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Preface

The work presented in this thesis is the result of a collaboration between the Italian Institute of Technology
(IIT) the Delft University of Technology. This project started with a casual chat with Roy Featherstone. He
directly full enthusiasm explained al ins and out of his newest invention the ring screw. Quickly we both
came to the conclusion that this idea should be developed but more importantly, this would make a great
master project. With the help of Martijn Wisse, this project became my graduation project.

Alot of knowledge and support on the technical side of the research was available at IIT where in 5 months
the main the research, including the development, and experiments, have been performed. The Delft Univer-
sity of Technology offered input, structure and support to make convert this work into the currently presented
thesis.

This thesis is submitted for the Master of Science degree in Mechanical Engineering at the Delft University
of Technology. The research and its results are presented in a scientific paper that is part of this thesis. The
appendices contain more in-depth descriptions of the designs of both the prototypes and experimental setup
as well as providing background information to the presented results.

E. Heijmink
Delft, August 2018
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The Ring Screw:
Modelling, Development and Evaluation of a Novel Screw Transmission

Elco Heijmink

Abstract— Rotational electric actuators are the most popular
choice for actuation in modern day automation. These actuators
are commonly used in combination with a transmission system.
In this paper, the development of a new rotational to linear
transmission technology, called the ring screw, is described,
and its real-world performance is evaluated experimentally. The
ring screw consists of freely rotating rings that constrain a rod
to a screwing motion. The line contact between those rings and
the rod allows for perfect rolling, resulting in a highly efficient
screw transmission. The theoretical performance of the ring
screw for the metrics maximal velocity, maximal thrust force
and mechanical efficiency are explored analytically. Based on
these performance metrics, this paper presents a method to find
the optimal design parameters when the desired properties are
provided. A prototype was evaluated in a custom developed test
rig. In these experiments the ring screw is proven to be able to
operate at 15,000 RPM and deliver 750 N with an efficiency of
90%. The ring screw operates at more than double the speed
possible with other screw transmissions such as a ball screw,
with the same high efficiency.

I. INTRODUCTION

Many actuator technologies have been developed over
the last several decades and are now available for modern
day robotic designers. These actuator types involve systems
such as pneumatic, electromagnetic or fluidic actuators [2].
Of all these actuation types, rotational electric motors are
used the most used in modern machines. These motors are
mainly used because of their high efficiency, scalability,
power density and their ease to control [3].

The optimal performance of these rotational electric mo-
tors is typically at high angular velocities with a low torque
output [4], whereas most machines require the opposite
properties of low angular velocities at high torques[5]. This is
especially the case in systems with a limited joint range like
robotic systems. The optimal performance is limited by the
maximum torque of the actuator, which needs to accelerate
the mass of the system, rather than the maximum speed of
the actuator. To this extent most rotational electric motors
are used in series with a transmission.

Besides the decrease of the speed to increase the torque,
transmissions are often used to translate the orientation of the
motion. This translation of the motion can be used to gain
more design freedom of motor placement. This freedom can
be used to improve the looks or protection of the system [6],
to reach a desired weight distribution [7], [8] or to generate
a linear motion with a rotational actuator [9], [8].

Faculty of Mechanical Engineering, Delft University of Technology,
Delft, The Netherlands E . Hei jmink@student.tudelft.nl
*Patent Pending [1]

Fig. 1.
bearings. The nut holding the bearings in place is shown translucent. The
rings make a line contact with the rod that allows for perfect rolling.

The ring screw mechanism. The three rings rotate freely inside ball

Driven by this high demand, a large number of transmis-
sions have been developed for rotational electric actuators.
However these transmissions still limit the performance of
most robotic systems[10]. Whereas the rotational electric
actuators have a much higher power density and efficiency
than an average mammalian skeletal muscle, most robotic
system lose up to half of this power density and efficiency
due to imperfect transmission mechanisms [11]. Thus, new
transmissions should be developed.

The performance limitation can most clearly be observed
in high force applications like in a locomotion task. These
systems often have a high power throughput and strongly
contribute to the energy losses in the system [12]. Therefore,
energy efficiency is often a prominent design criterion for
these systems [13], [14], [15], [16]. For these high power
applications, harmonic drives and ball screws are commonly
selected [5]. Given the typically low efficiency of the har-
monic drive, the ball screw seems like the optimal candidate,
being the only efficient high power solution. Unfortunately,
its limited operation speed will prevent most rotational
electric actuators from being used on the most efficient speed,
resulting in a lower efficiency as well [8].

Despite the limited operation speed, typically around
4000RPM, a ball screw offers a unique set of benefits
compared to other transmissions [8]. In addition to its high
efficiency up to 95% [17] it is able to generate high thrust
forces of multiple kilonewtons [18]. Ball screws can be made
backlash free by preloading the mechanism. Furthermore a
high reduction ratio can be achieved through the selection
of a small pitch. A mechanism like a ball screw without the
speed limitation can therefore create a wide range of new
possibilities.



This work presents such a mechanism, called the ring
screw, based on a theoretical concept developed by Dr.
Featherstone. The ring screw mechanism is a newly invented
device that performs the same function as a ball screw
but with improved theoretically performance. The operating
principle of this device is that the screw rod makes contact
with freely rotating rings inside a nut, which constrain the
rod to make a screwing motion relative to the nut. Unlike any
previous mechanism involving rotating rings and a screw rod
[19], [20], this new mechanism has been designed, so that
the contact between each ring and the rod is a theoretically
perfect rolling line contact. It’s expected that this mechanism
will allow much higher rotational speeds and achieve higher
a efficiency than any other screw transmission.

This thesis expands on the work of Dr. Featherstone, with
the description of the nut needed to create a functional ring
screw. The rings and screw rod described in the previous
work allow for a perfect rolling line contact, but the nut,
holding the rings while applying a preload wrench, is needed
to ensure this perfect rolling line contact.

This thesis aims to identify the real-world performance of
this ring screw mechanism. For the evaluation of this perfor-
mance, a prototype, with representative performance, needs
to be developed. Therefore, in this thesis the influence of
design parameters on the performance is investigated. Based
on this influence, design parameters have been selected
and a prototype has been developed. For the measurement
of the performance, an experimental setup was designed
to evaluate the efficiency of screw transmissions at high
speeds. The internal energy loss of this setup is experientially
evaluated to allow for accurate efficiency measurements. A
wide range of experiments measuring the performance of
both the developed ring screw and a standard ball screw were
performed using this setup.

The main scientific contribution of this work is the analysis
of the theoretical performance, development and detailed
testing of the first operational prototype. This is conduced
for a new mechanism having significant potential commercial
value, in order to determine whether or not the real device
lives up to its theoretical potential. The results are useful to
prove the correctness of the theoretical background as well as
boosts market interest to continue development of the ring-
screw mechanism on an industrial scale.

This thesis is structured as follows. In section II, the ring
screw concept is described. This section introduces the ring
screw, the working principle and the theory behind it. Section
III, presents an analytical representation of the theoretical
performance of the ring screw. These results give insight into
the relation between the design parameters and performance.
In section IV, the development of the ring screw prototype
used for experimental evaluation is described. Extra focus
is given to the development of the required nut. Section
V, elaborates on how to measure the performance of the
developed prototype. The development of a custom test rig
to assess this performance is described. Section VI presents
the results of the experimental evaluation of the ring screw
prototype. Finally the work is discussed and concluded in
sections VII and VIIL

II. THE RINGSCREW CONCEPT

This section describes and explains the working principle
and logic behind the ring screw concept. The ring screw
concept is preceding this thesis and previously described in
an internal invention disclosure written by Dr. Featherstone.
For this section only minor edits were made to this inter-
nal document. Therefore the whole of this section should
be credited to Dr. Featherstone. This section is added as
background information necessary to understand the work
presented in this thesis. Furthermore equations 11 to 18
and equation 21 were provided by Dr. Featherstone during
the thesis work. All other work presented in this thesis is
conducted by the first author.

A. Overview

Referring to Figure 1, the invention consists of a rod
with a screw thread and a nut consisting of a housing
containing a multiplicity of ball bearings, each carrying a
ring on its inner race. The housing holds the bearings in
fixed positions relative to each other, and the inner surfaces
of the rings make contact with the screw thread of the rod.
The rings are arranged in such a manner that when the rod is
inside the nut each ring makes a perfect rolling line contact
with the screw thread of the rod, and the rings collectively
constrain the rod so that it can make only a screwing motion
relative to the nut. The overall effect is that the rod can
make a nearly frictionless screwing motion relative to the
nut, thereby allowing a highly energy-efficient conversion
between rotary and linear motion. Each ring makes perfect
rolling contact with the rod along a straight line fixed in
the nut—a different line for each ring. The line contacts can
therefore transmit larger forces than point contacts. In order
to achieve this property of a perfect rolling line contact, the
mating surfaces of the rings and the rod must have a specific
shape. Furthermore the rotation axes of the bearings must be
both tilted and offset relative to the central axis of the rod
by a specific amount as can be seen in figure 2.

Fig. 2. Schematic representation of the rings screw mechanism. In this
figure the ring offset a and tilt angle « relatively to the screw is clearly
illustrated.

B. Theory

The ring screw is based on the idea that it is possible for a
rotating part to make perfect rolling contact with a part that
is making a screwing motion. A perfect rolling contact is one
in which the relative velocity of the two contacting surfaces
is zero at every point where the two surfaces touch. Thus, in



theory, a perfect rolling contact exhibits zero frictional loss
and zero friction-related wear.

Figure 3 shows the geometrical aspects of a perfect rolling
contact between a ring and a screw rod. In this figure, the
line Z,;,4 is the rotation axis of any one ring, the line Z
is the central axis of the rod. These lines can be chosen
anywhere as long as X is the unique common perpendicular
line to Z and Z,;,4. The point of intersection between X
and Z is labelled O, and a Cartesian coordinate frame is
placed here with axes X, Y and Z. Likewise, the point of
intersection between X and Z,;,4 is labelled O,;yg4, and a
Cartesian coordinate frame is placed here with axes X, g,
Y ing and Z,;p4, the axis X,;,4 being on the same line as X.
The position of the ring relative to the rod is characterized
by an offset distance a measured from O to O,;,4 and a tilt
angle o measured about X in the direction shown. Note that
Oring marks the geometrical centre of the ring. Each ring in
the nut will have a different Oy, .

Z

Fig. 3. Geometry of perfect rolling contact between a screw rod and a
ring. Z and Zy;nq respectively represent the central axis of the screw rod
and a ring. The line V' in space where perfect rolling between the screw
rod and the ring is possible is shown in green.

If the rod is rotating at a rate of w,.,4, measured in radians
per second, then the linear velocity of any point that moves
with the rod is given by the formula

-y
Vrod<x7y7z) = Wrod x (1)
h

where x,y and z are the coordinates of the point and
h is the pitch of the screw thread measured in lead per
radian. Likewise, if the ring is rotating at a rate of wying,
also measured in radians per second, then the linear velocity
of any point that moves with the ring is given by the formula

—sin(a)z — cos(a)y
cos(a)(xz + a) (2)
sin(a)(z + a)

Vring (.13, Y, Z) = Wring

By equating these velocities, we find that there is a single
line in space with the property that the velocities can match at
every point along the line. This line is labelled V' in Figure3.
It intersects the line X at the point P, which is located at a
distance b from O; it is perpendicular to X; and it is tilted by
an angle [ relative to Z, this angle being measured about X
in the direction shown, which is opposite to the direction of

measurement of . For equation 1 and 2 to be equal, the five
parameters h,a,«,b and S must satisfy the two equations .

tan(a) = % and  tan(B) = % (3)

and the condition for the velocities to match is

Vh? + b

Wring _
Wrog ~ a+D @
Having found the one line in space where perfect rolling
contact is possible, the next step is to design the inner surface
of the ring and the outer surface of the rod, so that they
make contact only along this line. In the case of the ring, the
argument proceeds as follows: if the ring rotates about Z,;,,
and yet always makes contact with the rod along V', then
the surface of the ring must be the surface of revolution that
is generated by sweeping V' in a circle of radius a+b around
Zring- A surface of this kind is a well-known mathematical
surface and is called a hyperboloid of one sheet. An example
of such a surface is shown in Figure 4(a). The equation
describing the inner surface of the ring is

xzing + ygzng = (a’ + b)2 + tan2 (Oé + ﬁ) : Z?ing (5)

where X,ing, Yring and Z,;ng are coordinates expressed
in the coordinate frame located at O,.;,4, a+b is the radius of
the surface at its narrowest point, and «+ 3 is the tilt angle
of V relative to Z,;,4. One consequence of Eq. 5 is that
the design parameters must satisfy ab > h2, which implies
a + B < 90deg, because if ab = h? (a + 3 = 90 deg) then
the hyperboloid surface collapses to a plane with a hole in
the middle, and the thickness of the ring drops to zero.

Fig. 4. Examples of a hyperboloid, constructed by sweeping contact line
V' around the ring axis Z,;ng in a circle (a) and a helicoid constructed
by sweeping contact line V' around the ring axis Z in a helix (b), and the
definition of the coordinates 6 and s used to describe the helicoid surface
of the screw rod (c).

Applying the same reasoning to the rod, we can see that
the outer surface of the rod must be the surface of revolution
that is formed by sweeping the line V' around Z in a helix
of radius b and pitch h. The resulting surface is called a
oblique open ruled generalized helicoid . It will be referred
to here as a helicoid. An example of a helicoid is shown



in Figure 4(b). The equation describing this surface is best
expressed in terms of a pair of surface coordinates, 6 the
sweep angle of V, and s the location of a point on V, as
shown in Figure 4(c). In terms of 6 and s the equation of
the surface, expressed in the coordinate frame associated with
the rod, is

x = beos(f) — ssin(3) sin(0)
y = bsin(#) + ssin(B) cos(0) (6)
z="h-6+ scos(f)

Having now established the conditions for perfect rolling
contact, and the necessary shapes of the screw thread in the
rod and the inner surface of the ring, Figure 5(left) shows
the precise location of the ring and the line of perfect rolling
contact relative to the screw rod.

Fig. 5. Relative locations of screw rod, ring and line of perfect rolling
contact (left), and cutaway ring making contact along two segments of the
line of perfect rolling contact (right)

The upper portion of the line of contact allows the ring
to exert a substantial axial force on the rod in the upward
direction, and the lower portion allows the ring to exert a
substantial axial force in the downward direction. However,
the middle portion is not able to transmit substantial axial
forces. It is therefore possible to cut away the innermost
portion of the ring, as shown in Figure 5(right), thereby
restricting the contact to the upper and lower portions of the
line of contact, which are shown emphasised in the figure,
without significantly reducing the ring’s ability to transmit
an axial force to the rod.

The purpose of this cut-away is to increase the range
of parameters a,b,a, 5 and h that can be used by making
feasible those designs that would not otherwise have worked
because the ring does not clear the outer diameter of the
screw rod on the opposite side to the line of contact.

III. THEORETICAL PERFORMANCE

The aim of this thesis is to identify the real-world per-
formance of the ring screw mechanism described in the
previous section. In order to develop a prototype of the ring
screw and so to evaluate its performance, the influence of
the design parameters on this performance has to be investi-
gated first. Therefore this section illustrates interconnections
between the theoretical transmission performance and design
parameters, including geometric parameters, preload force
and manufacturing limitations. The result is useful to predict
the ring-screw performance in practical applications and
therefore be a guideline in parameters selection.

A. Selection of performance metrics

Screw transmissions comparable to the working of the ring
screw are widely used in industry. These devices include a
lead screw, a ball screw and the less common roller screw.
Accordingly, the results of this study should be comparable
with studies on these devices in order to be able to make
relevant claims about its performance. If we look at the
properties of the existing screw technologies, it can be
observed that they are commonly compared to the following
properties. Efficiency, thrust force (load capacity), operation
velocity, cost, lifetime, accuracy and backlash [17], [18],
[21]. Table I shows a comparison between existing screw
technologies and the expectations of the ring screw for these
properties.

TABLE I
COMPARISON OF SCREW TECHNOLOGIES [17], [18], [21]

screw tech. [ lead screw ball screw roller screw ring screw
efficiency < 50% 90% < 90% 90%
thrust force low medium-high very high medium
velocity slow medium medium-high  very high
cost low medium very high medium
lifetime low high high unknown
accuracy low high high high
backlash high low-medium low low

The properties listed in Table I are commonly listed
in screw comparisons and therefore considered the most
important properties of a screw transmission and therefore
most relevant for evaluation in this work. The properties
lifetime and accuracy strongly depend on the manufacturing
quality while the cost depends on manufacturing quantity.
Therefore the comparison of these properties between a fully
developed product and a first prototype will yield a biased
result. The ring screw has to be preloaded to be able to work,
and so will be backlash free by design, this will be elaborated
on in subsection III-C.

Concluding, this work will investigate the performance
of the ring screw considering the performance parameters
efficiency, maximum thrust force and maximum velocity.

B. Velocity

The first performance criterion, needed for comparison
of the ring screw with alternative screw transmissions, is
the maximum operating velocity. Due to the low amount of
moving parts the maximum velocity is only limited by the
equipped ball-bearings and the resonance frequency of the
screw. The maximum velocity of the equipped ball-bearing is
often given by the manufacturer. Using the rotational velocity
relation between the rings and the screw we find that the
speed limit caused by the ball bearing can be expressed as

a+b
Wrs,max = Whearing,max * \/7
9 -l h2 + b2

where w;s mas 1S the maximum rotational velocity of the
Iing-sCrew, Wyearing,max 15 the maximum velocity of the
equipped ball-bearing and a,b and h are geometry param-
eters defined in Section II. Since the maximum bearing

(7



velocity is often very high and }‘zjsz is always bigger than

one, the speed is unlikely to be limited by the equipped ball
bearings.

More likely the velocity of the ring-screw is limited by
the resonance of the screw rod. This so- called critical speed
is a speed limit in all other screw transmissions as well [22],
however, these devices are often limited by other factors
before resonance becomes relevant. Resonance caused by
finite spindle stiffness and inertia can cause damage to
the ring-screw itself and its surroundings. Therefore the
maximum velocity should not exceed the natural frequency
corresponding to the first eigenmode of the spindle. In fact, in
most applications, it is advised to stay below approximately
80% of the critical speed as a safety margin to compensate
for uncertainness[22].

The natural frequency of a uniform cantilever beam for
free vibration can be calculated as follows [23]

EI

Wy =
where w,, is the natural frequency in rad/s, L is unsupported
length of the beam, F is the young’s modulus, I is the second
moment of area, p is the mass density and A is the area of
the cross-section.

The value K, depends on the number of the eigenmode
and the constraints. Only the first eigenvalue is relevant since
it has the lowest resonance frequency by definition. Figure
6 shows the K for three constraint conditions.

fixed - free K; =3.52

goo

%
% fixed - simple K; =15.4
%

fixed - fixed K =22.4 Z
7.

Fig. 6.  The three considered screw constraints, where the grey bar
represents the screw rod. The K values for the first eigenmode are indicated

The screw spindle can be approximated with a round
profile. Therefore I = 7/4r* and A = 7r? are substituted
where r is the inner radius of the screw. This results in

Er?

oI ©)

wy, = Ky,

Equation 9 gives a simplified representation of the critical
speed. Both the screw rod is simplified to a straight rod and
the effect of the nut on the rod is ignored. Since only the
inner portion of the screw rod is considered both the extra
stiffness and weight of the screw thread is ignored. It is
expected that these two effects will be in the same order
of magnitude and so can be ignored. If the nut would be
considered the frequency would be lower due to the extra
weight of the nut however the attachment of the load adds
stiffness increasing the critical speed. Therefore it is expected
that these effects can be ignored as well. Hence Equation 9
will give a reliable estimation of the frequency. Furthermore,

a safety factor (F'oS) of 80% is used as normally done
in machine design to compensate for this simplification.
Therefore the rotational velocity limit of the ring-screw
caused by resonance can be expressed as

Wrs,max = FoS - W, (10)

C. Maximum thrust force

The second performance criteria, needed for comparison
of the ring screw with alternative screw transmissions, is
the maximum operation thrust force the screw can deliver.
To find this maximum thrust force the force at which the
performance degrades is investigated. The working of the
ring-screw strongly depends on the perfect rolling between
the screw rod and the rings. To this extent the only contact
has to be on the line defined in section II. If an external force
breaks this contact, the perfect rolling cannot be ensured.
Therefore the maximum thrust force can be defined as the
force where the contact force on this line becomes zero. To
find the at which magnitude of the thrust force this contact
force becomes zero, the internal force of the mechanism
have to be analysed. The ring screw is designed to have
a specified contact between the rings and the screw rod,
therefore the contacts are well known. The locations of the
contacts together with the knowledge that there is no friction
at the contacts allows us to get detailed insights on the
internal forces of the mechanism. All forces point into into
the screw and have to be perpendicular to the contact surface.

The forces that act on this contact line are action in line
with the contact normal s. To find this contact normal n(s)
we define a point p(s) on the contact line V' on a distance
s from the X-axis illustrated in Figure 7.

Fig. 7. Simplified description of the hyperboloid surface at & = 0 to
describe of point p(s)

Using the coordinate system illustrated in Figure 7 the
cartesian coordinates of point p(s) can be found

b
s-sinf
s-cosf3

p(s) = Y

To get the contact normal n(s) at point p(s) we have to find
two lines on the surface at the contact point. The first is
line V'(s), where the second one is the screw helix H (s, 0)
passing through point p(s) described by equation 6. The
derivative of lines V(s) and H(s,6) at § = 0 gives the
slope at p(s) of both lines.



0 —s-sinf
V(s)=| sing |, H(s) = b (12)
cos 3 h

The cross product of these derivatives gives the contact
nominal n(s) perpendicular to both the contact lines V(s)
and the screw helix H (s, 0)

ab
h=%
—scos 3
ssin g8

n(s) = V(s) x H(s) = sin 8 (13)

Fig. 8. Visualisation showing a contact normal n (black) that is perpen-
dicular to both the contact line V' (green) and the screw helix H (blue). In
this example n is shown for one ring at s = 0.8L and s = —0.8L, with
L the half-length of the contact line V.

Only the direction of the contact normal is relevant there-
fore the factor sin(/3) can be dropped. This contact normal
always points in to the screw rod (h — ‘}—Lb < 0). Note that
we substituted equation 3 to replace :?;g with .

By using the moment arm from the origin to the contact
point we can find the spatial force corresponding to this
normal.

2

s
s-cosB(h—b(%+ 1)
AN OP xn . —s-h-sing
fo=| 0P W 19
—s-cosf
s-sinpf

The contact line V' of each ring is symmetrical around the
X axis, so the spatial force of one ring is:

2. 52
0
frong() = F&) 4 F) = | 5 " any | 09
0
0

1) Preload: To ensure that the rings will keep contact at
the desired contact line a preload force is applied. According
to equation 15 only linear preload force in the X direction
and a torque around this X-axis have to be applied to ensure
a correct contact. The relation between this linear preload
force (fy) and torque (7)) around the axis of this linear
preload force torque can be described as

s2

T =3

- Fy (16)

Since the ring screw mechanism will consist of multiple
rings on difference sides of the screw, it is interesting to look
at the forces created by two rings opposite from each other,
like the first two rings of figure 2. We find that the forces
create moment around the Z axis and a force along the Z
axis in line with the thrust force:
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The first thing to notice is that the resulting moment
and force in Equation 17 cancel out if both halves of the
ring (s and —s) transmit equal contact forces. Therefore
if only preload applied there are no resulting forces. If an
thrust force (Z axis) is added the contact force on one halve
increased while the other decreases, up till the point where
one contact force equals zero. The maximum thrust force
(Fr) allowed on one ring before the contact is broken is
therefore:

1 s-sinf

max FT = — . Fpl

Y (18)
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This linear dependence between the thrust force and
preload suggests that an infinite preload would result in an
infinite maximum thrust. However, the preload is limited by
the loading limit of the used bearings and material stress of
the screw rod as a consequence of the preload.

D. Efficiency

The third performance criteria, needed for comparison
of the ring screw with alternative screw transmissions, is
the efficiency. To define the theoretical efficiency of the
mechanism we have to identify the energy losses in the
mechanism. These energy losses will mainly occur in moving
contacts. The contact between the rings and the rod is by
definition of the concept a perfect rolling contact. With the
absence of any relative motion, there will be theoretically no
friction between these parts. In practice, small deformations
and production imperfections will result in an energy loss.
Because no practical information is available these energy
losses are assumed to be negligible. Moving contacts can be
found in the ball bearings as well. Caused by the requirement
to transfer both radial and axial forces in a compact design
four-point contact ball bearings are used. These bearings
induce higher friction than normal radial ball bearings and
so this friction cannot be neglected, especially when high
radial loads are applied. According to the manufacturer[24].
the friction on the bearings can be estimated by:

dar
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Where ff, is a friction factor dependant on the type
of bearing which is ranging from 0.002 to 0.0035 for the

Mfm’ction = ffr ' Fbearing ' (19)



used bearings, Fycqring is the radial and axial load on the
bearing, and dj; is the mean bearing diameter. To calculate
the energy loss, this friction torque should be multiplied by
the rotational speed. The loading of these bearings depends
on the preload and the thrust force derived by the screw
mechanism. The preload will mainly generate a radial load,
with a small axial force as a result of the torque. The thrust
force will mainly generate an axial load on the bearings with
a small radial load caused by the angle of the rings. The
loading on the bearings can be calculated using equations
20
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Fg:ai%ng = dpl- 9 + Fr- COS(CV)
Where D is the diameter of the bearing and « is the tilt
angle of the rings.

Due to the preload, the bearings are already loaded when
no force is transmitted through the transmission. The friction
generated by this preload is present when there is no power
transmitted trough the mechanism (when the thrust force is
zero). In this case, an input power is needed to operate
the system while the output power is zero, therefore the
efficiency in this no loading case is zero. When loading
is added the friction torque is linearly correlated with the
thrust force as can be derived from equation 19. As a
result, the energy loss from the preload will become less
significant with an increasing thrust force, this can be seen
the almost horizontal energy loss line in Figure 9. Therefore
a higher efficiency is expected at higher thrust forces. Since
the rotational speed is linearly related to both the energy loss
in the bearings and the output power, a constant efficiency
is expected over the whole speed range.

An example of an efficiency profile is given by Figure 9,
with o = 0.3rad, F},; = 200N, D = 24mm and a pitch of
h = 6mm. For the power calculation a rotational screw rod
speed of 8OORPM is used. This figure shows the increasing
efficiency with an increasing thrust force
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Fig. 9. The expected efficiency is between the 80% and 96% for the
relevant thrust range. Lower efficiencies should be expected at low thrust
forces due to low power throughput and constant friction caused by the
preload.

From Figure 9 we can see that on the relevant operation
range an efficiency between 80% and 96% can be expected.

This efficiency is in the same range as the state of the art
ball- and roller screw transmissions [24].

E. Optimal parameters selection

Using the found relations between design parameters and
the performance of the ring screw, this section defines how
the parameters of the ring screw should be selected. The
first parameters that have to be selected are the geometry
parameters of the ring-screw concept described in Section
II. These parameters are the offset and tilt of the ring a and
« the tilt angle of the contact line 3, the radius of the screw
hyperboloid b and the pitch h. Most of these parameters
like the tilt and offset of the ring and contact line give no
intuitive insight in the resulting screw transmission and its
performance. Therefore a way to define these parameters
using more intuitive inputs is desired.

First, the desired input parameters have to be defined in
order to find a method to define these geometry parameters.
The first thing screw transmissions are selected on is the pitch
h and the outer diameter Ry of the screw, giving already
two input parameters. To be able to materialise the screw, a
minimum ridge d width is required. On top of that, a minimal
clearance clr between both the outer and inner diameter of
the rod and de inner diameter of the ring is required to allow
for manufacturing margins. This totals to four desired input
parameters.

We have now introduces eight parameters (5 geometry
parameters + Ro, d and clr ) of which four are desired
inputs. By using the relation between the parameters we can
reduce our parameters set. Both the geometry parameters «
and 3 can be expressed in the other geometry parameters
(a,b and h) using equations 3. Furthermore, the geometry
parameter a can be calculated using the groove width and
the groove profile. The groove width can be expressed as
gw = 27 - h — d. Using the X and Y representations of the
cross-section of the groove used for manufacturing equalling
the Y coordinate to the outer radius Rs and the X coordinate
to half of the groove width we can express the value of a as

_h- T+ h T

b
. _ ‘71
a=— tan(T) with T = cos (R ) (21)
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This results in the minimally required input parameters
listed in Table II. From these parameters, parameter b is open
and not intuitively to select. Therefore this parameter should
be used to optimise the performance of the ring screw. Based
on the previous subsection of this section, we find that the
parameter b has no direct effect on the expected efficiency
and maximum velocity, but has a direct effect on maximum
thrust force. Therefore we can determine which value for b
results in an optimal screw.

The maximum thrust force can be calculated using equa-
tion 18. All forces along a half contact line can be replaced
by a force, 10% from each end of the line. Therefore we can
simplify this equation by substituting s = 0.9 - L where L is
the length of a half contact line.



TABLE II
MINIMALLY REQUIRED INPUT PARAMETERS FOR SCREW GEOMETRY

parameter ‘ symbol  defined by
Pitch h screw requirements
Outer diameter Ro screw requirements
ridge width d manufacturing limits
minimal clearance clr manufacturing limits
hyperboloid radius | b open
Fp = 1 0.9L-sin(8) o 22)
2 |h—g

The length of a half contact line can be expressed as L =
2_
@Bw. Substituting this results in:
R3 — b2

y2 . F
=

Fr =045 Pl (23)

From this equation, we can draw the conclusion that the
radius of the helical hyperboloid b can indeed be used to
change the maximum thrust force of the ring screw. The
optimal screw performance occurs when the maximum thrust
force is as high as possible. If the denominator of equation
23 equals zero this thrust force per unit of preload will reach
zero. This is at the point where:

=0 = a-b=h* (24

Howeyver, this value of b will result in an infeasible solution
with a zero ring thickness. To find a feasible value for b
the relation between the thrust force per unit of preload and
the parameter b outside this point is investigated. Figure 10
shows the max thrust force per unit of linear preload force
as a function of b where h = 6mm/rev and Ry = Smm are

kept constant.

max. T, /prelaod

b

Fig. 10. The relation between, max thrust force per unit of linear preload

force and the free parameter b, grows to infinity at the point where b = h—Q.
Therefore b should be selected as close to this value as physically possible.
In the marked area the ring thickness is negative and so the solution is
infeasible.

This graph clearly shows the peak to infinity at the at the
edge of the infeasible area. However, it can be observed as
well that the closer we get to this condition the higher the
max thrust force per unit of linear preload force. Next to
the max thrust force the value b also influences the width of
the ring and so, is limited by the fact that the ring surface
should not intersect with the bearing that holds the ring.
Figure 11 shows the effect of b on the shape of the ring and

Influence of parameter b on max thurstforce and ring shape

0 5
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Fig. 11. Crossections of rings with different values of b. The solid black
line represents the inner bearing edge of a 5x15mm bearing, the dotted
line a 55° line with a min. distance of 0.8mm to the bearing and the stars
represent the outer radii of the ring surfaces Rg4.

the max thrust force per unit of linear preload force again
with h = 6mm/rev and Ry = 5mm.

The surface of the rings make contact with the rod up till
an outer radius Ry, indicated with a star in Figure 11. After
this point, the surface can deviate from the prescribed shape.
Making an angle outwards from this point, increases the
minimal wall thickness and so allows for, a more ideal, lower
value of b. While bigger angles increase the wall thickness
more, they also make production more difficult. If an angle
of 55° is selected and a minimal wall thickness of 0.8mm,
b = 3 would best value in the example of Figure 11

As can be derived from equation 23 the maximum thrust
force can also be increased by increasing the preload. How-
ever, as can be concluded from equation 19 an increased
preload will result in lower efficiency and therefore should
be kept as low as possible.

IV. PROTOTYPE DEVELOPMENT

This section aims to identify the challenges to develop
a functional prototype of the ring screw mechanism. This
starts with designing the screw rod and rings by setting
requirements for the parameter selection guideline presented
in Section III. Followed by the development of the nut that
constrains the rings while applying the preload.

A. Functional prototype

In this subsection, a functional prototype for an example
application is designed. This gives an insight in how the
parameter relation derived in section III can be used to
design the ring screw mechanism. While at the same time
illustrate how the prototype used for experimental evaluation
is developed. The example applications is selected to be
representative for a future real ring screw application. In
the example application, the screw should be able to de-
liver forces up to 800N and reach a rotational velocity of
15,000RPM while the efficiency should be maximized. The
outer radius Ry and the pitch h of the screw are respectively
set to be 10mm, and 6mm/rev. The combination of this
pitch and rotational speed will result in a maximum linear



speed of 1.5m/s The limitations from our manufacturer
PST group are a minimum ridge width of 0.4mm and
a manufacturing margin of 0.1mm which is the standard
fine class for this dimensions. Therefore for the worst case
scenario, the clearance needs to be 0.2mm.

From these parameters, we can derive the radius of the
helical hyperboloid b. For machinability, a minimum wall
thickness of the ring is desired to be 0.8mm. Following the
method of Section III-E we find b = 3mm to be the optimal
value that still fits a standard bearing with an inner diameter
of 15mm and a width of 5mm as can be seen in Figure 11.
Using these five input parameters and the parameter relations
presented in Section III-E the remaining parameters needed
to design the mechanism can be found. These parameters are
presented in Table III.

TABLE III
SCREW PARAMETERS OF FUNCTIONAL PROTOTYPE

Parameter Symbol | Value Unit
Pitch of screw h 0.955  rad/mm
Outer radius of the screw Ro2 5 mm
Distance between adjacent grooves  d 04 mm
Clearance cr 0.2 mm
Radius of the helical hyperboloid b 3 mm
Ring offset a 0.880 mm
Ring tilt « 0.308 rad
Contact tilt B 0.826  rad
Inner radius of the screw R1 3.187 mm
Inner radius of the ring R3 4.337  mm
Outer radius of the ring contact Ry 6473 mm
Half-length of the line contact L 5439 mm

Four rings are used instead of the minimal required three
rings to achieve a constant loading on all contact lines and
bearings. Therefore each ring should be able to produce at
least 200N of thrust force for the ring screw to be able to
deliver 800N of thrust force. Using Equation 23, it follows
that a linear preload of 199N is required to guarantee contact
at the preferred contact line.

These contact forces have to be transferred over a contact
line of only 3.3mm. To minimize deformations that lead
to energy loss in at this contact line material selection is
relevant for its performance. A material that allows for a
high surface hardness is preferred. The SEA 8620 steel alloy
can be case-hardened up till 62H RC, while being easy to
machine to high precision and having proper mechanical
properties, making it the good material for the ring screw.

The thrust force will be transferred to from the rings to the
nut through the bearings. Following Equation 20, this will
result in high axial forces on the bearings. At the same time,
a minimal bearing with is beneficial for the performance of
the ring screw, as elaborated in Subsection III-E. Miniature
four point contact bearings are therefore the optimal choice.
For example the SBN Q1802 bearings with a width of only
Smm. Both the maximal axial load and maximal speed are
higher than needed for this example application.[24]

The speed will be limited by the critical speed of the
screw rod. With the geometry of the screw rod fixed by the
parameters listed in Table III this can only be influenced
by the length and fixtures of the screw rod. Since a longer
rod will be beneficial for high-speed experiments this length

should be maximized. For the fixtures, the “fixed - simple”
solution shown in Figure 6 is selected, to maximize the
screw length while not over-constraining the screw. Over-
constraining the screw, like in the case of a “fixed-fixed”
solution, can influence the efficiency measurements and is
therefore not selected. Using these screw fixtures and the
material properties of the used SEA 8620 steel alloy we
find that a screw length of 250mm will result in a critical
speed of 1980rad/s. With a mentioned safety margin of
20% following industry standards, we can be confident that
the critical speed is above the desired maximum speed of
15,000RPM.

Now that all design parameters are known the screw rod
and rings of the ring-screw could be designed. The final
design following the design parameters described above can
be found in appendix II.

B. Nut

Besides the above described screw rod and rings, a nut is
required to make the ring-screw mechanism functional. The
nut is not described in the previous work presented in section
II. Therefore this subsection first analyses the requirements
of the nut whereafter designs are proposed and evaluated.
Special focus is given to the implementation of the preload.

1) Requirements: The nut should fulfil three functions.
Keeping the rings in the right orientation and transfer the
power and facilitate the preload in the system. This last
requirement makes the design complicated since the pre-load
wrench at each contact between the rod and a ring should
follow Equation 15. Next to these requirements, the nut is
preferred to be as compact as possible and be easy to mount
on the rod.

a) Ring arrangement: Where a minimum of three rings
is required to limit the screw rod to a screwing motion
relative to the rings, this will result in an uneven spread of
the preload and so thrust force on the rings, therefore four
rings are used. An alternating orientation of the rings (Figure
12(b)) will result in a smaller bending moment on the rod.
However this will still result in an uneven distribution of
the preload forces, since for static equilibrium the sum of
the moments should be zero but the moment arms differ.
Following this logic, a sorted arrangement (Figure 12(c)) is
the most optimal solution.
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Fig. 12.  The use of 3 rings (a) would result in an uneven loading of the
rings. Adding one ring asymmetrical (b) would create the same problem
due to the zero moment requirement. Therefore a symmetric loading using
4 rings (c) is most optimal.



b) Degrees of freedom rings: The rings should be
held in the correct orientation by the nut. Variation from
this correct orientation will change the contact between the
rings and the screw rod, and will thus introduce sliding.
This sliding would take away most of its advantages of
the ring-screw mechanism confirming the importance of the
orientation of the rings. From equation 17 we can derive
that only one linear force and a torque around the same axis
is needed to apply the preload, requiring only three contact
points, one for the linear force and two for the torque (Figure
13(a)). When a thrust force is added, this introduces a linear
force on the contact line V' at an angle with respect to the
rings. This angled force will simultaneously push the ring
down sideways (Figure 13(b)). If the contact points to apply
the preload torque are applied on the contact line V' only
5 contact point are required (Figure 13(c)). Positioning this
torque contacts in line with the contact line V' compensates
the downwards force of the thrust (yellow in Figure 13(b))
while preventing any resulting moment from this same thrust
force. Those constrains allow the ring to rotate freely in the
clockwise direction and move away from the linear thrust
force, allowing the contact between the ring and screw rod
to self-align.
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(a) Preload (b) Thrust force (c) Required constraints

Fig. 13. Applying the preload only requires three contact points on the

ring(a), while counter acting the bidirectional thrust force (yellow) requires
four contact points(b). Positioning the preload torque contacts on the contact
line V' (c) allows to minimally constrain the rings while being able to apply
the preload and contracting the thrust force.

2) Nut design concepts: Applying the required preload
wrench while keeping the nut compact can be done in many
ways resulting in different combinations of advantages and
disadvantages. Four compact ways of applying the preload
are designed and evaluated, these concepts are summarised
in Figure 14.

a) Milled nuts: The first two concepts make use of a
highly accurate and stiff nut structure like milled aluminium.
Due to the accurate and stiff structure, it can be assumed
that the angle of the bearing and so of the ring is correct.
Therefore only the linear preload force indicated in blue in
Figure 13 has to be applied. The preload torque (purple), that
results from this linear force can be counteracted with ridged
surfaces. The use of a stiff milled frame allows for a highly
accurate result but is not an economic solution. Furthermore
milling had design restrictions resulting in a less compact
solution than when 3D-printing is used.

Compliant layer: The first concept is a layer of com-
pliant material that get compressed when the screw rod is
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Fig. 14. Four concepts are designed and evaluated. Three of these concepts
use a local compliance to apply the required preload wrench. The last
concept uses the full compliance of the nut structure to apply the preload.
For this concepts two production methods are used each having their own
advantages.

inserted. A compact nut design for this prototype allows only
for a small compliant layer, for instance, 5mm by 12mm
resulting in a surface of A = 60mm?. To generate the
previously defined preload of 199N a surface pressure of
3.33M Pa is required. If a layer of 1mm is used and the
desired compression is 0.1mm the desired compression mod-
ules of Elasticity for the material is CM F4es = 3.33/0.1 =
33.3M Pa with a compression strength of at least 3.33M Pa.

Using the compliant material gives a compact solution
and if rubber is used increases the damping of the nut
and so reducing resonance related problems. However the
compression force is strongly dependant on the shape of the
sheet and are less predictable.
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Fig. 15. First preload option, a compliant material gets compressed due
to insertion of the rod and so applies a linear preload on the ring.

complaint layer
solid adapter

leaf springs: The second considered concept to apply
the preload is the use of leaf springs. Due to the limited
space in the compact nut, the leaf springs have to be small.
For instance the width Bgp.ing = 6mm and a length
of Lspring = 13.5mm. This small spring length and the
required preload force of 199N results in high stresses in this
springs. Therefore INOX 1.4310 with a high stress limit of
E = 1350Mpa is selected. The relation between deflection
and applied force of a leaf spring supported from both sides
is given by equation 25.

F-L3 . Bypring - t°
— spring . I — spring 2
le=®E-1, with Iy, 2 ®

Where ¢ is the thickness of the leaf spring and f. is the
deflection at the centre of the spring. Since we have a desired
deflection of 0.lmm and a desired force of 199N we can
rewrite this formula to find the required thickness of the
springs to equation 26

-

To limit the maximal material stresses two stacked plates
are used instead of one thick plate. This results in two plates

F-L3

spring

4'E'fc'Bspring

(26)



with a thickness of ¢ = 0.8mm with a maximal material
stress of 0 = 527.3M Pa far below the stress limit of the
spring material.

The use of the springs will result in a very accurate and
predictable preload and therefore take more advantage of
the potential of the milled nut to be predictable than the
compressed material concept.

leaf spring

7N

Fig. 16. Second preload option, a leaf spring gets bent due to the insertion
of the screw rod and so applies a linear preload on the ring.

b) 3D printed nut: The last two concepts the use of a
3D printed nut structure. Using 3D printing the generation
of the preload can be integrated resulting in a monolithic
design. Doing so a very compact, simple and economic
design can be achieved. However 3D printing techniques are
less accurate than milling and have a higher surface rough-
ness, accordingly correct location of the bearings cannot be
guaranteed. Therefore unlike when an accurate stiff nut is
used this concept should allow movement of the bearings in
the torsional direction (purple in Figure 13) to allow for self
aligning following Equation 17.

Spring cage: The third option is the use of a spring
cage that holds the rings. he rings are suspended in spring
cages creating the force equilibrium given by Equation 17.
The approach is very similar to the leaf springs used in the
milled nut. The very limited space and high forces make the
use of plastic springs infeasible, therefore printing in titanium
is selected. The printable version of Ti-6Al-4V has a Young’s
modulus of around £ = 112G Pa and Yield stress of around
o = 1022M Pa [25]. Using Equation 25 and the minimum
thickness limit for titanium 3D printing of 0.8mm results in
the design shown in Figure 17.

This design has a spring at the back of the bearings to
apply the linear preload, leaf springs in the torsional direction
to counteract the preload torque and allow for self-aligning.
Furthermore the design has supports that allow for small
motions in the direction of the screw axis in order to get an
even load distribution over all bearings.

Fig. 17. Third preload option uses a spring cage, integrated in the structure,
that holds the bearing in place. This spring cage allows for self aligning of
the rings and so compensates 3D printing inaccuracies.
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c) Fully compliant nut structure: In last evaluated op-
tion the whole structure of the nut is used as a spring to apply
the preload. The nut is designed to be a little to small so when
the screw rod is inserted the nut exactly applies the desired
preload wrench on the rings as a response. Since the shape
of the nut is too complex to be modelled analytically a finite
element analysis (FEA) is used to model the deformations
and stiffness of the nut. For this design, nylon-12 is selected
as printing material because of its high printing accuracy,
low price, good elastic properties and high strength. Using
FEA, the deformations of the initial nut design caused by the
preload wrench, are calculated as can be seen in Figure 18.
From this deformations, the displacements of the rings are
calculated to define the required ring offset before insertion
of the screw rod. The nut is designed to have all offsets
around 0.2mm, to be less influenced by inaccuracies while
still to allow for easy insertion of the rod.

While using the complete nut structure as a spring to
generate the preload is less predictable than when local
deformations are used, this results in a more compact de-
sign. Furthermore for the local deformations more advanced
printing materials are required like titanium resulting in a
much less economic solution than when the common nylon
is used. Therefore the nut designed using a FEA takes the
best advantage of the 3D print production method.

Fig. 18.  The preload is applied due to deformation of the whole nut
structure. A FEA is used to identify which deformations result in the
required preload wrench. This plot shows the deformations due to the
preload wrench (purple arrows in Figure b) with the track roller hole as
the fixed point (green arrows in Figure b). The nut is designed to have
deformations around 0.2mm at this preload wrench.

C. Selected nut design

All described preload methods fulfil the requirements and
therefore would be suitable solutions. However on other
factors dependant on the applications advantages and disad-
vantages can be found between the solutions. While the use
of a stiff and accurate nut like in the first two solutions allow
for high predictability of the actual preload, the solutions
exploiting 3D printing would result in a more compact and
economical solution.

To test the performance of the ring screw in an experimen-
tal setting as done in this thesis, predictability is important
to get accurate and repeatable results. Therefore the milled
nut using leaf springs for the preload is strongly preferred
for the experiments presented in this thesis. However from



a product perspective and so for future development, a more
compact and economic nut has clear advantages. Therefore
both the milled nut with leaf springs and a nylon 3D printed
nut are selected and materialised.

V. EXPERIMENTAL DESIGN

This section describes the experimental design used to
evaluate the performance of the prototype developed in
section IV. Furthermore the development and validation of
the experimental setup are described in this section.

A. Experimental Method

To evaluate the real-world performance of the ring screw,
the performance metrics, maximum operation speed, effi-
ciency and maximum thrust force, of the developed prototype
will be evaluated. Therefore the developed prototype will be
subjected to the following experiments.

To evaluate the real-world performance of the ring screw,
the performance of the developed prototype is being evalu-
ated. The following experiments are conducted to find the
performance metrics maximum operation speed, efficiency
and maximum thrust force.

a) Maximum velocity: The maximum speed is limited
by the resonance of the screw and the maximum rotational
speed of the equipped ball bearings as explained in section
III. The maximum speed of the ball is provided by the
manufacturer and so only the resonance frequency has to be
verified. The first resonance mode of the screw is designed to
be above 15,000RP M, this will be experimentally verified.
Next to that, the screw transmission is operated at its de-
signed speed of 15, 000RPM to find any unexpected failure
modes. Due to the maximum acceleration of the motor,
limited by the motor controller driving it, in combination
with the limited screw length, no efficiency measurements
could be performed at the speed of 15, 000RPM. However
this speed can be reached by accelerating over the full length
with a high deceleration at the end when reaching the end
stops.

b) Efficiency: While the maximum operation speed of
the system is quite evident, based on the working of the ring-
screw, the theoretical high efficiency depends on the perfect
rolling contact in all conditions. Hence a high efficiency
above 90% would be strong evidence that the theory and
assumptions used for development are correct. The efficiency
used in these experiments is %, where the Power
is the mechanical power. It is predicted that the energy
loss will mainly occur in the bearings holding the rings.
Resulting in an efficiency profile as depicted in Figure 9 that
is not influenced by the rotational velocity. To evaluate this
efficiency profile, the efficiency should be measured in a wide
range of loading cases. The experiments can be simplified
by measuring the efficiency at a constant speed and force.
This will cancel out the dynamic effects of the experiment.
To filter out the mechanical vibrations and electrical noise,
the speed, torque and force measurements are filtered with a
zero delay 4th order Butterworth filter. The cut-off frequency
for the velocity is at 10Hz while the cut-off for the force and
torque is at 40Hz just below the mains hum.
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¢) Maximum thrust force: The maximum thrust force is
defined at the point where the contact forces between the ring
and rod are compromised. This point is expected to be around
800NN. After this point, the contact will shift from the desired
line contact introducing sliding friction and so significantly
lowering the efficiency. Therefore it will be evaluated if the
efficiency stays constant up to such high thrust forces.

B. Experimental Setup

An experimental setup is developed to measure the per-
formance using the experiments described in subsection V-
A. This experimental setup should be able to operate at at
least 15,000RPM for the maximum velocity experiments.
Furthermore the setup should be able to load the screw with
a linear load of 800N. The more challenging metric is the
measurement of the efficiency. The efficiency is expected to
be up to 96% so accurate efficiency measurements is that
identify a energy losses that are a fraction of this 4% is a
must.

1) Setup design: The experimental setup is designed in
the shape of a test rig, that allows for the testing of many
different screw transmissions. In this work, the test rig is used
to be able to compare the ring screw to a standardised ball
screw. The test rig is designed to rotationally drive the screw
while applying a linear load. A rotational electric motor with
a maximal rotation speed of 16.700RP M is selected to drive
the screw. To accurately measure the mechanical power input
to the system, this motor is equipped with an encoder to
measure the speed and a torque sensor measuring the reaction
torque of the motor. More details on the selected electronics
can be found in appendix IX.

The screw is loaded with a linear load to measure the
efficiency and verify the maximum thrust force. Multiple test
rig concepts with different load sources have been evaluated,
see appendix IV. A design that allows for interchangeable
loads with a damper as the main load has been selected.
The damper will force the experiments to have the desired
constant speed and force profile hence making the test rig
easy to control. While the damper load has many advantages,
it can not be used for back-driving experiments and does not
allow for low forces at high speeds. Therefore constant force
springs are selected as a secondary load to replace the damper
in some experiments. To measure the output force, a load-
cell is placed in series with the linear load. The resulting
setup can be seen in Figure 19. More details can be found
in appendix VIIL.

To constrain the screw in the selected “fixed - simple”
configuration illustrated in Figure 6, the screw rod is held
by preloaded angular contact bearings on one side and a
self-aligning bearing on the other side. A track roller is used
to prevent the nut from rotating. This track roller is selected
instead of a guide rail to minimise friction. However a linear
guide is used to keep the load coaxial with the screw rod.
This linear guide is placed after the force sensor and so does
not influence the measurements.

2) Setup validation: The designed experimental setup
aims to measure the efficiency of the ring-screw prototype



angular contact bearings self aligning bearing
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Fig. 19. The test rig, developed in this work to evaluate the performance of the ring screw. It’s able to measure high efficiencies accurately while being able
to generate load forces over 800NN and rotational velocities over 15.000RPM . a) The fabricated set-up with an hydraulic damper as load. b) Schematic

representation of the test rig with various parts labelled.

with a high accuracy. If no external contact would be made
between the force sensors, the efficiency can be calculated
by dividing the output power by the input power. However
contact is made at both ends of the screw and by the track
roller. Preliminary experiments have shown that the energy
loss due to the track roller and self-aligning bearing is
negligible. However the energy loss in the preloaded angular
contact bearings is significant. To be able to subtract this
energy loss from the results the bearing friction should be
identified.

According to the manufacturer of the thrust bearings, the
friction torque of these bearings is mainly dependant on the
axial loading, as can be seen from Equation 19. However
a more accurate prediction can be made using Equation 27.
Where A, B,C and D are the variables to experimentally
define. F}, Represents the axial load on the bearings and w
represents the rotational speed.

Tf’r‘iction:A+B’Ftb+c'w+D‘Ftb'W 27

To find reliable values for A, B,C and D the energy
loss in these bearings should be measured over the whole
operating range. For this purpose, the test setup is shown in
Figure 20 is developed.

The bearing friction tester has the same driving assembly
as in the final test rig described in subsectionV-B. It consists
of and torque sensor and encoder to measure the mechanical
input power. This assembly is driving two sets of angular
thrust bearings, one set connected to the frame, in the same
way as the final test rig, the other set connected to a weight.
These weights are connected so that they both prevent the
bearing from rotating while applying an axial load to both
bearing sets. A wide range of loadings can be created by
changing the weights. Since there is no other world contact it
is assumed that all input energy is dissipated in the bearings.
So, with the assumption that the bearing sets are identical,
the energy loss in a set of bearings is half the input energy.
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torque sensor

motor

fixed bearings

floating bearings

weights

Fig. 20.
friction losses in the thrust bearings.

Picture showing the developed test setup used to identify the

Next to loading and speed, also temperature can have an
influence on the friction of the bearings. Therefore the effect
of heating during operation has been investigated. We found
that the friction in the bearings decreases exponentially up to
30% from completely cooled till a steady state in around 5
seconds. To this extent, all measurements are performed after
5 seconds of running to get reliable results. More details can
be found in appendix V-A

Bearing friction measurements have been performed 3
times for all loading conditions, with speeds ranging from
2000RPM up to 8000RPM and thrust forces from 1N up
to 600N. The value presented in Table IV are derived by
fitting Equation 27 on the found data. It can be observed
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Graph showing the raw data of four experiments (from left to right) determining the efficiency of the ring screw. Ten repetitions of each

experiment have been aligned and plotted over each other without averaging. These experiments use the same constant force spring as a load but different

velocities, as can be seen from the purple speed and orange force data.

that A, the constant friction induced by the preloading of the
bearings and B, the friction related to the axial load, are most
dominant as was expected based on the rough estimation
from Equation 19. More details can be found in appendix
V-B

TABLE IV
EXPERIMENTALLY FOUND PARAMETERS FOR EQUATION 27

A | B | ¢ | D
52-107% | 1.7-1075 | 9.1-10~8 | —9.4.10"12
VI. RESULTS

This section presents the experimental results are pre-
sented. These results are measured using the developed
prototype with the leaf spring nut described in section IV in
the experimental setup described in section V-B. The next
subsections present the found results from a sequence of
experiments that have been performed order by the three
performance metrics.

A. Efficiency

The efficiency of the screw in a wide range of loading
cases is the most important measure to validate the correct
working of the ring screw. Therefore the ring screw has been
operated in a wide range of velocities up to 8000RPM and
loadings up to 750N using the damper load. Next to the
damper, the constant force springs have been used to apply
the forces up to 200N to allow efficiency measurements for
both a forward and backward driven screw. The screw is

accelerated and decelerated with 50.000@ with a steady

state at the desired velocity in-between. This is repeated 10
times for all load cases whereafter the data of the steady
state is used to define the efficiency at that load case. An
example of the raw data of four experiments can be seen in
Figure 21.

In this figure, the raw data is presented form four load
cases. In the top graph of Figure 21, the mechanical power
output from the load side is shown in orange and in blue
the power input from the motor side. A light blue line
can be observed slightly above the dark blue line, where
the light blue line represents the raw measured mechanical
power. The dark blue line represents the mechanical power
corrected for the friction experimental setup as described
in subsection V-B.2. The middle graphs show the rotational
speed of the screw, showing different velocities for the four
experiments. It can be observed that, since the acceleration
is kept constant, the steady state part is shorter at higher
velocities. The bottom graphs show the reaction torque at
the motor side in blue and the linear force at the load side
in orange. In this graphs can be seen that the same constant
force spring is used as a load for these four experiments.
These springs deliver a static force of 180N and a direction
dependent force of 20N caused by friction in the springs
functioning as a load.

Important to notice is that, no averaging has been applied
in Figure 21 but ten repetitions of each experiment have
been aligned and plotted over each other. This can barely be
seen due to the high similarity of the data, which proves the
high repeatability of the experiments. This also shows that
the oscillations in the linear force of the load are consistent
and are similar in the different experiments. Hence it is
expected that these oscillations are caused by irregularities
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The efficiency is between 85% and 93% for all loading conditions for both the ring screw (A) and ball screw (O), where the low efficiencies

are at low thrust forces. The efficiency of the ring screw is not influenced by the rotational speed, while the ball screw is. This can most easily be observed

at a loading of 200N which contains most experiments.

in the rolling of the springs and the linear guide of the load.

A wide range of experiments has been performed in
the same way as the experiment described above. Next to
variation in the velocity as described above the load has been
varied. To prevent the measurement from being influenced by
the used measurement tool, a fair and accurate comparison
can only be made if measured with the same tool. The
used test rig is designed and developed specifically for this
experiments and so no comparison data exist yet. To this
extent closed comparable ball screw from SBN[24] is tested
in the same scenarios for comparison reasons. The results
of all these experiments are summarised in Figure 22 All
efficiencies vary between 85% and 93% for both the ball
screw and the ring screw. As expected from the theory we
observe lower efficiencies at the low thrust forces around
100N.

B. Thrust force

In the thrust forces above 200N, the efficiencies of the
ring screw are all around and above the efficiency of 90%.
This high efficiency indicates a correct working of the ring
screw at thrust forces up to 750N. Therefore the maximum
thrust force of the ring screw prototype is above 750N as
predicted. Since no experiments above this thrust force have
been performed at higher thrust force up to a lower efficiency
could be observed the exact maximum thrust force cannot be
defined from this data.

C. Maximum velocity

From figure 22 it can be observed that, mainly on the
200N line, the efficiency of the ring screw is not influenced
by the velocity while the efficiency of the ball screw goes
down with an increasing velocity.
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Even velocities up to 8, 000RPM an efficiency of 90%
for the ring screw can be seen. While this velocity is already
double the rated velocity of a ball screw, the screw is ex-
pected to withstand operation velocities up to 15, 000RPM,
limited by the resonance of the screw (the critical speed).
To validate these, three experiments have been conducted as
described in subsection V-A.

The first velocity experiment aims to find the critical speed
of the screw in the normal “fixed - simple” configuration. The
screw is slowly accelerated while potential visual and sensory
resonances are monitored. No resonance was observed up to
the maximum motor speed of 16, 500RPM, confirming the
first resonance mode to be above this speed as predicted.

The second velocity experiment aims to find a defined
value for the critical speed instead of a minimal value. Since
the speed of the motor is limited the resonant frequency of
the screw is decreased. This is done using the “fixed - free”
configuration from Figure 6. As calculated in section III-B
the frequency of the first resonance mode is expected to be
around 3200RPM taking into account the extra screw length
normally inserted in the self aligning bearing. The measured
resonance can be observed around 3100RP M, both visually
and in the power consumed by the system based on sensor
readings as can be seen in appendix VI-A. While the critical
speed is 3% lower than the expected speed, this uncertainty
was captured in the earlier mentioned safety margin of 20%.

The last experiment aims to find any other failure modes
in the system. The ring screw has successfully been accel-
erated over the whole length of the screw up to a speed
of 16,500RPM with a high deceleration at the end when
reaching the end stops as can be seen in appendix VI-B. No
damage or change in the measured performance caused by
the high speed or impact was observed.



VII. DISCUSSION

The performance of the ring screw has been investigated
both in theory and in practice. In this section, we discuss the
results and the ring screw.

A. Discussion of the results

The experimental results show that the prototype has an
efficiency of around 90% for all measured conditions with
a variation of +2%. The measurements showed no consid-
erable difference in the efficiency up to a thrust force of
750N . Furthermore, the ring screw was successfully operated
at 15,000RPM.

A comparison is made between the experimentally found
and the predicted performance we see that both the maximum
thrust force and maximal operation speed meet the expected
performance. However, the efficiency is slightly lower than
predicted at higher thrust forces. This can be observed if
the predicted (Figure 9) and measured (Figure 22) efficiency
are compared. The measured efficiency is in and slightly
above predicted range up to a loading of 200N, after this
point the measured efficiency remains constant around 90%
while the predicted efficiency grows on to an efficiency of
96%. Since this difference is not present over the whole
range, it is not a result of underestimated bearing friction.
In that case, the efficiency would be lower at low thrust
forces as well. It is expected that this extra energy loss is
the result of imperfections in the geometry of the screw rod
and rings. Imperfections in the geometry of any kind will
make the contact between the screw rod and rings deviate
from its ideal line, introducing sliding and therefore friction.
Following the laws of friction, this energy loss becomes
more dominant at higher contact forces. Thereby explaining
the slightly lower than expected efficiency only at higher
thrust forces. Therefore it is expected that a more accurate
prototype would result in higher efficiencies especially at
high speeds.

Based on the theory presented in section III-D it is
expected that the efficiency of the ring screw is not influenced
by the speed. This is in contrast with the knowledge that in
similar devices like a ball screw the efficiency is negatively
correlated with the operation speed [26]. The experimental
results are shown in Figure 22 confirm both these expecta-
tions. These results show no correlation between speed and
efficiency for the rings screw while a negative correlation
can be observed for the ball screw. In Figure 22 this can
be seen most clearly at a load of 200N. At this load, ball
screw experiments can be found ranging from 500RPM
up to 6,000RPM show this negative correlation . At the
same loading, no relation between speed and efficiency
for ring screw experiments ranging from 300RPM up to
8,000RPM has been found. . This result supports the
argumentation that the ring screw is superior to the ball screw
at high speeds.

Although the ring screw was successfully operated even
above 15,000RP M, the efficiency could only be accurately
measured up to 8, 000RPM. This lower speed is a result of
unexpected acceleration limitations caused by the electronics.
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However, since there is no correlation between the speed
and the efficiency, it is expected that the efficiency remains
around 90% up to its designed speed of 15,000RPM.

B. Comparison with existing technologies

In this work, the ring screw is mainly compared to the
ball screw mechanism while in Table I two other compa-
rable devices are presented, the lead screw and the roller
screw. The table already indicates that the ring screw will
outperform the the lead screw on all selected performance
metrics. Accordingly, the lead screw will not result in a
useful comparison. The roller screw, on the other hand, is
expected to outperform both the ball screw and the ring
screw on some of the metrics. Nonetheless, the roller screw
is barely used in industry, because of its exceptionally high
retail price. A high-performance roller screw has a retail
price, of 7x up to 20x the retail price of a ball screw,
which makes it an unfavourable option. The production cost
of a ring screw is expected to be around the price of a ball
screw. This retail price is expected since the ring screw only
consists of three unique parts that are not more complex than
ball screw parts. Therefore the ball screw is the most relevant
device to compare with the ring screw.

performance metrics: If the experimental results of the
ring screw are compared with the results of the ball screw,
shown in figure 22, we see similar efficiencies in all loading
conditions. For these experiments, the first ever made func-
tional prototype is used while the ball screw is already fully
developed. The fact that the ring screw can keep up in this
comparison is strong evidence that the technology is very
interesting for future development. For example, the use of
optimised low friction bearings will increase the efficiency
of the ring screw mechanism.

The experimental results have shown that the efficiency of
the ring screw and ball screw are comparable, the ring screw
can reach much higher speeds while they are both able to
push 750N of thrust force. However while this is close to
the expected limit of the ring screw, the used ball screw is
rated to deliver a dynamical load of 1450N[24]. Therefore
the ball screw is superior to the ring screw for high thrust
force application.

other properties: The ring screw exploits a perfect rolling
contact, what means an absence of sliding friction. Accord-
ingly, the ring screw has the ability to run without lubrication
unlike a ball or roller screw. This is a huge advantage in
various applications, like applications in dusty, submerged
or hygienic environments where the lead screw is currently
the only option.

A limitation a ball screw mentioned by Roozing et al.
[16] is the fragility against a non-coaxial loading. Only small
moments are enough to damage the seals needed to force the
balls in the return mechanism. While a non-coaxial loading
will probably limit the performance of the ring screw by
creating an uneven loading on the rings, this will result in a
working configuration.

If the size of the nut of the ring screw prototype is
compared with other screw transmissions like lead and ball



screws a downside of the ring screw can be observed. Even
the compact and lightweight 3D printed nut is significantly
bigger size than competing devices. This size can be reduced
by integrating the required ring surface in the inner ring of
the bearing. For the prototype developed in this work, this
can reduce the outer diameter of the bearing from 24mm to
17.5mm as depicted in figure 23.

Fig. 23.  Illustration showing the reduction of ring size when custom
bearings are used. The bottom ring represents the current setup with the use
of off the shelf bearings, where the top represents the ring size if custom
bearings are used.

C. Future work

The listed speed limitation of the ball screw used in the
experiments is 4, 000RP M, however the ball screw is tested
up to 6,000RPM in this work. While this is 50% above
the speed is given by the manufacturer, it does not directly
break but results in noisy and inefficient operation with a
higher risk of failure and wear [27]. Although the lower
efficiency and high noise are not present in the ring screw
at speeds up to 8, 000RPM and the ring screw does not
fail at 15,000RP M, the wear and failure risk have not been
addressed in this work.

Preliminary experiments at low force experiments showed
no significant difference in the efficiency when operating the
ring screw with and without lubrication. The rings and rod
are both made out of steel and so the friction coefficient
of the oiled and dry surfaces differ with a factor of 2.
Accordingly, if friction was a noteworthy contributor to the
energy loss a substantial difference in the efficiency would
be observed. Therefore there is a strong indication that the
contact between the rings and rod is indeed mainly a rolling
contact. However, the data presented in Figure 22 indi-
cates friction due to production errors at high thrust forces.
Therefore more detailed experiments should be performed
to quantify this effect. Moreover, experiments should be
performed to verify the perfect rolling contact.

Furthermore, the effect of errors in the prescribed ring and
rod surfaces should be addressed in future work. Experiments
with very low preloads have shown that the preload is incon-
sistent during travel over the screw rod of the current ring
screw prototype. These inconsistencies indicate undesired
variations in the screw rod and so errors in the geometry.
It is known that these errors will influence the resulting
performance, but there is no information available on the
correlation between the performance and surface errors. This
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will be an important topic for future development since
production costs can be decreased if bigger tolerances are
allowed in production.

VIII. CONCLUSION

The goal of this study was to develop a functional proto-
type and evaluate the performance of a novel screw trans-
mission called the ring screw. The relations between design
parameters and the theoretical performance of the ring screw
are analytically found. The rings and rod of the functional
prototype has successfully been developed, based on the
identified relation. Two nut designs have been materialised,
both maximising the degree of freedom of the rings to ensure
correct contact between the rings and screw rod but using
different manufacturing and preloading techniques. The first
nut design is developed for the evaluation experiments in
this thesis, therefore it’s made accurate and predictable. The
second nut is developed for future commercialising and so
economic and compact.

For the evaluation of the performance of the ring-screw
prototype a high precision test rig was developed. This
test rig was successfully validated against a standard ball
screw transmission. The efficiency of the ring screw was
found to be around 90% in loading conditions up to 750N
and 8,000RPM, similar to the efficiency of state-of-the-
art screw transmissions, such as ball screws. The predicted
maximal rotation speed of 15,000RPM was reached while
the efficiency remained constant at over 750NV of thrust force,
meeting the mechanism’s theoretical potential.

This high rotational speed exceeds today’s screw speed
limits by more than a factor of two. Combined with
other benefits including; high reliability, high efficiency, and
lubricant-free operation, the ring screw has clear advantages
over state-of-the-art screw transmissions. The ring screw
therefore enables machine designs that were previously im-
possible, resulting in a significant commercial value.
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APPENDIX I
VISUALISATION CONTACT LINE

This appendix shows a visualisation of the contact line between a ring and screw rod. The surface geometry of the ring
and screw rod is such that this contact line allows for perfect rolling.

—— = contact

Fig. 24. visualisation of the contact line between a ring and screw rod. It can be seen that the line follows a straight line along the ring and rod surface.
This straight line continues on the other side of the ring.
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APPENDIX II
SCREW ROD AND RINGS OF THE FUNCTIONAL PROTOTYPE

This appendix shows the resulting designs for both the screw rod and rings for the functional prototype. Figure 25 shows
a picture of the parts after machining. On the next two pages the engineering drawings made for manufacturing can be
found, which contains all details and tolerances.

Fig. 25. The screw rod, rings and bearings for the functional prototype.

For the engineering drawings and thus for manufacturing a representation of the ring and rod surface on a plane is required.
The 2D representation of the ring surface is found to be

2 2
Y = tan(a + 8) - \/(X + g) + (ﬁ) (28)

Whereas the 2D representation of the grove surface of the screw rod is described by the following two equations

. b
Radiaal = m (29)
Azial=h-T —a - % - tan(6) (30)
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APPENDIX III
DETAILS NUT DESIGN OF THE FUNCTIONAL PROTOTYPE

This appendix shows the two materialised nut designs for the functional prototype. Pictures of the nut will be show as
well as the engineering drawings used for manufacturing.

A. Nut for experimental evaluation

The first nut design is the design used in for experimental evaluation. This design uses leaf springs to apply the required
preload between the screw rod and the rings as shown in Figure 16. Since this design consists out of two parts, locating
pins are used to ensure a correct relative position. The metal design makes it possible to cut the screw tread , needed to
attach the nut to the load and to each other, directly in the nut. Grooves around the bearing cut outs are added to improve
machinability and reduce the effect of manufacturing inaccuracies.

Fig. 26. The materialised nut design, used for experimental performance evaluation of the ring screw. (a) shows the inside of two nut halves, clearly
showing the locating pins, seating for the leaf springs and screw thread used for the track roller.
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B. Nut for product development

The second nut design is the design that shows the most potential for future commercializing of the ring screw. This
design uses the deformation of the whole nut to apply the required preload between the screw rod and the rings. Caused
by the complex structure of the nut, a FEM analysis is used to model this preload as can be seen in figure 18. The nut is
printed out of Nylon-12 (PA12) powder using a 3D printing technique called Selective laser sintering (SLS). The use of SLS
technique and PA12 material is chosen becouse it higher accuracy, strength and mechanical properties that are comparable
(or sometimes even better) than the bulk material. [28] The nut is printed such that the printing layers are perpendicular to
the main axis of the screw rod. In this way the stiffness of the material is equal in this planes and a little lower along the
SCrew axis.

Sl |

ﬂ‘,

() (b) (©

Fig. 27. The materialised nut design that shows the most potential for future commercializing of the ring screw. Copper screw thread inserts are used for
connecting the load and the track roller.

b
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APPENDIX IV
CONCEPTS EXPERIMENTAL SETUP

Screw devices are used in many different applications and so in loading situations. Therefore it is not straight forward
to define the test scenario the experimental setup should create. As described in section V-B any coaxial loading that can
deliver up to 800N of thrust force fits the requirements.

Concept 1, Double rocker setup

Setup using a rocker (grey) as a load. The motion of the screw(pink) is amplified by the arrangement of the
rocker, creating an inertia load. By changing the acceleration the full range of force and speed combinations
can be achieved without changing the setup. The driving motor (orange) is connected to the frame (yellow) with
an torque sensor (purple) measuring the reaction torque of the motor.

swinging load

revolute joint
that might need
damping

Advantages Disadvantages
« Al loadings possible without changes « Moving electronics (wires)
« Backdrivability experiments possible. e Many factors contribute to load
o Mechanically simple setup « High speed moving parts (safety)

o Only coaxial forces on screw
e Attractive demonstration
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Concept 2, Stationary rocker setup

Setup using a rocker (grey) as a load. The motion of the screw(pink) is amplified by the arrangement of the
rocker, creating an inertia load. By changing the acceleration the full range of force and speed combinations

can be achieved without changing the setup. The driving
an torque sensor (purple) measuring the reaction torque

orque sensor
motor

motor holder

i

motor (orange) is connected to the frame (yellow) with
of the motor.

connecting rod

crew rod

ser
nut
I—|

Advantages

Disadvantages

Al loadings possible without changes
Backdrivability experiments possible
Mechanically simple setup

Attractive demonstration

« Non coaxial forces on screw
e Many factors contribute to load
o High speed moving parts (safety)

Concept 3, gr

avity load setup

Setup using a weight (grey) as a load. The motion of the
screw(pink) coupled to a weight that gets lifted, creating
a gravity load. By changing the weight the full range of
force and speed combinations can be achieved but the
setup has to be altered. The driving motor (orange) is
connected to the frame (yellow) with an torque sensor
(purple) measuring the reaction torque of the motor.

Advantages

torque sensor

motor holder

motor

screw rod

nut

connecting rod

heavy load on
linear bearing

Disadvantages

o Backdrivability experiments possible
Mechanically simple setup

Only coaxial forces on screw

Easy to determine load

Steady state experiments possible

« High speed hard to reach (inertia)
o Changes needed for different loads
o Heavy setup

e Load only pulling
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Concept 4, active load

Setup using a second motor as a load. The motion of

the screw (pink) to a timer belt that is actuates and torque sensor
braked by a second motor, creating an active load. By 5 O_ motor holder
controlling the motor all force and speed combinations L motor

motor

can be actively defined. The driving motor (orange) is
connected to the frame (yellow) with an torque sensor
(purple) measuring the reaction torque of the motor.

Connecting rod

Pullys mer B LoadCell
screw rod
Advantages Disadvantages
« Backdrivability experiments possible « Higher cost, (double electronics)
o Al loadings possible without changes o Hard to control
o Only coaxial forces on screw o Cogging of the motors

o Easy to variate load
o Steady state experiments possible

Concept 5, linear damper load

Setup using a damper as a load. The motion of the screw (pink) to a linear hydraulic damper as a load, creating
an speed dependant load. By selecting an controllable damper most force and speed combinations can be defined.
The driving motor (orange) is connected to the frame (yellow) with an torque sensor (purple) measuring the
reaction torque of the motor.

damper (hydraulic cylinder)

torque sensor | |

connecting rod

Advantages Disadvantages
¢ Only coaxial forces on screw « Backdrivability experiments not possible
« Easy to control o low force high speed not possible

o Steady state experiments by default
o Save (brakes automatically)
« load easy to define
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APPENDIX V
DETAILED RESULTS BEARING FRICTION EXPERIMENTS

This appendix contains extra information and results from the bearing friction experiments described in section V-B.2.

A. Influence of heat on the bearing friction

The temperature has an influence on factors like preload and viscosity of the lubrication of a bearing. Therefore changes
in temperature can influence the efficiency of a bearing. Although all experiments have been conducted in a controlled room
temperature of 20 deg celsius, the bearings generate heat themselves resulting in large temperature changes.

To identify this effect of self heating on the energy loss in these bearings an experiment is conducted. In this experiment
a bearing that is completely on 20° Celsius is operated three times at a high speed for 15 seconds with brakes of 15 seconds
in between. This is per formed at various speeds al showing a similar results. In figure 28 a heat experiment at 5000 RPM
is shown where the tree runs are aligned.

Bearings ="SBN - B7126C DB" -  Speed = 5000 RPM

20 —

1 run
ond

run
3" run

18—

I
S (™™

i LT

14 16 18 20 22 24 26 28 30 32
Time [s]

Fig. 28. In this graph the effect of self heating on the energy loss of a bearing is shown. It can be observed that some heat is stored in the bearing after
15s, reducing the initial friction peak. After 5 seconds no big difference in energy observes, while after 10 seconds an complete steady state can be seen.

B. Bearing friction

The experimental setup shown in Figure 19 holds the ring screw with a set of angular contact bearings. The energy loss
in these bearings will contribute to the measured energy loss in the experiments. To be able to subtract these energy loss
from the measurements and so find the efficiency of the ring screw, the energy loss in these bearings is accurately identified.

This subsection presents the more detailed results from the experiments described in section V-B.2.

As indicated by the lines six experiments have been conducted in series, each with a axial load on the bearings of
1N, 100N, 200N, 400N, 600N, 1N. Where the 1N experiment has been conduced twice to find changes in the results over
time. These experiments have been plotted over each other in figure 29. Each of these experiments operate the bearings at 6
speeds which are: 2000RP M, —2000RPM,4000RPM, —4000RP M, 6000RPM, —6000RPM,8000RPM, —8000RPM.
So in total all combinations of these forces and speeds result in 64 measured conditions. Al of these conditions have been
performed 3 times for a minimum of 10 seconds with a sample rate at 1K Hz.
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0.045 —

0.04 — 1 2000RPM | J 4000RPM | J 6000RPM |

0.035

0.03

o
Q
]
&

Torque [Nm]
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Q
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0.015

0.01

— ]

100 N
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400 N
s 500 N

| BOOORPM |

Dy

S

Time [s]

180

Fig. 29. In this graph the measured bearing friction torque is shown. The thin light lines represent the raw data, where the thick lines represent the filtered
mean of the three experiments. It can be seen that the friction torque is mainly influenced by the load and barley by the speed. It can also be seen that

counter clockwise (second 10s steps) reults in a lower friction torque than clockwise (first 15s steps).

It is knows that the friction torque can be predicted using formula 27. To find the values of A, B,C and D the data of
Figure 29 is fitted on Equation 27. The black stars in the plots in figure 29 indicate the used data points for this data fitting.

The created fit using the matlab toolbox is shown in Figure 30.

Results

General model:
fley) = a + bx +c*y + d*x*y
Coefficients (with 95% confidence bounds):
a= 0005286 (0.004792, 0.00578)
b= 1754e-05 (1.591e-05, 1.918e-05)
c= 9.112e-08 (9.271e-10, 1.813e-07)
d = -9416e-12 (-3.084e-10, 2.896e-10

0.015
Goodness of fit: £
SSE: 6.4122-05 2 001
R-square: 0.9163 £
Adjusted R-square: 0.9106
RMSE: 0.001207 0.005

8000

-2000 200

-4000 100
6000 -8000 0

means vs. Newtons, Speeds

600

Speeds Newtons

Fig. 30. The fit made of the experimental data on the friction torque equation. The back points, floating around the plane, indicate the experimental data

where the plane represents the made fit.
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APPENDIX VI
RESULTS RING SCREW VELOCITY EXPERIMENT

This appendix shows the raw data from the maximal velocity experiments described in section VI.

A. Resonance of screw rod

The experiment presented in this subsection aims to identify the resonance frequently of the screw rod. The resonance
frequency of the screw rod could be reached for the screw rod constraind in a fixed- simple” configuration, given the
maximum velocity of the driving motor. Therefore the constraints of the screw have been changed to "fixed - free” Lowering
the resonance frequency of the screw rod. Figure 31 shows the measurements of this experiment where the screw rod is

step-by-step raised till resonance could be observed. Besides visual results, an raise in consumed power could be observed
at the resonance frequency.

4 —
23
3ol
2
g
1
‘ ‘
0 }\—‘ 4| L , \ [ \ \ \ \ \
5 10 15 20 25 30 35 40 45 50 55 60
time [s]
3500 ‘
s 3000 —
& 2500 |-
B 2000
2
o 1500 —
1000 | | | | | | | | | | —
5 10 15 20 25 30 35 40 45 50 55 60
time [s]
Fig. 31. In this figure an increase of power consumption can be seen at the resonance frequency. This occurs at a speed of 3100RP M
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B. Ring screw operation at 16500 RPM

The experiment presented in this subsection aims to find unexpected failure modes of the ring screw up to its maximum
speed. Therefore the ring screw has been operated to the speed of 16500 RPM. The limited acceleration of the electronics
limits the maximum velocity for reliable efficiency experiments to 8000RP M. To avoid this issue this experiment does not
make use of the driving electronics to reach its top speed. The screw is driven by constant force springs and accelerated
over the full lenght of the screw. The acceleration ends at a speed of 16500 RPM where the nut reaches the end stops and
quickly decelerates. The measurements of this experiments can be found is Figure 33.

) x10*

15— —
s 1 B
o
x,
S 05 —
[0
[0}
Q.
2]

T \_’\—;—// -

1 \ \ \ \ \ \ \
10.6 10.7 10.8 10.9 11 11.1 11.2
Time [s]
O I .
£ 04
Z
202 .
g |
(o] ™\
E o T \ \ \ i hast ] N~
10.6 10.7 10.8 10.9 11 1.1 11.2
Time [s]

)
=1
S

I
|

N ~\
o
LCE 200 — V _|
400 = | | | | | | —
10.6 10.7 10.8 10.9 1 1.1 11.2
Time [s]

Fig. 32. Ring screw reaching 16500 RPM
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APPENDIX VII
EXTRA DATA EFFICIENCY EXPERIMENTS

This appendix shows the raw data, similar to the data presented in Figure 21, for all other measurement points presented
in Figure 22. Further more a plot comparing the experimental efficiency with the predicted efficiency of subsection III-D is
presented.

100 — 8000

Theoretical Efficiency

A Measured Efficiency

98 —

7000

96 —

6000

94 —

5000
92 —

90 — 4000

Efficiency [%]
Speed [RPM]

88 —
3000

86 —

2000

84 —

1000
82 —

80

0 100 200 300 400 500 600 700 800
Force [N]

Fig. 33. Experimental data (A) of the ring screw compared with the predicted efficiency.
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APPENDIX VIII
MECHANICAL DETAILS EXPERIMENTAL SETUP

This appendix shows al mechanical details of the the experimental setup developed to evaluate the performance of the
ring screw. This mechanical setup was described in subsection V-B and selected out of the concepts presented in appendix
IV. In the next pages the mechanical drawings of all custom parts can be found.

Fig. 34. The test rig, developed in this work to evaluate the performance of the ring screw. It’s able to measure high efficiencies accurately while being
able to generate load forces over 800N and rotational velocities over 15.000RP M.

Load

A adjustable hydraulic damper (ACE DVC-32-150) is used as a main load for the experimental evaluation. This damper
is able to deliver thrust forces from 42N up to 2,000V and therefore suitable for all experiments. A picture of this damper
in the setup can be seen in Figure 35. However the force is always speed related and so high speed experiments with low
forces are not possible. Furthermore this speed dependence makes it unable to perform back-driving experiments. Therefore
so called constant force springs (CFS) are used for low force experiments at high speeds and for back drive experiments. A
picture of this CFS can be seen in Figure 35.

(b)
Fig. 35. Picture showing the test rig with two different loads. a) The adjustable hydraulic damper b) three constant force springs of 60N each.
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APPENDIX IX
ELECTRONICS EXPERIMENTAL SETUP

Besides the mechanical design of the experimental setup described in section V-B the selected electronics define the
performance of the test rig. This appendix therefore presents the most essential electronics.

[ Application [ Part Details |
Controlling & logging | Micro controller Teensy 3.6
Actuation Electric motor driving the screw Maxon EC-4pole 30 200W 24V motor
Motor controller MBL1660A. Brushless DC Motor controler, 60V 80A
Mesuring Encoder on Motor Maxon Encoder MR, type ML, 500cpr, 3ch
Torque sensor on Motor Futec TFF400 Reaction Torque Sensor, 2.8Nm
Force sensor on Load Futec LCM300 Loadcell, 250 1b (1112N)
Analogue amplifiers for Futec sensors ~ Custom, Gain = 501, see Fig 36
Schematics of Analogue amplifier for Futec sensors
Low Pass Filter: 200Hz
f=1/(2x3,14xR2x C3)
. u1
- ko %] ok, 5% RS 7044032 L
| B [ W— 1 3 6
ol G 58] +VIN VO v
LOAD CELL/FORCESENSOR | 3 —®4V2 = I“ R R RS VN R6 o
| ﬂ 47K, 0 1%=Ls InF. 5% gy2 LKA, “_“L"?- O1% 3WR 5 REF 2K l‘w
i =]
W ! J; cs 20 AV
100nF 5 ull
For Half Bridge Configuration o
Connect PIN 4to PIN 3 Gain =1+ (100k/ RS) = 501
and change C4 with 47K resistor RS = 100k / (Gain - 1)
u2
3V TPS78342DDCT  4v2

Fig. 36. Schematics of the analogue amplifiers used for the force and torque sensors. A first order low pass filter is added before and after the amplifier.
The first to avoid saturation of the amplifier, while the second is to avoid saturation of the analogue to digital converter (ADC). Furthermore a voltage
regulator is added to supply a stable voltage to the sensors.
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Circuit board

The use of analogue signals makes the connections vulnerable for signal loss and noise. There fore a custom Printed
circuit board (PCB) is designed and made to connect all electronics to the micro controller as can be seen in figure 37.
Compared to other solutions like the direct soldering or the use of a breadboard a PCB allows for easy debugging, low nice
and more reliable connections. The schematics of these PCB is added on the next page.

Fig. 37. Picture showing the developed PCB. This PCB connects all electronics to the micro controller. The use of a PCB ensures good low noise
connections for the analogue signals.
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