
Effect of a Blocked Recirculation Channel
on the Performance of a Not Preloaded

Ball Screw with Compliant Minimal
Constraints

Antonio Carlo Bertolino(B), Roberto Guida, Andrea De Martin,
Stefano Mauro, and Massimo Sorli

Politecnico di Torino, 10129 Torino, Italy

antonio.bertolino@polito.it

Abstract. Ball screw jamming is a critical issue that can impact the
performance and reliability of ball screw systems, and can lead to the
loss of the entire mechanical power transmission. No dynamic analyses
have been performed in the literature to study the contact conditions,
dynamic behavior, and performance of the mechanism in the presence
of such a fault. This paper presents the results of a simulation analysis
carried out by means of a multibody dynamic model in the presence of
partial jamming, obtained by blocking a sphere in one of the three recir-
culating channels of the considered ball screw. The model considers the
full dynamics of each subcomponent and minimal compliant constraint.
The effect of a blocked recirculation channel is investigated in terms of
overall mechanical efficiency, the internal motion of the spheres, and their
contact condition.
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1 Introduction

Ball screws are widely used in various industrial and scientific applications to
transmit rotary motion into linear motion. These components are widespread due
to their high efficiency, precision, and durability, and they are crucial components
in many machines, including CNC machines [1,2] and aircraft actuation systems
[3,4].

However, like any mechanical component, ball screws are subject to failures
and malfunctions that can impact their performance and reliability. One of the
most common issues that affect ball screws is jamming, which occurs when the
balls in the nut assembly get stuck and prevent the screw from rotating [5].
Ball screw jamming can lead to serious problems, such as reduced accuracy,
damage to the ball screw components, and even complete system failure. The
prevention and mitigation of ball screw jamming is a critical issue in the design
and maintenance of ball screw systems. To achieve optimal performance and
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reliability, it is essential to understand the mechanisms of ball screw jamming
and develop effective strategies to prevent or mitigate this problem.

With this aim, a first cost effective approach can be to use a detailed high-
fidelity model to study the effect of such problem without compromising the real
component. Hitherto, several analyses in the literature focused on the study of
the kinematics and dynamics of ball screws and their internal components in
nominal condition, such as [6–8]. Very few researches proposed dynamic models
for this mechanism: Liu et al. [9] studied the temperature effect on the drag
torque generated by the preload with a computational intensive FE dynamic
model in presence of lubrication. Duan et al. [10] developed a lumped parameter
simplified model to study the accuracy positioning of a twin ball screw feed sys-
tem. Most of dynamic models, however, do not consider the motion and dynamics
of the spheres and have been used to perform vibration analyses. Only recently,
fully comprehensive dynamic models have been proposed by the authors in both
the Simscape [11] and MSC ADAMS [12,13] environments to investigate the ball
screw mechanism under various points of view. Braccesi et al. [14] proposed an
elastic-plastic model to analyse the impacts of the spheres with the recirculating
deflector. A similar analysis was carried out by Hung et al. [15] who concen-
trated on the fracture condition of the deflector. Nevertheless, there is a lack
of studies on the mechanism performances when one or multiple recirculating
channels jam, especially from a dynamic point of view.

The present paper aims to fill this gap studying the performance and internal
contact condition of a single-nut not preloaded ball screw in presence of a sphere
stuck in one of its three recirculating circuits. The employed multibody dynamic
model is firstly described together with its assumptions and limitations. Then,
the results of a dynamic simulation are presented and commented.

2 Multibody Model

The MSC ADAMS software was selected as modeling environment to leverage
its ability yo easily describe contacts between general shaped three-dimensional
bodies. Starting from a detailed CAD, the unnecessary features were removed
simplifying the geometry such as nut grease refill duct, nut flange, attachments
holes, chamfers, external diameter section variation, threaded shanks, screw shaft
unused parts. To avoid the variation of inertial properties due to these simpli-
fications, the total mass, the inertia tensor, the mass centre location and the
principal axes of inertia orientation were imposed to the various subcomponents
after their importation as parasolid format inside ADAMS, replacing the default
values auto-calculated by the software from the geometry and material density.
In such a way the dynamic behaviour of each body reflects the real one while a
simplified geometry is only used for contact evaluation.

In fact, ADAMS internally performs a geometry discretization, approximat-
ing the surfaces of the mating bodies by means of a triangular tessellation
through the RAPID algorithm: it consists in a pre-computation of a hierarchical
representation of the ADAMS model using tight-fitting oriented bounding box
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trees (OBBTrees), approximating thus the model with a series of polygons [16].
The contact detection is thus carried out analysing the relative intersection of
the nodes of each body. Thanks to the geometry simplification, a reduced num-
ber of elements are needed to represent the helical groove surface with sufficient
accuracy and, hence, less computational time is required to complete a single
simulation.

The ball screw being studied has a vertical layout and is composed of a rotat-
ing screw shaft and a single non-preloaded translating nut that is subject to an
external axial force as a disturbance. The motion is dictated by a prescribed
speed law imposed to the screw shaft. The system presents an axisymmetric
layout with three 120◦ outdistanced loaded circuits of spheres and three recircu-
lation channels. The latter, schematically shown in Fig. 1, deflects the spheres
from the nominal helix allowing them to be brought back by one lead overstep-
ping the screw thread crest to the starting point of the circuit. The middle line
of each sphere circuit volume was identified from the CAD and then it was used
to extract the initial positions of the spheres considering homogeneous equal
distancing between each ball throughout the entire path.

It is worth to be highlighted that, due to the presence of grease seals and
the grease duct, the center of mass of the nut and its principal axes of inertia
respectively do not perfectly lies on and align with the system symmetry axis.
The same applies to the screw shaft inertial properties because of the presence
of mechanical machining on its extremities.

The spheres were represented with their analytical formulation in order to
save computational time. A simulation maximum time step of 2 µs has been
adopted with the implicit Hilbert-Hughes-Taylor (HHT) solver, which is an
appropriate stable and robust solution when dealing with stiff models and many
contacts [17].

Fig. 1. Schematic representation of an internal recirculation channel.
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2.1 Normal Contact

Contact is fundamentally a discontinuous event. Since numerical integrators
assume a continuous solution, a contact event is a critical event since it rep-
resents a discontinuity in the solution. ADAMS works with variable step solvers
and adjust the integration time step to meet the specified accuracy but also
depending on its internal contact predictor, which estimates the onset of immi-
nent contacts. When a contact is detected, the interpenetration and penetration
speed are calculated to estimate a characteristic contact time, which is used to
resize the integration step. Furthermore, the integrator order is modified and set
to one. In fact, the predictor-corrector strategy of the ADAMS solver uses pre-
viously calculated solution values to predict its evolution; however, if a contact
occurs, the future behaviour of the system does not depend anymore on many
past points, hence the solver uses only the last one (order one).

All bodies are described as rigid and they should not compenetrate: the elastic
deformation that usually happens in the contact area is considered within the
contact constraint enforcement, consisting of a penalty regularization composed
of the sum of two terms: an elastic and a damping contributions. The first
depends on the penetration of the two bodies while the second is related to the
energy loss during the impact due to the hysteretic behaviour of the materials
and the presence of the lubricating grease. The reaction force, normal to the
contact can thus be expressed as:

Fn = Kge + STEP (g, 0, 0, dmax, c) ġ (1)

where g the bodies penetration, e the exponent of the contact mode, usually equal
to 1.5 for Hertzian contacts as that of the spheres with the gothic arch groove,
and K is the contact stiffness. The latter is constant throughout each simulation
and has been obtained by means of the explicit non-recursive approach proposed
by Antoine et al. [18] assuming a theoretical contact angle of 45◦ :
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where E∗
h is the equivalent modulus of elasticity of the materials of the two

contacting bodies, δ∗ is the dimensionless contact deformation, dependent on
the contact footprint ellipticity parameter [18], and Ah and Bh are the relative
principal curvatures. The latter depend on the geometric features of the selected
ball screw but mainly on the helix and contact angles and have been calculated
with the simplified formulation proposed in [19].

In order to avoid unrealistic discontinuities in the contact force, the damping
contribution is limited by means of the STEP function:
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which, referring to Eq. (1), modulates the damping coefficient in the range
[0 ÷ dmax] of the contact penetration.

2.2 Friction

After identifying the location of the contact point and outward normal, obtaining
the normal and slip velocities is a straightforward process. The former is the
aforementioned approaching speed ġ while the latter is crucial for computing
the tangential friction forces. The ADAMS software does not account for rolling
friction resistance, only considering sliding and spin friction. Additionally, there
is no contact stiction in ADAMS, as a small amount of sliding speed is necessary
to generate friction force, preventing numerical instabilities near null relative
speed values. This is achieved by establishing a coefficient of friction (COF)
function against sliding speed, for which two threshold speeds must be selected
to tailor the curve to the specific problem, corresponding to the adherence and
sliding coefficients of friction. By choosing these two parameters it is possible to
represent a COF curve typical of a lubricated contact, with the typical Stribeck
COF reduction [20]. However, this function does not consider the COF increase
with the relative speed. In this work a static COF μs = 0.11 and a dynamic
COF μd = 0.06 have been considered, typical of lubricated contacts, according
to [12,21].

The spin friction torque is calculated by the software depending on the rela-
tive angular speed with respect to the common normal in the contact point. It
assumes the contact area as circular with radius rc and its value can be expressed
as [22]:

Tspin =
2
3
rcFn (4)

2.3 Constraints

The model has been created with the aim of reproducing as much as possible
the ball screw mounting layout of the actual component installed in the experi-
mental test bench that is being developed in our laboratories, in which the nut is
mounted on a gimbal-like system to allow compensation of misalignments [23].

Therefore, minimal constraints have been imposed to the system, i.e. those
necessary to guarantee the correct functionality of the system. No ideal joint are
present in the model: every connection with the fixed ground has been realized
by means of generalized forces in which only certain components have been
activated depending on the particular constraint.

The screw shaft is supposed to only rotate, therefore the two compliant bear-
ing supports have been represented through two elastic elements placed at its
extremities, one of which capable also to bear axial loads.

For what concerns the nut, it ideally should only translate. Referring to Fig. 2
the red coordinate system, centered on its center of mass, moves with the nut,
while the blue coordinate system represents its initial location and is integral
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Cylindrical joint

Nut Screw

Recirculating unit

Fig. 2. Nut reference systems and constraints.

to the ground: at the beginning of a simulation, the red and blue reference
systems coincide. The only constraint that has been imposed to the nut is an
elastic torque which hinders the relative rotation between zn and zn0 through
an elastic-damping reaction torque proportional to the constraint violation. The
model allows to consider joints’ backlash as well, though not present in the
current work. Hence, the nut is free to rotate and oscillate along the other axes
and its alignment with the screw shaft is guaranteed by the presence of the
contacts of the internal three circuits of spheres.

3 Simulation Results

In this section, the outcomes of a dynamic simulation using the presented model
are shown, which was employed on a ball screw featuring a nominal diameter of
16 mm and 5 mm lead with three evenly spaced internal recirculation channels.

A −500 rpm speed smooth step is imposed to the screw shaft from 0.1 s to
0.2 s while an opposing external load of −1 kN is concurrently axially applied on
the nut. Being right-handed, the negative speed of the screw shaft is converted
into an upward velocity of the nut.

The simulation goal is to analyze the effect of a blocked sphere circuit on
the performance of the mechanism. Therefore, an additional fixed constraint is
added to one of the spheres within the recirculating channel of the lower sphere
loop in such a way to simulate its seizure. Thus, such sphere is made integral to
the nut, hindering the motion of the other balls in the same circuit thanks to
the presence of the contacts between the adjacent spheres.

Figure 3 depicts the mechanical efficiency of the mechanism in nominal con-
dition, i.e. with all the three circuits working properly, and in the case of seizure
of one of them (in this work the lower one). As predictable, the mechanical effi-
ciency reduces in the second scenario (from 0.95 to 0.79). In fact, the spheres
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Fig. 3. Mechanical efficiency.

of the blocked circuit cannot advance in their motion through the helical path
because of the sphere stuck in the recirculation channel: therefore, the basic
working principal of ball screws, i.e. the rolling friction, is replaced by sliding
friction. The screw groove slides on the blocked series of spheres creating more
friction torque which, consequently, translates in a reduced efficiency.

However, the entity of the efficiency drop depends on the lubricating condi-
tion within the system. As observable from Fig. 3 if a static COF of μs = 0.3
is considered, the mechanical efficiency becomes sensibly lower. Thus, depend-
ing on the COF value, the recirculation channel block can also lead to a com-
plete jamming of the mechanism if the electrical drive cannot supply enough
power to continue operating the ball screw in the new degraded conditions. If
more sphere circuits jams the efficiency drops considerably further, worsening
the power transmission operations.

In the healthy circuits, the spheres carry out their revolution motion around
the screw shaft axis with a theoretical angular speed of approximately 24 rad/s,
according to [8] for the operating conditions of the current simulation. Figure 4
shows that the revolutional speeds of the spheres in the second and third circuits
correctly agree with this theoretical value. The graph represents the speed of all
the 15 spheres in each circuit: when one of them enters the recirculation channel
its speed decreases to come back to the nominal value after the thread crest
overcome is completed. However, it can be seen that the spheres of the blocked
loop start moving until they clash on the stuck one and stop moving.

While the contact forces of the spheres with the screw shaft and nut grooves
varies in time, their mean value are depicted in Fig. 5. It can be seen that, being
the bodies considered as infinitely rigid, the spheres in the second and third loop
bears approximately the same amount of load matching the expected theoretical
value of ≈230N [24]. Instead, in the blocked circuit the spheres are pressed one
against the other by the action of the sliding friction with the screw shaft, and
tend to pile up one on the other originating a non-uniform load distribution, as
shown in Fig. 5. In particular, the sphere 14 is the one which was fixed to the
nut body to simulate the block and, hence, it does not present any load; the
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Fig. 4. Revolutional speed of the spheres of every circuit.
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Fig. 5. Mean contact force distribution on the spheres in each sphere circuit.
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Fig. 6. Contact forces between the spheres of the blocked sphere circuit.
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sphere 15 shows a very low contact force as it remains within the recirculating
channel since it is not pushed out from the previous one.

The effect of the screw shaft groove sliding action can also be seen on the
contact forces between adjacent spheres, shown in Fig. 6 where the horizontal
axis displays the numbering of the i-th sphere contacting with the (i + 1)-th.
Being the 14th sphere blocked, the previous sphere (13) is pressed against it by
the screw friction force and the preceding sphere, which in turn is in the same
situation. Therefore, the force between the spheres varies almost linearly with the
sphere position along the blocked helical path. The extent of force transmitted
between consecutive spheres depends also on the mean contact force with the
screw shaft of Fig. 5.

4 Conclusions

This paper analyzed the effect of a blocked recirculating channel on a not
preloaded single-nut ball screw with three axisymmetric inserts. The analysis
has been performed by means of a simulating analyses carried out through a
multibody dynamic model developed in the MSC ADAMS environment. Non-
ideal constraints have been considered for the screw shaft and the nut to repre-
sent the compliance of the supporting bearings and of the anti-rotation device.
In particular, only the rotational degree of freedom about the mechanism sym-
metry axis has been constrained on the nut body, leaving it free to oscillate on
other directions. Its correct alignment is then guaranteed by the contact forces
of the spheres with the screw shaft and nut grooves and with adjacent balls.
The results showed that the contact conditions on the spheres of the blocked
circuit becomes more critical, especially in terms of friction. In fact, the sliding
friction replaces the rolling phenomenon in the sphere/screw groove interface
points, leading to a decreased mechanical efficiency. It has been also observed
that the efficiency drop depends on the lubricating condition as well and can
lead to a complete jamming of the entire transmission. Future developments
involve the definition and development of effective strategies to prevent or miti-
gate this problem, one of which can be the application of prognostic algorithms.
The latter can be informed and trained by detailed numerical models, such as
the one presented in this work. With this goal, dedicated tests will be performed
to validate the presented simulation results by means of an appositely designed
test bench. Furthermore, the model will be used to study the effects of other
prominent failure modes on the ball screw dynamics to lay the groundwork for
the definition of future prognostics activities.
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