Z“) ) (11)
T 2\ E* N-L,-cos(a/2)

We determine the permissible static axial force
(C, = F, static load capacity). We calculate the
maximum axial force F, . acting between the pair
of most heavily loaded screw and roller threads based
on formula (1), taking into account the coefficient of
uneven loading of the threaded parts of the PRSM.

Foy P - Ky

F, S — (12)
B max N - Lp

To determine the contact stresses acting between the
pair of most loaded turns of the screw and roller, the
maximum normal force in the contact zone takes the
form:

F _ Fg max _ Foz - P Ky 13
M cos(a/2)  N-Ly-cos(a/2) (13)

In accordance with GOST 18854-2013, the basic
static axial load capacity is C ,= 4200 N. Then the force
F,, corresponding to these stresses is the static load
capacity of the PRSM C .

By solving the given problem, we obtain the

dependence for the static load-bearing capacity:

.(é%)z(lq

Roller screw drives are also calculated for dynamic
load capacity C,.

Based on the results of work [11], it is possible to
obtain the dependence of the static C , and dynamic
C, lifting capacity, which are in correlation with the
average diameter of the screw thread d,, and the
displacement of the output link of the PRSM in one
revolution of its input link P,, which determine the
size of the PRSM.

As a result, the above correlation takes the form of a
power-law dependence of the coefficient .

4200-n)3

2-N-Lp-cos(a/2)-( T

Cao -

3-P-Ky

kC — 0’3638 . d230,5229 . Ph-0,2027 (15)

28

The coefficient k. evaluates the ratio of static and
dynamic load capacities

kc = Cﬂo /Ca
From here:

C=C,/k, (16)

Methodology for predicting the static
and dynamic load capacity of the PRSM

Initial data. Calculation for a thread profile angle
of a = 90°.

We use the vector of geometric characteristics and
the vector of strength characteristics obtained from
the proposed methods for determining geometric and
strength parameters outlined in [11, 14]. We set the
basic requirements for ensuring the total operating time.

Calculation:

1. Using formula (14), we determine the static
load capacity for the PRSM;

2. We determine the
formula (15);

3. We determine the dynamic load capacity C,
using formula (16).

coefficient %

- using

Analysis of calculation results using

the modernized methodology
Using this methodology, a Delphi computer program

was developed that allows one to determine the values
of static C ) and dynamic C, load capacities depending
on the a profile angle of the threaded parts of the PRSM.
The obtained C , value coincided with the value obtained
in [11] with an error of 2 %. This does not exceed the
permissible value of 10 %, which confirms the accuracy
of the conducted research.

Let us consider the graphs (Fig. 2) of the dependence
of the static C 6 and dynamic C, lifting capacities
on the profile angle of the threaded parts of the PRSM
using the example of the PRSM of size 39x15.

350
300 \
250 I~

200 =

—a—C, kN
—e— Cgo, kN

100

50

65 75 85 95 105 115
a

Figure 2 — Dependences of static C , and dynamic C,
lifting capacities for size 39x15 on the angle a
of the profile of the threaded parts of the PRSM
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From Figure 2 it can be seen that the value of the
maximum load capacity for this size 39x15 is at an angle
of @ = 70°, and this value is 32 % greater compared
to the traditional profile angle a = 90°.

From this, we can conclude that the load-bearing
capacity of the PRSM does increase with changes in
the a angle of the PRSM threaded parts. Therefore,
the proposed prediction method describes the obtained
values of static C, and dynamic C, load-bearing
capacities with sufficient accuracy and can be used.

It is worth noting that the data presented
in Figure 2 correspond to the elastic constant
E*=0,867 - 10° 1/MPa, which depends on the material

Machine Building and Engineering Science

of the manufactured PRSM parts. This means that
as the material changes, the data presented will change.

SKF and Ewellix catalogs use X5CrNiCuNbl6-4
steel, which has a first-order elastic modulus of
E, = 1,96 Mlla and a Poisson's ratio of u, = 0,3. The
elastic constant E* will change accordingly. This suggests
that the static and dynamic load capacities of PRSMs are
directly dependent on the structural materials used.

Let's consider the example of a 39x15-size PRSM,
taking into account the material change. For a thread
profile angle of a = 90°, the PRSM parts are shown
in Table 1. The calculation results are summarized
in Table 1.

Table 1 — Load capacities C  and C, of the designed PRSM of size 39x15 in comparison with other catalogues

ooy | Brrinemparison | ¢y | oo comporkon
SKF Catalog 272,89 5,30 167,64 8,00
Ewellix Catalog 273,00 5,40 168,00 7,80
According to the methodology 258,40 0,00 181,10 0,00

A comparative analysis of data from catalogues of
leading manufacturers and the results obtained using the
method of predicting dynamic C_a and C a0 static load
capacity confirms the reliability of the calculations: the
deviation of the values does not exceed 10%.

Thus, the proposed forecasting method describes the
obtained values of static and dynamic load capacities
with sufficient accuracy and can be used.

CONCLUSION

This article examines the potential for increasing
the load capacity of a planetary roller screw mechanism
depending on its design parameters. Changing the
profile angles increased the load capacity of the
modernized PRSM (a = 70°), necessitating the
development of a calculation methodology and

algorithm that takes into account arbitrary values of
this angle. The following key results and conclusions
were obtained by solving the problem posed in this
article.

1. A method for predicting static and dynamic
load capacities is proposed, taking into account changes
in the profile angle of PRSM threaded components.

2. Application of the developed load capacity
prediction method showed that switching from a
traditional profile angle to a modernized one provides a
32 % increase in static and dynamic load capacities.

3. The developed algorithm for calculating the
service life and dynamic load capacities is an effective
tool for designing new PRSM models. Using these
solutions allows for the creation of transmissions with
improved technical characteristics.
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