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Mechanism
This paper develops a kinematic model to predict the axial migration of the rollers rela-
tive to the nut in the planetary roller screw mechanism (PRSM). This axial migration is
an undesirable phenomenon that can cause binding and eventually lead to the destruction
of the mechanism. It is shown that this migration is due to slip at the nut–roller interface,
which is caused by a pitch mismatch between the spur-ring gear and the effective nut–
roller helical gear pairs. This pitch circle mismatch can be due to manufacturing errors,
deformations of the mechanism due to loading, and uncertainty in the radii of contact
between the components. This paper derives the angle through which slip occurs and the
subsequent axial migration of the roller. It is shown that this roller migration does not
affect the overall lead of the PRSM. In addition, the general orbital mechanics, in-plane
slip velocity at the nut–roller interface, and the axial slip velocities at the nut–roller and
the screw–roller interfaces are also derived. Finally, an example problem is developed
using a range of pitch mismatch values for the given roller screw dimensions, and the
axial migration and slip velocities are determined. [DOI: 10.1115/1.4006529]
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1 Introduction

The roller screw mechanism (RSM) [1] is a mechanical trans-
mission device for converting rotary motion to linear motion
(Fig. 1). Under some circumstances, the devices can be back-
driven. Compared to the ball screw mechanism, in general, the
roller screw mechanisms are capable of higher loads, longer life,
higher speeds and accelerations, and finer leads (allowing for
higher precision). Thus, the RSM is used in a variety of high-load,
high-speed, and high-precision applications in areas such as the
medical industry [2–4], aerospace industry [5,6], optical equip-
ment [7], and robotics and high-precision machine tools [8,9].

Despite the importance and usefulness of the RSM, there has
been little fundamental research to support its engineering appli-
cation. Earlier work on the RSM has included research on the effi-
ciency and failure modes [10]; dynamical load testing [11]; force,
slip, and lead properties [12]; a calculation method for the elastic
elements [13]; principles for evaluating wear resistance [14]; a
study on the effects of wet and dry lubrications under oscillatory
motion [15]; and an investigation into the static rigidity and thread
load distribution [16].

There are two primary types of roller screw mechanisms—the
PRSM and the recirculating roller screw mechanism. The analysis
in this paper deals exclusively with the PRSM. Recently, a
detailed examination of the kinematics of the PRSM has been pre-
sented by one of these authors [17]. The paper showed that though
slip must occur between the rollers and the screw of the PRSM,
the overall lead of the mechanism is independent of this slip. The
kinematics derived in Ref. [17] assumed that there is no slip
between the rollers and the nut, which is the design objective of
the PRSM based on its ideal mechanical structure. However, due
to manufacturing errors and/or deformations of the mechanism
due to loading, the geometry of the PRSM may deviate from the

ideal. In addition, for these authors no literature is known to exist
on a calculation method for determining the various radii of con-
tact, which are necessary for determining the required spur-ring
gear ratio. It is a nontrivial analysis to determine these radii, as
the contact may lie anywhere on the thread face, and is the subject
of future research. Thus, even with perfect manufacturing, the
radii of contact are likely not known with great accuracy. This
uncertainty is also a likely contributor to the pitch mismatch.

Accordingly, this paper extends the kinematic model of Ref. [17]
and provides a fundamental examination of the nut–roller contact
slip tendency of the PRSM and the associated axial migration of
the roller relative to the nut. This axial migration is an undesirable
phenomenon that can cause binding and eventually lead to the
destruction of the mechanism [18]. For clarity, though there are two
interfaces with slip mentioned herein—at the screw–roller interface
and at the nut–roller interface—this paper examines only the kine-
matics of slip at the nut–roller interface. First, basic properties con-
cerning the mechanical structure of the PRSM are presented. Then
the conditions that lead to slip, namely, pitch mismatch between
the nut–roller and the spur-ring gear pairs, are discussed. The or-
bital mechanics and the angle of slip are derived, and the resulting
axial migration of the roller relative to the nut is presented. It is
also shown that this axial migration of the roller does not affect the
pitch of the overall system. Slip velocities at the contact points are
presented, and last, the needed clearance in the nut to allow for this
axial migration of the roller is shown and a specific example is
provided.

2 Mechanical Structure of the Planetary Roller Screw

As shown in Fig. 1, the principal elements of the PRSM are the
screw shaft, nut, rollers, spur gears at both ends of each roller, and
ring gears fixed at both ends of the nut. The screw and nut have a
threaded profile with straight flanks and multistart threads. The
rollers have a single-start thread with a rounded profile so that the
contact of the components is similar to the contact between a ball
and a plane. A carrier supports the rollers to ensure that they are
equally spaced. While the rollers roll inside the nut, they create a
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virtual internal thread between the screw and the nut. The virtual
internal thread is exactly engaged to the threads of the screw. As
was shown in Ref. [17], regardless of rolling or slipping between
the screw and the roller, one revolution of the screw generates an
axial displacement of the nut equal to its lead. If infinitesimally
small rollers are assumed, the screw and the nut of the PRSM
engage exactly like a power screw.

From the basic geometry of the typical PRSM, the leads of the
screw (LS) and the nut (LN) are recognized to be equal, i.e.,
LS ¼ LN ; the helix angles of the nut (aN) and the roller (aR) are
equal, i.e., aN ¼ aR; and the components’ helix radii are related as
rN ¼ rS þ 2rR, where rN , rS, and rR are the radii of contact on the
thread helix of the nut, screw, and roller, respectively. The rela-
tionships between the lead contact radius and helix angle of the
nut and the roller, respectively, are LN ¼ 2prN tan aN and
LR ¼ 2prR tan aR, where LR is the lead of the roller [17].

The primary purpose of the nut in the PRSM is to facilitate the
transfer of forces from the roller screw mechanism to the external
driven components [19]. For this to happen, the nut must be
threaded internally so that the roller thread meshes with the nut
thread. Any slip between the threads of the roller and the threads
of the nut will cause the roller to slide along the helical path of its
own thread and the thread of the nut. This movement will have
both orbital and axial components of displacement relative to the
nut. The axial component of displacement means that the roller
will migrate relative to the nut and hence unscrew itself from the
nut.

To attempt to eliminate any slip, the end of each roller has a
spur gear that meshes with two ring gears fixed on opposite ends
of the nut. The spur–ring gears are timed to match the timing of
the nut–roller threaded interface, which can effectively be treated
as a helical gear pair. In equation form, this is stated as [19]

rN

rR
¼ GN

GR
(1)

where GN and GR are the spur and ring gear pitch circle radii,
respectively.

With perfect component geometry and rigid body assumptions,
these spur–ring gear pairs eliminate any slip and thus eliminate
any axial migration of the rollers relative to the nut. This condi-
tion of no slip has been the assumption in previous kinematic
studies of this mechanism [17,18]. In actual use, the nut–roller
and the spur–ring gear pairs typically have a timing mismatch,
represented in this paper by a pitch circle mismatch. The nut–
roller and the spur–ring gears may be represented by their pitch
circles, as shown in Fig. 2, with e representing the difference in
the radii of the pitch circle pairs. A normalized error, e, can also
be defined as follows:

e ¼ GN � rN

rR
¼ GR � rR

rR
¼ e

rR
(2)

As mentioned previously, the mismatch in the pitch circles has
three possible sources: (1) manufacturing imperfections, (2) defor-
mation of the nut–roller interface due to loading, and (3) uncer-
tainty in the radii of contact between the components (i.e., rR and
rN). This paper investigates the effects of this pitch mismatch on
the mechanism’s kinematics.

3 Orbital Mechanics With Pitch Mismatch

The operating mechanism of the components of a PRSM is anal-
ogous to the motion of a planetary gear train. While the roller is
kinematically capable of slipping on the inside of the nut, the spur–
ring gear pair cannot slip in the orbital plane and therefore must
govern the orbital mechanics of the roller on the nut side. On the
screw side, the mechanics are governed by the screw–roller effec-
tive helical radii and the friction properties at the contact surface.
Though slip at the screw–roller interface does not affect the lead of
the overall mechanism [17], it can be shown that any slip at the
screw–roller interface will affect the axial migration of the roller
relative to the nut, as the rollers will not precess around the nut.

The orbital mechanics with pitch circle mismatch can be deter-
mined according to Fig. 2. As noted above, the interaction between
the threaded portions of the roller and the nut can be analogized as
a helical gear pair in the orbital plane. The pitch circles are taken to
be perfect for theoretical convenience such that the pitch mismatch
is uniform over the circumference. Future work will focus on calcu-
lating the radii of contact, which should allow for an estimate of the
pitch mismatch. The in-plane orientation of the roller can be repre-
sented by two angles: the orbital angle, hR, and the angle about the
roller center axis, hr , both measured relative to a vertical axis fixed
to the nut. Thus, on the nut side

hr ¼
GN � GR

GR
hR (3)

On the screw side, assuming no slip, the following relationship
can be obtained:

hS � hRð ÞrS ¼ hr þ hRð ÞrR (4)

where hS denotes the rotation angle of the screw with respect to
the fixed vertical. Substitution of Eq. (3) into Eq. (4) gives

Fig. 2 Planetary gear dimensions, pitch circle mismatch
exaggerated

Fig. 1 Roller screw and the relevant components [20]
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hR ¼
rSGR

rSGR þ rRGN
hS (5)

Together, Eqs. (3) and (5) describe the orbital mechanics of the
PRSM with pitch mismatch. When there is no pitch mismatch, i.e.,
e¼ e¼ 0, and with the coordinate transformation hr ¼ h0r � hR,
where h0r is the angle about the roller center axis measured relative
to a line that extends from the center of the screw to the center of
the roller (see Fig. 2), Eqs. (3) and (5) become

hR ¼
rR

rS þ 2rR
h0r (6)

and

hR ¼
rS

2 rS þ rRð Þ hS (7)

which are identical to the results provided in Ref. [17].
Both the spur gear and the threaded (helical gear) are constrained

to the same body (i.e., the roller) and thus both gears must have the
same angular orientation and displacement. However, to determine
the angle of pure slip, the nut–roller helical gear and the spur–ring
gear pairs are initially treated as separate entities. When there is a
pitch mismatch, the nut–roller helical gear pair will seek to have a
different orbital orientation than the spur–ring gear pair and thus
the spur–ring pair will force slip to occur between the roller and the
nut along their threaded interface. It is noted that the contact on the
threaded interface occurs on a helical line. Thus, slip can occur on
this interface as the instantaneous contact point between the roller
and the screw progresses along the helix and has both orbital and
axial components of motion. Essentially, the spur gear pair does not
allow any slip in the orbital plane.

Figure 3 is employed to better explain the angle over which slip
occurs. The nut–roller helical gear pitch circles are represented by
the dashed circles and the spur–ring gear pitch circles are repre-
sented by the solid circles. The planetary motion of each compo-
nent can be determined separately so that the slip angle can be
determined. Each gear pair begins at the same location and same
orientation. For each gear set, let the roller rotate through the
same arbitrary angle, hr . Then, based on the kinematics of each
gear pair, the spur and helical entities will end up in different final
positions according to

hH
R ¼

rR

rN � rR
hr (8)

and

hG
R ¼

GR

GN � GR
hr (9)

where the superscripts H and G represent the helical gear and spur
gear pairs, respectively.

While the nut–roller helical pair can slip, the spur–ring gear
pair cannot, and therefore must dictate the actual final orbital ori-
entation of the roller. Thus, the nut–roller pair is forced to slip up
to the position dictated by the spur–ring gear pair. Here, to better
illustrate the motion, it is assumed that the motion of the helical
gear (threaded portion) comprises of two components—one in
which pure rolling occurs and one in which pure sliding occurs. In
actuality, both occur simultaneously. The angle of pure slip
between the roller and the nut is therefore

hslip ¼ hG
R � hH

R (10)

With Eqs. (3), (8), and (9), and requiring that the pitch circles be
concentric, the angle of slip becomes

hslip ¼ 1� rR

GR

� �
hR (11)

Note that Eq. (11) relates the angle of slip to the orbital orientation
of the roller and makes no assumption on the slip condition
between the roller and the screw. Then, with Eq. (5) and assuming
no slip at the screw–roller interface, Eq. (11) becomes

hslip ¼ 1� rR

GR

� �
rSGR

rSGR þ rRGN
hS (12)

Equation (12) is the maximum slip that can occur at the nut–roller
interface. Note that no slip will occur at the nut–roller interface
when there is pure slip at the screw–roller interface as the rollers
will not precess around the nut (i.e., hR ¼ 0 for all values of hS).

4 Axial Migration of the Roller

As noted above, any slip between the roller and the nut will
occur along a helical path and will therefore have orbital and axial
components of displacement. This axial component represents the
axial migration of the roller relative to the nut. Since the angle of
slip was determined by assuming that the spur and helical entities
rotated through the same arbitrary angle hr in the region of pure
rolling, in the region of pure slip the helical gear pair is required
to slide with a fixed hr orientation (pure translation) according to
Fig. 4. As an alternative way to visualize this, point 1 moves to
point 1’ with only pure slip on the nut surface, and then point 1’
moves to point 1” as the roller rotates with pure slip only on the
roller surface. Thus, there are two arcs of slip: the slip arc on the
nut and the slip arc on the roller. The angle of slip, hslip, for both
arcs is the same. These slip arcs occur along the helical path of
the nut and the roller and each contributes to the axial migration
of the roller.

The axial migration due to the slip arc on the nut, d1, can be
written as

d1 ¼
hslip

2p
LN (13)

and the axial migration of the roller due to the slip arc on the
roller, d2, is

d2 ¼ �
hslip

2p
LR (14)Fig. 3 Slip angle definition—Dashed lines are helical and solid

lines are spur gear pairs, pitch circle mismatch exaggerated
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where d1 and d2 are defined according to the positive displace-
ment conventions shown in Fig. 5. Thus, the axial migration of
the roller relative to the nut, dRN , is the sum of these two compo-
nents, and with the relations rNLR ¼ rRLN and LS ¼ LN from
above, becomes

dRN ¼ 1� rR

rN

� �
hslip

2p
LS (15)

With Eq. (12), the axial migration of the roller becomes

dRN ¼ 1� rR

rN

� �
1� rR

GR

� �
rSGR

rSGR þ rRGN

� �
hS

2p
LS (16)

Equation (16) shows that with no pitch circle mismatch, i.e.,
e¼ e¼ 0, there is no axial migration of the roller relative to the
nut, as is the design intent of the PRSM.

To prevent binding, the design of the nut of the PRSM must
allow for the axial migration of the roller due to pitch mismatch.
The roller axial migration over the total length of the nut’s travel
is given by

dTotal
RN ¼ 1� rRGN

rNGR

� �
rSGR

rSGR þ rRGN
k (17)

where k is the total length of travel of the nut. With knowledge of
the axial migration, adequate dimensions and relative positioning
of the mechanism’s components can prevent interference and
associated binding. Also, the face width of the ring gear on the nut
can be made greater than the face width of the roller’s spur gear to
ensure adequate force transmission over the range of motion.

5 Lead of the PRSM With Pitch Mismatch

Employing the same methods as above, the displacement of the
roller relative to the screw is found to be

dRS ¼
rSGR

rRGN þ rSGR
� 1

� �
1þ rS

rN

� �
hS

2p
LS (18)

The displacement of the nut relative to the screw, which is the
lead of the PRSM, is given by

dNS ¼ dRS � dRN (19)

With Eqs. (16) and (18), and after algebraic manipulation, Eq.
(19) reduces to

dNS ¼ �
hS

2p
LS (20)

Thus, for one revolution of the screw, i.e., hS ¼ 2p, the displace-
ment of the nut, dNS, is equal to �LS. Although the pitch circle
mismatch causes the roller to migrate relative to the nut, Eq. (20)
shows that the lead of the planetary screw mechanism is unaf-
fected; i.e., regardless of whether pitch mismatch occurs or not,
the mechanism’s overall lead is the same.

6 Slip Velocities

Slip velocities are important for characterizing the frictional
characteristics of the roller screw at the contact points. For the in-
plane slip velocity at the nut–roller interface, the total arc of slip
is needed. From Fig. 4, the total arc of slip, c, is

c ¼ rRhslip þ rNhslip (21)

Inserting the slip angle into Eq. (21) and differentiating with
respect to time leads to

VP ¼
dc
dt
¼ 1� rR

GR

� �
rSGR rR þ rNð Þ
rSGR þ rRGN

xS (22)

where VP is the in-plane slip velocity at the nut–roller interface
and xS is the angular velocity of the screw. The axial slip velocity
at the nut–roller interface is found by differentiating the displace-
ment from the roller to the nut with respect to time, or

VRN ¼
ddRN

dt
¼ 1� rR

rN

� �
1� rR

GR

� �
rSGR

rSGR þ rRGN

xS

2p
LS (23)

and the axial slip velocity at the screw–roller interface is

VRS ¼
ddRS

dt
¼ 1þ rR

rN

� �
rSGR

rSGR þ rRGN
� 1

� �
xS

2p
LS (24)

The in-plane slip velocity at the screw–roller interface is beyond
the scope of this paper as it involves kinetics and the friction char-
acteristics at the screw–roller interface.

Fig. 5 Axial displacements and sign convention

Fig. 4 Region of pure slip
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7 Dimensionless Form

Equations (3)–(24) are written in terms of the following five
geometric parameters: rR, rN , rS, GR, and GN . Based on the basic
geometric relations and constraints, the equations can be normal-
ized and put in terms of only two parameters: the normalized error
in the pitch circles, e, and the ratio of the radii of contact of the
screw and roller, defined as / ¼ rS

rR
. With this substitution of varia-

bles, Eqs. (12), (16)–(18), and (22)–(24) can be rewritten in
dimensionless form as

hslip ¼
e/

eþ 2ð Þ /þ 1ð Þ hS (25)

dRN

LS
¼ e/

eþ 2ð Þ /þ 2ð Þ
hS

2p
(26)

dTotal
RN

k
¼ e/

eþ 2ð Þ /þ 2ð Þ (27)

dRS

LS
¼ � eþ /þ 2

eþ 2ð Þ /þ 2ð Þ
hS

p
(28)

tP ¼
VP

rRxS
¼ / /þ 3ð Þe

eþ 2ð Þ /þ 1ð Þ (29)

tNR ¼
VNR

LSxS
¼ e/

2p eþ 2ð Þ /þ 2ð Þ (30)

tSR ¼
VSR

LSxS
¼ � eþ /þ 2

p eþ 2ð Þ /þ 2ð Þ (31)

These equations better illustrate the effects of the independent
variables on slip, axial migration, and slip velocities of the PRSM
and provide a means for better understanding the design issues.

8 Example

As an example of the developed theory, a roller screw of the
following dimensions is used: rS ¼ 15 mm, rR ¼ 5 mm, and
rN ¼ 25 mm. The normalized roller axial migration over the total
screw length is calculated using Eq. (26) for a range of normalized
pitch circle errors. The results are shown in Fig. 6. These types of

plots can be used to design for axial migration, i.e., cost tradeoff
between an increasing manufacturing tolerance and an increased
geometric allowance for the axial migration of the roller.

The slip velocities are calculated with Eqs. (29) and (30), and
the results are plotted in Fig. 7. Equation (31) was not plotted, but
its results are identical to the results of Eq. (30) plus a constant of
�1=2p. This constant is due to the fact that there must always be
axial slip at the screw–roller interface, as shown in Ref. [17].
While the relationships shown in Figs. 6 and 7 are nonlinear, the
figures show a nearly relationship over the range of values consid-
ered. As such, a linear fit over such a range could facilitate their
use in design practice.

An estimate of the axial migration due to external load can be
obtained based on the results from Ref. [16], which provides
measured deflection of the nut assembly of a PRSM as a function
of external load. This deflection is almost entirely due to deforma-
tion at the thread contacts. The corresponding deformation on the
roller surface will have an axial component, approximately equal
to one-fourth the deflection of the nut assembly (since there will
be a corresponding deflection on the screw thread, nut thread, and
opposite side of the roller), and a radial component, which will
change the contact radii. Since the surface normal is approxi-
mately 45 deg from the axial direction, it can be assumed by sim-
ple geometry that the radial and axial deflections are about the
same. Thus, based on the results of Ref. [16], a reasonable esti-
mate for the change in the radius of contact due to load is about
0.0075 mm. The dimensions of the PRSM used in Ref. [16] are
the same as listed above. With perfect unloaded component geom-
etry, the corresponding normalized error is 0.0015 (Eq. (2)). With
Eq. (27), the normalized axial migration is 0.00045. Thus, a total
length of travel of the nut of 2000 mm corresponds to a roller
axial migration equal to 0.9 mm. Note that this axial migration
will occur in addition to any axial migration due to manufacturing
errors, and the mechanism must account for the total axial migra-
tion to avoid binding and other detrimental behavior.

9 Conclusions

This paper analyzes the kinematics of the roller migration due
to a pitch mismatch between the effective nut–roller helical gear
and the spur–ring gear pairs of a planetary roller screw mecha-
nism. The general orbital mechanics with pitch mismatch and the
angle of slip at the nut–roller interface were derived. Any slip
between the roller and the nut threads has been shown to cause the
roller to advance along the helical contact path between the nut
and the roller. In the PRSM, spur gears are affixed to the ends of
each roller that mesh with ring gears at the opposite ends of the

Fig. 6 Normalized total axial migration of roller,
dTotal

RN

k
, as a func-

tion of pitch mismatch error, e

Fig. 7 Normalized slip velocity, tP on the left axis and tRN on
the right axis as a function of pitch mismatch error, e
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nut. The spur gear pair ratio is intended to be the same as that of
the nut–roller helical gear pair to minimize any axial advance.
However, manufacturing imperfections, deformations due to load,
and uncertainty in the radii of contact will cause a pitch circle
mismatch between the gear pairs, which leads to axial migration
of the roller. This axial migration is an undesirable phenomenon
that can cause binding and eventually lead to the destruction of
the mechanism.

With no slip on the screw–roller interface, the axial migration
is a constant value determined by Eqs. (26) or (27), and with pure
sliding at the screw–roller interface, there will be no axial migra-
tion. The true value of the axial migration will be a linear combi-
nation of the two cases. Thus, Eqs. (26) and (27) can be viewed as
upper limits on the axial migration of the roller. Importantly, it
was shown herein that this axial migration has no effect on the
overall lead of the PRSM.

The in-plane slip velocity at the nut–roller interface as well as
the axial slip velocities at the nut–roller and the screw–roller inter-
faces were also derived. Last, an example problem was developed
using a range of pitch mismatch values for the given roller screw
dimensions, and the axial migration and slip velocities were deter-
mined. Finally, the use of existing PRSM stiffness data was
employed to estimate the resultant axial migration. It may be pos-
sible to deliberately design pitch mismatch into a PRSM to over-
come the deformation due to forces.

Future research will consist of developing a model for the elas-
tic deformation of the contact surfaces for use in conjunction with
the results of this paper to predict the axial migration of the roller
due to loading. Also, a calculation method for determining the
radii of contact, which is necessary for determining the spur:ring
gear ratio, is presently being developed. This information is
expected to aid in the design and manufacture of PRSM.
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