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A B S T R A C T   

The optimization of obtaining the most uniform load distribution is important for the load carrying capacity 
design of the planetary roller screw mechanism (PRSM). However, the stiffness matrix of PRSM in traditional 
method based on the relationship between load and deformation of the thread may be destroyed when threads 
are no longer in contact due to machining errors, which would bring convergence problem in optimization 
process. In this paper, the mathematical model is firstly established to overcome the above drawbacks by pro
posing an improved iterative algorithm. Then, the multi-objective optimization is conducted to search the best 
designed pitches for the most uniform load distribution on both the screw-roller and nut-roller interfaces, and 
results are verified by the finite element method.   

1. Introduction 

Planetary roller screw mechanism (PRSM) is a kind of precision 
mechanical transmission device composed of screw, nut, rollers, ring 
gears and retainers, which mainly serves for electro-mechanical actuator 
to convert rotary motion into linear motion. The number and the total 
surface area of the contacts between the screw, the rollers and the nut 
are substantially increased compared to the ball screw design, resulting 
in larger dynamic and static load carrying capacities of PRSM [1]. The 
PRSM has been widely used in as all-electric aircraft, space vehicle, 
robot, machine tools and many other fields [2,3] due to the advantages 
of long service life, robustness, high stiffness and reliability, especially 
the high load carrying capacity. 

Since the different structural stiffness of screw, roller and nut, the 
deformation of them is also different after being loaded, and the phe
nomenon of non-uniform load distribution among the threads of PRSM is 
inevitable. Uniform load distribution can improve the stability, accuracy 
and transmission efficiency of PRSM. Conversely, the non-uniform load 
distribution may cause overload of some threads, which further leads to 
plastic deformation [4] or premature contact fatigue damage under the 
cyclic contact stresses of the overloaded thread [5]. Besides, overload 
will increase the asperity-contact area and friction coefficient, and 
worsen lubrication, thereby accelerating wear and shortening service 

life [6]. Furthermore, experimental results have shown that wear, cracks 
and spalling are more likely to occur under higher load [7,8], and the 
wear depths are in accordance with the load distribution among threads 
[9]. Therefore, the load distribution of PRSM is the key to determine its 
load carrying capacity and service life, which has been widely studied by 
many researchers. 

By regarding the thread profile of roller as effective ball [4–6,10], the 
load distribution model of PRSM can be established by referring that of 
the ball screw [11]. Another common method to solve the load distri
bution of PRSM is the stiffness model, which is inspired by the appli
cation of spring network model in solving the load distribution of 
threaded connection [12]. Jones et al. proposed the direct stiffness 
method to construct a stiffness model of PRSM, which can be also used to 
calculate the load distribution including alternative loading conditions 
and installation configurations [13]. Zhang et al. improved the stiffness 
model with considering the installation modes, material and structural 
parameters [14]. The stiffness model can reflect the load distribution 
characteristics of PRSM more comprehensively, because it not only 
considers the Hertz contact deformation and axial deformation pre
sented in the effective ball model, but also the thread deformation of the 
screw, roller and nut. The representative theoretical methods mentioned 
above are based on the equilibrium conditions of forces and the defor
mation compatibility relationship. Besides, the modeling of components 
with specific elements [15–17] and the finite element method (FEM) 
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[18,19] can also be used to calculate the load distribution of PRSM. 
These studies are conducted for the ideal PRSM, however, the 

inevitable errors will greatly affect the load distribution. Ma [20], Zhang 
[9] and Lisowski [21] established the load distribution model consid
ering the errors in the relationship of deformation compatibility based 
on their previous study. Du et al. proposed a mathematic model incor
porating the radial load and machining error to calculate the load dis
tribution in two working states [5]. The pitch of screw, roller and nut are 
not regarded as the independent parameters in these studies. The 

conclusion obtained by 200 FEM results with random variables shows 
that the load distribution is mostly affected by the pitch, but the pitch of 
screw, roller and nut has different sensitivity and contribution to the 
load distribution [4]. 

Furthermore, the load distribution optimization of PRSM to get 
better load carrying capacity for various applications also deserves more 
attention. Although the uniformity of load distribution can be improved 
by modifying or redesigning the thread [5,14], the multi-objective 
optimization of PRSM can more effectively obtain the optimal load 

Nomenclature 

FSRi, FNRi axial load on the ith thread couples of the screw-roller and 
nut-roller interfaces 

ΣδSi, ΣδRSi sum of axial deformation of the screw and roller in the ith 

closed-loop on the screw-roller interfaces 
ΣδNi, ΣδRNi sum of axial deformation of the nut and roller in the ith 

closed-loop on the nut-roller interfaces 
eSRi, eNRi sum of pitch error in the ith closed-loop on the screw-roller 

and nut-roller interfaces 
f load distribution vector 
e pitch errors vector 
K stiffness matrix 
ε pitch deviation vector 
KSRi, KNRi load sharing coefficient of the screw-roller and nut-roller 

interfaces 
KSR, KNR maximum load sharing coefficient of the screw-roller and 

nut-roller interfaces 
tmax, jmax the maximum number of iterations for the external and 

internal loop 
zSR, zNR number of unloaded thread on the screw-roller and nut- 

roller interfaces 

kSRHi, kNRHi contact stiffness of the ith thread couples of the screw- 
roller and nut-roller interfaces 

Acc convergence accuracy 
ΔKSRi, ΔKNRi load sharing coefficient variations of the ith thread 

couples on the screw-roller and nut-roller interfaces 
compared with the previous one without pitch errors 

P design variables 
Cx design constants 
fSR(P, Cx) objective function of the screw-roller interfaces 
fNR(P, Cx) objective function of the nut-roller interfaces 
fmax, fmin maximum and minimum value of objective function 
Pl, Pu lower and upper bound of the design space 
S the population size 
Mt, Rt, Qt initial population, temporary population and offspring 

population 
D(i) the jth offspring of the tth generation for the ith design variable 

P(j,t+1)
i the jth offspring of the tth generation for the ith design 

variable 
ας small variation 
rς uniformly sampled random number 
ηm coefficient of mutation distribution  

Fig. 1. Schematic diagram of the PRSM in different installation modes.  
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distribution uniformity on both screw-roller and nut-roller interfaces, 
which is rarely reported so far. Generally, it is impossible to improve one 
objective without sacrificing another because they are often in conflict 
with each other in the multi-objective optimization problem (MOP). The 
non-dominated sorting genetic algorithm (NSGA-II) [22] is a kind of 
multi-objective genetic algorithm for solving MOP, which can construct 
a Pareto front by selecting feasible non-dominated designs and treating 
each objective separately. 

In this paper, the stiffness model, which can better reflect the thread 
characteristics of PRSM, is adopted to comprehensively reveal the in
fluence of errors on the load distribution. The pitch error is defined as 
the difference between the pitch of any adjacent threads on the same 
part and the nominal pitch, which is mainly caused by machining error 
such as grinding wheel feed speed. Due to the machining error or special 
differentiating design, the difference of the nominal pitch between roller 
and screw (nut) is defined as the pitch deviation. By improving the 
previous load distribution model [9], not only the pitch errors and 
installation modes, but also the pitch deviations are considered. How
ever, the thread probably not loaded due to these errors. Based on the 
relationship between load and deformation, the previous methods can 
not solve the problem of stiffness matrix failure and calculation 
un-convergence caused by no-load, or the load distribution may no 
longer satisfies the force equilibrium condition due to the existence of 
negative values. An improved iterative algorithm for these problems is 
proposed, and the effect of pitch errors and pitch deviations on load 
distribution is further studied. 

The structure of this paper are assigned as follows. Firstly, the 
improved mathematical model of load distribution is established in 
Section 2. Then, in Section 3, the pitches of screw, roller and nut are 
selected as design variables, and the multi-objective optimization of the 
load distribution on the screw-roller and nut-roller interfaces is con
ducted based on NSGA-II. In Section 4, the correctness of the mathe
matical model and the optimization results are verified by FEM. Finally, 
the conclusions of this paper are summarized in Section 5. 

2. Mathematical modelling 

2.1. Load distribution considering pitch deviation and pitch errors 

There are two installation configurations of PRSM in the engineering 
application: the screw and nut are supported at the same or the opposite 
ends. Each installation configuration has two different load conditions 
according to the load direction applied on the nut. Therefore, the four 
installation modes of PRSM are (a) S-N-C, (b) S-N-T, (c) O-N-T and (d) O- 
N-C, where S represents the screw and nut supported at the same end 
while O represents that supported at opposite ends. N-C and N-T 
represent the compression or tension on the nut, respectively. The 
schematic diagram of the PRSM in different installation modes is shown 
in Fig. 1, where the threads are numbered from the fixed end to the free 
end of the screw. 

The PRSM can transmit motion and force through the contacts of 
roller between screw and nut. As shown in Fig. 1, the axial load applied 
on the nut is first transmitted to the nut-roller interfaces, then to the 
screw-roller interfaces and finally to the fixed end of the screw. Before 
establishing the mathematical model, the following hypotheses need to 
be made: (1) the contact deformation is in the range of elastic defor
mation. (2) Only the axial load is permissible, the bending moment, 
tilting moment and radial load are prohibited [1]. (3) The load distri
bution and force states are the identical among all the rollers. 

Then, according to the force equilibrium condition, the relationship 
between the axial load on each thread and the applied load F can be 
expressed as 

⎧
⎪⎨

⎪⎩

F = z⋅
∑τ

i=1
FSRi

F = z⋅
∑τ

i=1
FNRi

i = 1, 2, ⋅⋅⋅, τ (1)  

where FSRi and FNRi represent the axial load on the ith thread couples of 
screw-roller and nut-roller interfaces, z and τ are the number and thread 
number of roller, respectively. 

After the PRSM is loaded, the contact deformation will occur at the 
meshing point of the thread. Meanwhile, the shaft segment and thread of 
the screw, roller and nut are also deformed. Considering that there may 
be pitch errors in all threads, in this case, the deformation compatibility 
relationship in the ith closed-loop formed by two adjacent contacting 
threads can be expressed as 
{∑

δSi + PS =
∑

δRSi + PR + eSRi
∑

δNi + PN =
∑

δRNi + PR + eNRi
(2)  

where PS, PR and PN represent the pitch of screw, roller and nut. ΣδSi and 
ΣδRSi are the sum of axial deformation of the screw and roller in the ith 

closed-loop on the screw-roller interfaces, eSRi is the sum of pitch error in 
this closed-loop. ΣδNi and ΣδRNi represent the sum of axial deformation 
of the nut and roller, eNRi is the sum of pitch error in the ith closed-loop 
on the nut-roller interfaces. Generally, PN, PR and PS are considered to be 
equal. However, the pitch deviation cannot be ignored because the 
difference between PR and PS (PN) may be the same order of magnitude 
as the deviation of axial deformation. 

According to the contact deformation, thread deformation and shaft 
segment deformation, the structural stiffness of PRSM can be discretized 
into contact stiffness, thread stiffness and shaft segment stiffness. Then, 
the Eq. (2) can be expressed by the corresponding structural stiffness and 
load of the thread [14]. Since there are a total of 2(τ-1) deformation 
compatibility relationships in the form of Eq. (2), combined with the 
force equilibrium condition given in Eq. (1), the matrix form equation of 
load distribution considering pitch deviation and pitch errors can be 
expressed as 

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

K⋅f = ε + e⎡

⎣1, 1,…, 1
⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟

τ

, 0, 0,…, 0
⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟

τ

⎤

⎦⋅f = F

/

z

⎡

⎣0, 0,…, 0
⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟

τ

, 1, 1,…, 1
⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟

τ

⎤

⎦⋅f = F

/

z

(3)  

where f = [FNR1, FNR2,…, FNRτ, FSR1, FSR2,…, FSRτ]T is the vector of load 
distribution, e = [eNR1, eNR2,…, eNRτ-1, eSR1, eSR2,…, eSRτ-1]T is the vector 
of pitch errors. K is the stiffness matrix derived from the deformation 
compatibility relationship of all the closed-loops. According to the 
thread numbering rule, the axial load on the ith shaft section of the nut 
supported at the same end is different from that of the nut supported at 
the opposite end, resulting in a different stiffness matrix. ε is the pitch 
deviation vector, which are opposite in the same installation configu
ration with different loading directions. As shown in Fig. 1, the contact 
thread surfaces are the same in installation mode S-N-C and O-N-T, then 
the pitch deviation vectors for the installation mode S-N-C and O-N-T are 
defined as 

ε1 =

⎡

⎣PR − PN ,PR − PN ,…,PR − PN⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
τ− 1

,PR − PS,PR − PS,…,PR − PS⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
τ− 1

⎤

⎦

T

(4) 

Similarly, the pitch deviation vectors for S-N-T and O-N-C are 
defined as 
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ε2 =

⎡

⎣PN − PR,PN − PR,…,PN − PR⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
τ− 1

,PS − PR,PS − PR,…,PS − PR⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
τ− 1

⎤

⎦

T

(5) 

In order to reflect the non-uniform degree of load distribution, the 
load sharing coefficient is defined as the ratio of the load on each thread 
to the mean value, that is 
{

KSRi = zτFSRi/F
KNRi = zτFNRi/F (6) 

Moreover, the maximum load sharing coefficient KSR = max(KSRi) 
and KNR = max(KNRi) are important indexes that can directly reflect the 
non-uniformity of the load distribution in this study. 

2.2. Improved iterative algorithm 

An improved iterative algorithm is proposed to solve the load dis
tribution of PRSM with pitch errors and pitch deviations, the flow chart 
is shown in Fig. 2. 

Firstly, some parameters needed for the calculation are given as 
follows: the initial step t = 0 and the maximum number of iterations tmax 
for the external loop, the t and tmax are set as j = 0 and jmax for the in
ternal loop. The initial number of unloaded thread on the screw-roller 
and nut-roller interfaces is zSR = zNR = 0. The convergence accuracy is 
Acc. All threads are assumed to be under the action of equal load in the 
initial step, i.e. the initial value of the load distribution is f(t=0)(i) = F/zτ, 
i = 1,2,…,τ. 

Then the contact stiffness, thread stiffness and shaft segment stiffness 
under the load distribution obtained in each step are calculated to form 
the stiffness matrix K(t), which is then substituted into Eq. (3). The Eq. 
(3) will change in each step due to the nonlinearity of contact defor
mation until convergence. If t < tmax is satisfied meanwhile there is no 
negative value in the results, the load distribution can be obtained just 

through the external loop, otherwise the internal loop is needed. 
The function of the internal loop is to find whether there are 

unloaded threads and to make the load distribution meet the force 
equilibrium condition. The temporary load distribution f’ obtained 
when jumping out of the external loop is served as the initial value for 
the internal loop. If FSRi < 0, it means that the ith couple of threads on the 
screw-roller interfaces are not loaded, so that FSri = 0, the contact 
stiffness is defined as infinite kSRHi =+∞ and the number of unloaded 
thread is recorded as zSR = zSR + 1. Then, ∆SR =

∑τ
i=1FSRi − F/z, the 

load distribution is redistributed by FSRi = FSRi − ∆SR/(τ − zSR) until 

Fig. 2. Flow chart of the improved iterative algorithm for solving load distribution.  

Table 1 
Structural parameters of PRSM.  

Parameters (Unit) Screw Roller Nut 

Symbol Value Symbol Value Symbol Value 

Nominal diameter 
(mm) 

dS0 48 dR0 16 dN0 80 

Major diameter 
(mm) 

dS1 49.43 dR1 17.6 dN1 82.62 

Minor diameter 
(mm) 

dS2 45.38 dR2 14 dN2 78.57 

Thread thickness 
(mm) 

hS 2 hR 2.4 hN 2 

Pitch (mm) PS 5 PR 5 PN 5 
Half of thread angle 

(◦) 
βS 45 βR 45 βN 45 

Starts of thread 
(Integer) 

nS 5 nR 1 nN 5 

External diameter 
(mm) 

/ / / / dN3 100 

Thread number 
(Integer) 

/ / τ 20 / / 

Number of roller 
(Integer) 

/ / z 10 / /  
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∆SR ≤ Acc. For the nut-roller interfaces, the same operation is 

performed. If j < jmax, the load distribution f* obtained in the internal 
loop will be returned to the external loop and then calculated again to 
meet the deformation compatibility relationship, otherwise f* is the 
final result. 

2.3. Numerical examples and analysis 

In order to reveal the effect of pitch errors and the pitch deviations on 

Table 2 
Material parameters of PRSM.  

Random variables (Unit) Symbol Value 

Young’s modulus (MPa) ES, ER, EN  212,000 
Poisson’s ratio (None) vS, v R, vN  0.29 
Yield limit (MPa) σs  1617  

Fig. 3. Comparison of load distribution under the effect of pitch deviation and pitch errors, (a) Load distribution in S-N-C, (b) Load distribution in S-N-T, (c) Load 
distribution in O-N-T, (d) Load distribution in O-N-C, (e) ΔKSRi in different installation modes, (f) ΔKNRi in different installation modes. 
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the load distribution of PRSM, the numerical examples for different 
installation modes will be conducted with the structural parameters 
given in Table 1. The material is GCr15 [23], a kind of rolling bearing 
steel with good abrasion resistance and superior contact fatigue per
formance, and its material parameters are shown in Table 2 [4]. The 
manufacturing precision of PRSM is G5 according to the ISO 3408–3 [1] 
and the error within 0.25 µm is permitted for each pitch [5]. 

2.3.1. Effect of pitch errors 
Based on the parameters given in Tables 1 and 2, the PRSM without 

pitch deviation (PS = PR = PN = 5) is taken as 1st example, and the 
PRSM with pitch deviation (PS = 4.999, PR = 5.001, PN = 5.002) is 
taken as 2nd example. Then a group of random pitch errors of all the 
closed-loop are generated by MATLAB, which are normally distributed 
within ±0.25 µm and meets the 3σ criterion, as shown in Fig. 3. Then, a 
series of numerical examples are carried out to calculate the load dis
tribution of PRSM in the four installation modes by the improved iter
ative algorithm, including 1st and 2nd example without pitch errors, 1st 
and 2nd example with pitch errors. 60 kN is selected here as an example 
of axial load. 

The comparison of load distribution under the effect of pitch de
viations and pitch errors is shown in Fig. 3. As shown in Fig. 3(a) and (b), 
the load distribution of 1st example in the S-N-C and S-N-T is basically 
the same, that is, the load decreases with the thread number on both 
screw-roller and nut-roller interfaces. Similarly, Fig. 3(c) and 3(d) show 

that the load distribution of the 1st example in O-N-T and O-N-C is 
almost the same, the load decreases with the thread number on the 
screw-roller interfaces while increases with the thread number on the 
nut-roller interfaces. In conclusion, in any installation modes without 
pitch deviations and pitch errors, the load is the largest at the fixed end 
of the screw or the loading end of the nut while the load is smallest at 
their free ends. 

For 2nd example, the load distributions in the four installation modes 
are considerably affected and become more non-uniform on both screw- 
roller and nut-roller interfaces. Fig. 3(a) shows that the load distribution 
trend of 2nd example in S-N-C is completely reversed, and the load in
creases with the thread number on both sides. Fig. 3(b) depicts the 
uniformity of load distribution of 2nd example in S-N-T deteriorates 
more seriously and the last thread couple on screw-roller interfaces are 
not even loaded. From Fig. 3(c), it can be seen that the load distribution 
trend of 2nd example in O-N-T is the similar to that of S-N-C, but the 
uniformity of O-N-T is much worse. As shown in Fig. 3(d), the load 
distribution trend of 2nd example in O-N-C is the similar to that of S-N-T, 
but the load distribution on the nut-roller interfaces is obviously more 
uniform than that of O-N-C. 

Moreover, the screw-roller interfaces is more severely affected by the 
pitch deviation, and the load distribution on the nut-roller interface is 
more uniform. This is mainly because the pitch deviation between screw 
and roller (2 µm) is larger than that between nut and roller (1 µm), and 
the shaft stiffness of nut is also greater than that of screw in these 

Fig. 4. Effect of pitch deviation on installation mode S-N-C, (a) PR < PS and PR < PN, (b) PR > PS and PR > PN.  

Fig. 5. Effect of pitch deviations on installation mode S-N-T, (a) PR < PS and PR < PN, (b) PR > PS and PR > PN.  
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examples. 
Compared with the1st example, the load distribution of the 2nd 

example is fluctuant under the influence of pitch errors, and the load 
sharing coefficient variations of the ith thread couples on the screw-roller 
and nut-roller interfaces are represented by ΔKSRi and ΔKNRi. The re
lationships between pitch errors and ΔKSRi, ΔKNRi is shown in Fig. 3(e) 
and (f), and some overlapping points are not shown. It can be found that 
the influence of the same pitch error on 1st and 2nd example in the four 
installation modes is basically the same, except for the case of unloaded 
threads, such as the 20th thread of the 2nd example in S-N-T and O-N-C. 
This is because in any installation mode of the 1st or 2nd example, each 
random pitch error is applied to the closed-loop independently only 
according to the thread number. 

In general, the positive pitch error increases the clearance between 
the thread surfaces in contact, thereby compensating for the axial 
accumulative deformation and reducing the load on the thread. 
Conversely, the negative pitch error decreases the clearance, which can 

be assumed to apply a displacement on the thread couples, thus resulting 
in a larger load. Furthermore, all pitch errors have coupling and the 
cumulative effect on the load distribution. Therefore, the variation of 
load sharing coefficient is correlated with the variation trend of pitch 
error. 

2.3.2. Effect of pitch deviation 
The above analysis shows that the load distribution of PRSM is 

mainly affected by the pitch deviation between roller and screw (nut). 
Moreover, the same pitch deviation has different effects on the four 
installation modes. In order to reveal these phenomena, the effect of 
pitch deviation on the load distribution in different installation modes of 
PRSM is studied through the structural analyses, as shown in Figs. 4–7. 
The clearance decreasing between the contacting threads is marked in 
red while clearance increasing is marked in blue. Besides, the thickness 
reflects the value of the clearance decreasing or increasing. 

The force analysis of S-N-C with PR < PS and PR < PN is taken as an 
example, as shown in Fig. 4(a). On the screw-roller interfaces, the 
clearance decreases gradually from the free end to the fix end of the 
screw. Consequently, compared with the PRSM without pitch deviation, 
the original maximum load on the thread near the fixed end becomes 
larger. To maintain the force equilibrium condition, the original mini
mum load on the free end of the screw becomes smaller. In this case, the 
load distribution trend remains unchanged, but the gradient is higher, 
that is, the load distribution uniformity is getting worse, which is indi
cated by the symbol "w". On the nut-roller interfaces, the clearance in
creases gradually from the free end to the loading end of the nut. As a 

Fig. 6. Effect of pitch deviations on installation mode O-N-T, (a) PR < PS and PR < PN, (b) PR > PS and PR > PN.  

Fig. 7. Effect of pitch deviations on installation mode O-N-C, (a) PR < PS and PR < PN, (b) PR > PS and PR > PN.  

Table 3 
Influence of pitch deviation on the load distribution.  

Installation modes Screw-roller interfaces Nut-roller interfaces 

PR < PS PR > PS PR < PN PR > PN 

S-N-C w c c w 
S-N-T c w w c 
O-N-T w c w c 
O-N-C c w c w  
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Fig. 8. 3D grid surface diagrams in S-N-C, (a) Screw-roller interfaces, (b) Nut-roller interfaces.  

Fig. 9. 3D grid surface diagrams in S-N-T, (a) Screw-roller interfaces, (b) Nut-roller interfaces.  

Fig. 10. 3D grid surface diagrams in O-N-T, (a) Screw-roller interfaces, (b) Nut-roller interfaces.  
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result, compared with the PRSM without pitch deviation, the original 
maximum load on the thread near the loading end decreases, while the 
original minimum load on the free end of the nut increases accordingly. 
Thus, this effect is defined as a change in load distribution trend and is 
represented by the symbol "c". Similarly, all the analysis results of 
Figs. 4–7 are shown in Table 3. 

In order to visually display the relationship between the pitch de
viation and load distribution in different installation modes, the 3D grid 
surface diagrams of the normalized pitch and the maximum load sharing 
coefficient formed by 2500 random samples are shown in Figs. 8–11. 
These figures clearly show that the load distribution on the screw-roller 
interface is more likely to be non-uniform than that on the nut-roller 
interface under the influence of pitch deviation. 

As shown by the red lines in Figs. 8–11, there are valley structure 
regions with minimum values of KSR and KNR on both screw-roller and 
nut-roller interfaces, indicating more uniform load distribution can be 
obtained by optimizing. On the screw-roller interfaces, the grid surfaces 
with the same load directions of the screw are similar. For S-N-C and O- 
N-T, the line is in the region of PR > PS when the screw is under tension. 
For S-N-T and O-N-C, the line is in the region of PR < PS when the screw 
is under compression. On the nut-roller interfaces, the grid surfaces with 
the same load directions of the nut are similar. When the nut is under 
compression, the line is in the region of PR < PN for S-N-C and O-N-C, 
while in the region of PR > PN for S-N-T and O-N-T when the nut is under 
tension. 

In addition, it can be found that these valleys are located in the re
gion of where the load distribution trend changes in Table 3, and there 
are significantly more sample points on the other side of the valley. 
Furthermore, in this region, the appropriate pitch deviation between PR 
and PS (or PN) can improve the load distribution uniformity, that is, KSR 
(or KNR) is smaller than the initial value. Conversely, the improper pitch 
deviation will not only reverse the load distribution trend but also in
crease the non-uniformity of load distribution. 

3. Multi-objective optimization on load distribution 

3.1. Multi-objective optimization modelling 

In order to improve the load carrying capacity of PRSM, the multi- 
objective optimization of the load distribution can be carried out for 
the different installation modes to help more effectively reach the val
leys shown in Figs. 10–13. The pitches of the screw, roller and nut P =

(PS, PR, PN)T are selected as the design variables, and the other param
eters are the design constants marked as Cx = (dS0, dR0, dN0,∙∙∙,βS, βR, 

βN)T. Then, the maximum load sharing coefficient KSR and KNR are the 
function of P and Cx, i.e. KSR = fSR(P, Cx) and KNR = fNR(P, Cx). And the 
constraint conditions are given to ensure that threads do not interfere. 
Therefore, the multi-objective optimization model can be expressed as 

find P = (PS,PR,PN)
T

min fSR(P,Cx)&fNR(P,Cx)

s.t.

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

|PS − PR| −
min(PR,PS) − hS − hR

τ − 1
< 0

|PN − PR| −
min(PR,PN) − hN − hR

τ − 1
< 0

Pl ≤ P ≤ Pu

(7)  

where Pl and Pu are the lower and upper bound of the design space. In 
this case, the optimal design of P is searched for the minimum values of 
objective function. 

3.2. NSGA-II algorithm 

The flow chart of the multi-objective optimization on load distribu
tion for PRSM base on NSGA-II algorithm [22] is shown in Fig. 12, and 
the steps are as follows: 

Step 1 Set the maximum generation and the population size as tmax 
and S. 

Step 2 Generate the initial population Mt (t = 0) randomly. 
Step 3 Calculate the optimization objectives fSR(P, Cx) and fNR(P, Cx) 

of Mt. 
Step 4 Implement the non-dominated sorting for Mt based on the 

dominance relation in the objective space. Then, the crowding distance 
is assigned as follows:  

(1) Initialize the distance of all the individuals to 0, i.e. D(i) = 0;  
(2) Sort the individuals in ascending order; 
(3) Assign the infinite distance to boundary values for each individ

ual, i.e. D(1) = ∞ and D(S) = ∞;  
(4) The crowding distance for the ith individual sorted in the middle 

can be expressed as 

D(i) = D(i)+
f (i) − f (i − 1)

f max − f min (8)  

where f(*) is the value of objective function, fmax and fmin are the 
maximum and minimum value, respectively. 

Fig. 11. 3D grid surface diagrams in O-N-C, (a) Screw-roller interfaces, (b) Nut-roller interfaces.  
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Step 5 Perform the selection by using a crowded comparison oper
ator. Based on simulated binary crossover method, the crossover oper
ation is performed as follows： 

P(1,t+1)
i =

1 + βχ

2
P(1,t)

i +
1 − βχ

2
P(2,t)

i

P(2,t+1)
i =

1 − βχ

2
P(1,t)

i +
1 + βχ

2
P(2,t)

i

(9)  

where P(j,t+1)
i is the jth offspring of the tth generation for the ith design 

variable. βχ (≥0) is a sample generated from a random number with the 
density. 

The mutation operation can be performed as: 

P(1,t+1)
i = P(1,t)

i + ας
(
Pu

i − Pl
i

)

ας =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(2rς)
1

ηm+1 − 1 , rς < 0.5

1 − [2(1 − rς)]
1

ηm+1, rς ≥ 0.5

(10)  

where ας is a small variation, rς is an uniformly sampled random number 
and rς∈[0,1], ηm is the coefficient of mutation distribution. 

Step 6 After the offspring population Qt is generated from step 5, the 
temporary population Rt is created by combining offspring population Qt 
and the current generation population Mt. 

Step 7 Calculate the non-dominated rank and the crowding distance 
of the individuals in Rt. 

Step 8 Extract the first S individuals from Rt as the next parent 
population Mt+1. Therefore, the elitism can be ensured as the best in
dividuals of the previous and current population are added to the next 

Fig. 12. Flow chart of multi-objective optimization base on NSGA-II algorithm.  
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population. 
Step 9 Repeat the step 3–8 to generate the subsequent generations 

until t > tmax. 

4. Results and discussion 

4.1. Mathematical model verification 

To verify the correctness of the mathematical model of load distri
bution considering pitch deviation, the finite element (FE) models of 

PRSM corresponding to the numerical examples are established in 
ABAQUS software. As shown in Fig. 13, the FE model only contains one 
roller and the parts are simplified to reduce the calculation cost and 
pursue better pursue convergence. The thread surface is refined to 
improve the calculation accuracy. After the mesh independence test, the 
global and local mesh seed size of the FE models are 1.2 mm and 
0.12 mm, including 1,499,718 linear hexahedral elements of type 
C3D8R and 58,970 linear wedge elements of type C3D6. 

In Fig. 13, the screw and nut are symmetrically constrained on the 
two sides while the roller is constrained on the cell body, and only the 

Fig. 13. FE model of PRSM for different installation modes.  

Fig. 14. Comparison of load distribution obtained by analytical method and FEM, (a) 1st example in S-N-C, S-N-T, (b) 2nd example in S-N-C, (c) 2nd example in S-N- 
T, (d) 1st example in O-N-T, O-N-C, (e) 2nd example in O-N-T, (f) 2nd example in O-N-C 4.2. 
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freedom degree of axial displacement is released. The interaction and 
boundary condition are varied according to the different installation 
modes. A small displacement is applied to establish the contact rela
tionship smoothly in the first step due to the existence of clearance and 
then replaced by the axial load in the second step. 

Corresponding to the cross-sectional areas of the screw, roller and 
nut in the simplified FE models, the load distributions of the numerical 
examples under 3 kN are calculated by analytical and FEM method, as 
shown in Fig. 14. The results show that the load distribution curves 
obtained by analytical method and FEM are basically consistent, and the 
improved iterative algorithm can effectively and accurately calculate 
the load distribution with no-load threads. Additional calculations show 
that the relative errors obtained by the two methods are also within the 
acceptable range if the axial load is changed. Besides, by comparing the 
1st and 2nd example, it can be found that the pitch deviation affects the 

load distribution as the way summarized in Table 3. Therefore, the 
mathematical model proposed in this paper is correct through 
verification. 

4.2. Optimization results discussion 

The verified mathematical model of PRSM is further applied to the 
multi-objective optimization on load distribution by MATLAB. The 
applied load here is 60 kN, which can be designed according to the 
customer’s requirements in practical application. Based on NSGA-II al
gorithm, the maximum generation and the population size are tmax = 25 
and S = 20, then the optimization history graphs of the installation 
mode S-N-C are shown in Fig. 15. 

There are 19 Pareto optimal solutions in 501 iterations, among which 
the optimal point can achieve the minimum value of fSR(P, Cx) and 

Fig. 15. Optimization history graphs of installation mode S-N-C, (a) Scatter of fSR(P,Cx) and fNR(P,Cx), (b) History graph of fSR(P,Cx), (c) History graph of fNR(P,Cx), 
(d) History graph of PS, (e) History graph of PR, (f) History graph of PN. 

Fig. 16. Comparison of load carrying capacity between the initial and optimal PRSM, (a) Load distribution under 60 kN, (b) Maximum load sharing coefficient, (c) 
Maximum load. 

Q. Yao et al.                                                                                                                                                                                                                                     

杭
州
新
剑
授
权
转
载



Tribology International 161 (2021) 107095

13

fNR(P, Cx). While fNR(P, Cx) is smaller than fSR(P, Cx), indicating that 
more uniform load distribution can be achieved on the nut-roller in
terfaces. From the history curve of normalized PS, PR and PN, the optimal 
point appears in the 455 iterations, which satisfies PS < PR < PN and is 
located in the valley region shown in Fig. 8. 

Fig. 16 shows the comparison of load carrying capacity between the 
initial and optimal PRSM. Fig. 16(a) depicts that the minimum load is on 
the middle thread and the load distribution on both sides of the roller is 
significantly more uniform after optimization. As shown in Fig. 16(b), 
within the common operating load range [1], the maximum load sharing 
coefficient of the initial PRSM basically remains unchanged, while that 
of the optimal PRSM decreases obviously, especially reaching the 

Table 4 
Optimal results of different installation modes.   

S-N-C S-N-T O-N-T O-N-C 

Initial PS,PR, PN  0.5  0.5  0.5  0.5 
Initial fSR(P, Cx)  1.27  1.27  1.28  1.28 
Initial fNR(P, Cx)  1.11  1.11  1.11  1.11 
Optimal PS  0.57  0.56  0.55  0.64 
Optimal PR  0.62  0.51  0.61  0.59 
Optimal PN  0.66  0.47  0.58  0.62 
Optimal fNR(P, Cx)  1.02  1.02  1.02  1.02 
Optimal fSR(P, Cx)  1.07  1.07  1.07  1.07  

Fig. 17. Comparison between initial and optimized PRSM of S-N-C by FEM, (a) von Mises stress, (b) Contact stress, (c) Load distribution.  

Fig. 18. Comparison between initial and optimized PRSM of S-N-T by FEM, (a) von Mises stress, (b) Contact stress, (c) Load distribution.  
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minimum value under the designed load. Fig. 16(c) shows that the 
maximum load on the thread of the optimal PRSM is also reduced for the 
same applied load. In conclusion, the load carrying capacity of optimal 
PRSM has been improved. 

Similarly, the multi-objective optimization is performed for other 
installation modes, and the results are shown in Table 4. 

The comparison between the initial and optimization results in 
different installation modes are displayed by FEM, as shown in  
Figs. 17–20. The results showed that the maximum load, von Mises 
stress and contact stress and decreased significantly after optimization. 
The load on thread close to the fixed end of the screw and the loading 
end of the nut decreases, while that of the other end increases, and the 
minimum load appears in the middle thread. Moreover, the standard 

deviation of load sharing coefficient for the installation mode S-N-C, S- 
N-T, O-N-T and O-N-C have been reduced by 22.44%, 22.71%, 17.35% 
and 17.82%. Therefore, FEM verification shows that the load distribu
tion uniformity is improved, which can also be used to validate other 
applied loads. 

5. Conclusions 

In this paper, the mathematical model of PRSM is established to 
obtain the load distribution of planetary roller screw mechanism (PRSM) 
in different installation modes considering pitch errors and pitch devi
ation. An improved iterative algorithm is proposed to solve the calcu
lation un-convergence caused by unloaded thread. Then, the multi- 

Fig. 19. Comparison between initial and optimized PRSM of O-N-T by FEM, (a) von Mises stress, (b) Contact stress, (c) Load distribution.  

Fig. 20. Comparison between initial and optimized PRSM of O-N-C by FEM, (a) von Mises stress, (b) Contact stress, (c) Load distribution.  
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objective optimization based on non-dominated sorting genetic algo
rithm (NSGA-II) is conducted to achieve a more uniform load distribu
tion on both the screw-roller and nut-roller interfaces. Main conclusions 
are drawn as follows:  

(1) The load distribution of PRSM is mainly affected by the pitch 
deviation between roller and screw (nut), which has a more 
serious impact on the screw-roller interfaces and has varying ef
fects on different installation methods. Under the coupling and 
cumulative effects of pitch errors, the load distribution will 
fluctuate compared with the previous one without pitch errors, 
and the influence of pitch errors on the four installation modes is 
basically the same whether there is pitch deviation or not.  

(2) There is a valley region with the most uniform load distribution 
on the 3D grid surface diagrams of the pitch and the maximum 
load sharing coefficient. On the screw-roller interfaces, the valley 
is in the region of PR > PS for S-N-C and O-N-T, while in the region 
of PR < PS for S-N-T and O-N-C. On the nut-roller interfaces, the 
valley is in the region of PR＜PN for S-N-C and O-N-C, while in the 
region of PR > PN for S-N-T and O-N-T.  

(3) After optimization, the load distribution is significantly more 
uniform on both sides of the roller, and the load carrying capacity 
of PRSM is improved effectively, which is verified by the FEM. 
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