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)e load distribution model of the planetary roller screw mechanism (PRSM) is established on the basis of Hertz contact theory.
)e objective is to obtain a friction torque model of the PRSM in roller jamming. An example is provided to calculate the friction
torque of the PRSM in roller jamming. )ereafter, the transmission efficiency is calculated. A static structural analysis is
performed using the finite element method to estimate the contact stress between the threads of the PRSM components.
Computational results indirectly reveal that roller jamming exerts considerable influence on the friction torque of the PRSM.
Results show that the friction torque of the planetary roller screw increases when the roller is jammed and the wear of the parts is
accelerated. )is condition leads to structural failure. )e results of this study can serve as a foundation for electromechanical
actuation systems, which can be useful in designing antijamming systems for safety-critical aircraft applications.

1. Introduction

Electromechanical actuators (EMAs) are widely used in the
field of aerospace actuation for flight control, landing gear,
trimmable horizontal stabilizer, and thrust reverser [1–3].
)emechanical parts of an EMAmainly include an electrical
motor, gear, and components for transforming the rota-
tional motion of the motor into a linear one to actuate the
control surface [4, 5]. Planetary roller screws are commonly
used to transform the rotational motion into a linear one
(Figure 1).

)e planetary roller mechanism transforms the rotary
motion into a linear one through the threaded surface
contacts of the components. During its operation, the force
and motion are transferred through the threaded surfaces.
)e PRSM has many advantages over the ball screw
mechanism, and these advantages include high precision,
low sensitivity to impact load, and high reliability in severe
environments.

Friction torque, an important technical index to evaluate
the performance of the PRSM, has received increasing at-
tention in the application field of such mechanisms. )e

friction torque of the PRSM has been studied by many
scholars. For example, friction torque is not only related to
mechanism size but also influenced by the load and viscosity
of the lubrication in the roller drive mechanism [7]. Hojjat
and Mahdi Agheli pointed out that the friction of the roller
screw mechanism is a combination of sliding and rolling
friction. However, this study did not analyze the effects of
sliding friction on external loads [8]. Velinsky et al.
explained that the contact radii between the roller thread and
the lead screw and nut threads are not identical and deduced
the contact radius of the lead screw, the roller, and the nut
[9]. Matthew presented an efficiency model of the roller
screw mechanism [10]; the relationship between the di-
rection of friction force and the sideslip speed was studied,
and the viscous frictionmodel of the roller screwmechanism
was derived [11]. However, the influence of load on friction
torque was ignored; thus, the model is only suitable for
unloaded conditions. Zhang et al. [12] studied the influence
of different installation methods, stress state, structural
parameters, and other factors on the load distribution of
PRSM. Yang et al. [13] studied the effects of the preloading of
the roller screw mechanism on its axial deformation and
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friction, but only the elastic lag and friction moment of the
rolling spin part were considered in the mathematical model
of friction moment; all other factors were neglected. Li et al.
also studied the influence of the thread contact angle and
spiral rising angle on the transfer efficiency of the roller
screw mechanism [14]. Ma et al. studied the qualitative
relationship between external load and speed and friction
torque [15] and transmission efficiency of the roller screw
mechanism [16] and established a friction torquemodel [17].
However, the effects of load on the friction coefficient are
neglected in the aforementioned model. Pu and Fan [18]
studied in detail the friction of the roller screw mechanism
but did not explore the influence of structural parameters on
friction moment. )e friction of the roller screw is a
combination of rolling and sliding. However, the friction
moment of roller failure, such as roller jamming, is seldom
reported in the literature. )e friction torque of the PRSM in
the roller failure mode is studied in the current work on the
basis of the analysis of the friction torque modeling of the
PRSM.

2. Friction Moment Model

)e friction moment of the PRSM is mainly caused by elastic
hysteresis resistance, differential sliding between the roller
and the raceway, spin sliding, and viscous resistance of
lubrication [17]. Herein, the engagement between the roller
and the lead screw and nut is studied. )e force between the
roller and the ring gear and cage is actually small, and the
friction torque produced in this part is ignored.

2.1. Load Distribution of PRSM. Figure 2 shows a force
analysis of PRSM in contact with a single mechanism of
threads under the loads of axial force Fai, radial force Fri, and
tangential force Fti between the roller and the screw.

)e force applied to each thread is obtained [13] as
follows:

Fai � Ni · cosβ · sinα,
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where α is the contact angle of the lead screw thread teeth, β
is the screw angle of the roller thread, τ refers to the number
of roller thread turns, N is the roller number, Ers is the
equivalent Young’s modulus of the lead screw and roller, Cs
is the lead screw rigidity, Cn is the nut rigidity, As is the
effective contact area of the lead screw, An is the effective
contact area of the nut, p is the pitch, and F is the load of the
roller screw mechanism.

2.2. Friction Torque of PRSM

2.2.1. Friction Torque Caused by Elastic Hysteresis. In the
work process of the roller screw mechanism, the roller
thread teeth rolls forward with respect to the lead screw
thread teeth as a reference body. )e roller thread is in
contact with the lead screw thread. )e actual shape of the
contact point is a space ellipse according to Hertz contact
theory (Figure 3).

)e contact ellipse position is constantly changing due to
the relative movement of the roller and lead screw.
According to Hertz contact theory, as long as the position of
the contact ellipse changes, the roller thread produces elastic
hysteresis deformation and energy is lost.

)e friction moments of the first mechanism of the lead
screw-roller and nut-roller mechanism thread teeth due to
elastic lag are derived [13] as follows:
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Figure 1: Planetary roller screw mechanism (PRSM) [6].
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Figure 2: Diagram of screw and roller contact force.
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where c is the material energy loss coefficient, B is the di-
mensionless coefficient, mbs and mbn are the elliptic ec-
centricity coefficients, as is the lead screw-roller
mechanism’s contact elliptic long half shaft, and an is the
contact ellipse long half shaft of the nut-roller mechanism.

2.2.2. Friction Torque Caused by Spinning Sliding. In the
work process of the roll lead screw, the roller and lead screw
always have the relative angular velocity in the normal
contact direction. )e relative angular velocity causes
spinning sliding and brings the friction moment. )e re-
spective spinning sliding friction moments Msi and Msi

′ of
the screw-roller and nut-roller mechanisms consisting of a
single mechanism of the lead screw, roller thread, and nut
and roller threads can be derived [8] as

Msi � cos α · Bfs
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where fs is the sliding friction coefficient between parts, bs is
the contact ellipse short half shaft of the lead screw-roller
mechanism, and bn is the contact ellipse short half shaft of
the nut-roller mechanism.

2.2.3. Friction Torque Caused by Differential Sliding.
Differential sliding, also known as slight sliding, occurs due
to the speed difference between the roller and the lead screw,
resulting in a corresponding friction torque. )e differential
sliding friction moments produced by a single mechanism of
the lead screw, roller thread, and nut-roller thread are [19]
written as follows:
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where f is the raceway curvature coefficient, Rs is the lead
screw radius, and Rr is the roller radius.

2.2.4. Friction Moment Generated by Viscosity of Lubricating
Oil. A lubricant can be found in the roller screw set. When a
relative movement occurs among the screw, roller, and nut, a
viscous resistance exists between the lubricants attached to
the respective parts due to the viscosity, which also brings
about frictional torque.

Each roller thread is equivalent to a ball of equivalent
diameter; the viscous resistance of the roller screwmechanism
can be obtained by comparing the calculation formula of the
viscous resistance between the ball and the raceway [20]:
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, (5)

where E is the equivalent elastic modulus of the lead screw
and roller or the roller and nut and k is the radius ratio of
curvature given by

k �
f · R

(2f − 1)RX

. (6)

G, U, andW are dimensionless parameters related to the
material, speed, and load, respectively; they can, respectively,
be calculated as follows:

G � Eαp, (7)

U �
η0v
ERX
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where αp is the viscosity pressure coefficient of the lubricant,
η0 is the dynamic viscosity of the lubricant, and v is the
tangential speed of the roller in the raceway direction:
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)e viscous resistance caused by the lubricant can be
obtained by combining equations (5)–(10). Many involved
parameters are utilized, and the detailed calculations are
shown in [21].)e viscous resistance momentMvi between a
single mechanism of a lead screw and roller thread and the
viscous resistance moment Mvi

′ between a single mechanism
of the nut and roller thread are as follows:

Mvi � FviRs,

Mvi
′ � Fvi Rs + dr( .

 (11)

In summary, the frictionmoment of the lead screw-roller
mechanism Ms and the friction moment of the nut-roller
mechanism Mn are obtained:

Ms � Mes + Mss + Mds + Mvs
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Figure 3: Contact ellipse of PRSM.
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where Mej, Msj, Mdj, and Mvj (j� s and n) are the friction
moments caused by the elastic hysteresis of thematerial, spin
slip, differential sliding, and viscous resistance of the lu-
bricant in the lead screw-roller mechanism, respectively.

)e total friction torque of the PRSM is

M � Ms + Mn. (14)

2.3. Friction Torque of PRSM in Fault Mode. )e relative
motion between the roller and the lead screw and nut
constitutes a sliding friction mechanism when the roller only
revolves around the lead screw due to failure and does not
rotate itself. In this state, the friction force between the single
faulty roller and the lead screw and nut can be expressed as
follows:

Fhs � Fhn � 
τ

i�1
fs · Ni. (15)

)e friction moments of a single faulty roller and lead
screw and nut are as follows:

Mhs � FhsRs,

Mhn � Fhn Rs + 2Rr( .
 (16)

Assume N rollers in the roller screw mechanism and the
failure of x rollers. )e friction moment Ms(x) of the screw-
roller mechanism and the friction momentMn(x) of the nut-
roller mechanism are, respectively, derived as follows:
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In the event of roller failure, the friction torque of the
planetary roller-lead screw mechanism is derived as follows:

M(x) � Ms(x) + Mn(x). (18)

3. Results of Calculation and Analysis

In this work, the parameters of the roller screw mechanism
with a lead screw diameter of 27mm are taken as an example
(Table 1).

)e load distribution curve of each thread can be ob-
tained by substituting the screw mechanism parameters in
equation (1) and compiling the solution program with
MATLAB (Figure 4).)emaximum andminimum loads are
249.5 and 243.4N, respectively. )erefore, the load fluctu-
ation changes slightly and can be considered to have a
uniform distribution.

)e last few turns of the roller thread load increase
because this part of the thread is subjected to the additional
torque on the front thread, resulting in a tight thread
contact.

Given the examples of parameters in Table 1 and the
combination of equations (1), (14), and (17), the friction
torque of a single normal roller and the law of variation with

load are plotted in Figure 5(a). In addition, the friction
torque of a faulty roller with different proportions is plotted
in Figure 5(b).

Figure 5(a) shows that when the motion pattern of the
roller and lead screw changes from pure rolling to pure
sliding, the friction torque of the single roller and lead screw
sharply increases.)e latter is approximately 20 times that of
the former. In the lead screw-roller mechanism, the change
of friction torque in the case of the failure of the revolution of
several rollers can be analyzed from Figure 5(b). )e friction
torque of the lead screw-roller mechanism increases when
the number of rollers with the aforementioned failure is
high. When three faulty rollers are present, that is, the
number of faulty rollers accounts for 30% of the total, the
friction torque of the screw-roller mechanism becomes 6.6
times the normal value. )e friction moment of the screw-
roller mechanism reaches 0.845N·m when the load is rated
dynamic load.

)e friction torque of the roller after pure sliding is much
larger than that under normal operation. )is difference
indicates that the transmission efficiency of the planetary
roller screw rapidly drops when the roller is jamming.

3.1. Analysis of Transmission Efficiency. Assume that the
efficiency loss of a mechanical structure is caused by friction
torque. )e ratio of output torque to input torque of the
planetary roller screw is efficiency, as shown in the following
formula:

η �
Mout

Min
�

Mout

Mout + Ms + Mn

�
F · p/(2π)

(F · p/(2π)) + Ms + Mn

,

(19)

where p is the lead of the roller screwmechanism;Mout is the
output torque of the roller-lead screwmechanism, which can
be calculated by load and lead; andMin is the input torque of
the roller-lead screw mechanism and is equal to the output
torque plus friction torque.

Based on the calculation in Section 2 and in equation
(19), Figure 6 shows the efficiency change of the roller-lead
screw mechanism when the number of jamming rollers
changes under the 15 kN load.

(1) )e model is established and imported. SolidWorks
is used to establish the screw, roller, and nut and
complete the assembly. Figure 7 shows the model.

(2) After meshing, the contact mechanisms are set up for
the model. Twenty contact mechanisms are set in the
model. )e screw-roller and nut-roller mechanisms
are set with contact mechanisms (Figure 8). In the
subsequent analysis, the friction coefficient must be
set. )e sliding friction coefficient is fs � 0.2, and the
rolling friction coefficient is fr � 0.1 [22].

(3) )e boundary conditions are added.

)e figure shows that under load Ni of 15 kN, the effi-
ciency of the roller screw mechanism decreases from 98.2%
to 53.2% as the number of jamming rollers increases from 1
to 10.
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3.2. Finite Element Analysis of PRSM Contact. A PRSM
stress analysis is carried out using the ANSYS Workbench
software. )e static structural field analysis is mainly used to
analyze and calculate the stress field of the PRSM.

Axial loads and constraints are added. )e following
constraints are added to the PRSM model in the analysis to
simulate the movements of the nut with only axial

displacement, the roller with rotation and axial displace-
ment, and the screw with only rotation displacement:

(1) )e nut only has axial displacement degrees of
freedom, and it has no degrees of freedom in other
directions.

(2) )e roller has axial displacement degrees of freedom.

Table 1: Example parameters of roller screw mechanism (screw diameter of 27mm).

Parameters dn dm p β ns τ Energy loss coefficient
Values 9mm 45mm 1mm 3.8° 5 30 0.008
Parameters α N F fm fk Ers μ
Values 45° 10 5800N 0.75 43N2/3/mm 210GPa 0.27
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Figure 4: Load value of the roller thread of roller screw mechanism.
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Figure 5: Friction torque in the roller jamming mode.
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(3) Axial degrees of freedom are present on the end face
of the load application side of the lead screw. No
displacement degrees of freedom exist in the other
three directions.

(4) )e roller has rotational freedom around its central axis.
(5) )e lead screw has a rotational degree of freedom

around its central axis.

Figure 9 shows that the stress concentration appears in
the end of the screw and nut and that the stress distribution
of the other threads is relatively uniform. )e mean von

Mises stress of the screw thread is 496.01MPa and that of the
nut thread is 210.11MPa. )e maximum stress value is
892.67MPa, which is less than the yield stress of 1700MPa
[23].

Take the contact stress of the roller-screw mechanism as
an example. )e number of jamming rollers is increased to
change their friction coefficient. )e average stress and
friction torque calculated by MATLAB are incorporated in
Figure 10. )e trend of the mean von Mises stress is pos-
itively correlated with friction moment.)is result indirectly
validates the accuracy of the roller jamming model.
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4. Conclusion

)e uneven distribution of the axial load of a planetary roller
screw shaft among several rollers exerts an important in-
fluence on the smoothness, wear, and life of the PRSM. )e
uneven load distribution leads to a large transmission noise,
increased wear, shortened life, and even jamming.

)e following results are obtained by modeling and
analyzing the friction torque of the PRSM in roller jamming:

(1) )e friction torque of the roller lead screw non-
linearly increases with the change of the external
load.

(2) When the roller is jammed and slides with the lead
screw and nut, the friction torque of the roller lead
screw mechanism greatly increases for each addi-
tional jamming roller.

(3) When the roller is jamming, the transmission effi-
ciency decreases from 98.2% to 53.2%.

)is proposed roller jamming model can be used to
estimate the friction torque of the PRSM system. Experi-
ments will be conducted to study the influences of varying
roller jamming conditions and dynamic imbalance on
friction torque to validate the roller jamming model.
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