ETH Library

Design of a Test Stand for Lifetime
Assessment of Flat Belts in Power
Transmission
Conference Paper
Author(s):
Urundolil Kumaran, Varun

; Zogg, Markus; Weiss, Lukas; Wegener, Konrad

Publication date:
2020
Permanent link:
https://doi.org/10.3929/ethz-b-000445774
Rights / license:
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
Originally published in:
Procedia CIRP 91, https://doi.org/10.1016/j.procir.2020.02.187

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

Available online at www.sciencedirect.com
Available online at www.sciencedirect.com

ScienceDirect
ScienceDirect

Available
online atonline
www.sciencedirect.com
Available
at www.sciencedirect.com
Procedia CIRP
00 (2020)
000–000
Procedia CIRP 00 (2020) 000–000

ScienceDirect
ScienceDirect

www.elsevier.com/locate/procedia
www.elsevier.com/locate/procedia

Procedia CIRP
00 (2017)
000–000
Procedia
CIRP 91
(2020) 356–361
www.elsevier.com/locate/procedia

30th
30th CIRP
CIRP Design
Design 2020
2020 (CIRP
(CIRP Design
Design 2020)
2020)

Design
Stand
for
of
Flat
28th
CIRP Design
Conference,Assessment
May 2018, Nantes,
Design of
of aa Test
Test
Stand
for Lifetime
Lifetime
Assessment
of France
Flat Belts
Belts in
in Power
Power
Transmission
Transmission
A new methodology to analyze
the functional
and physical
architecture
of
a,b*
a
a
b
Varun
Urundolil
Kumarana,b*,, Markus
Zogg
Weiss
,, Konrad
Wegener
Varun
Urundolil
Kumaran
Markus
Zogga,, Lukas
Lukas
Weissafamily
Konrad identification
Wegenerb
existing
products
for
an assembly
oriented
product

a
Inspire AG, ETH Zürich, Technoparkstrasse 1, 8005 Zürich, Switzerland
a
Inspire AG, ETH Zürich, Technoparkstrasse 1, 8005 Zürich, Switzerland
of Machine Tools and Manufacturing (IWF), ETH Zürich, Leonhardstrasse 21, 8092 Zürich, Switzerland
Institute of Machine Tools and Manufacturing (IWF), ETH Zürich, Leonhardstrasse 21, 8092 Zürich, Switzerland
* Corresponding author. Tel.: +41 44 633 08 16. E-mail address: urundolil@inspire.ethz.ch
* Corresponding author. Tel.: +41 44 633 08 16. E-mail address: urundolil@inspire.ethz.ch
École Nationale Supérieure d’Arts et Métiers, Arts et Métiers ParisTech, LCFC EA 4495, 4 Rue Augustin Fresnel, Metz 57078, France
b
Institute
b

Paul Stief *, Jean-Yves Dantan, Alain Etienne, Ali Siadat

* Corresponding author. Tel.: +33 3 87 37 54 30; E-mail address: paul.stief@ensam.eu

Abstract
Abstract

Flat belts are machine elements used for the power transmission between rotating elements. Compared to chain or gear drives, belt drives express
Flat belts are machine elements used for the power transmission between rotating elements. Compared to chain or gear drives, belt drives express
advantages such as low-noise, and shock- and vibration-damping characteristics. Additionally, the simple, low maintenance and cost effective
Abstract
advantages such as low-noise, and shock- and vibration-damping characteristics. Additionally, the simple, low maintenance and cost effective
setup as well as high energy efficiency up to 98 % make them an attractive choice. Since they transfer power based on friction, they are subject
setup as well as high energy efficiency up to 98 % make them an attractive choice. Since they transfer power based on friction, they are subject
wear and
consequently
are expendable
parts. Hence,
is avariety
demand
increase the service
lifetime
of to
power
transmission flat
belts of
to
Into
business
environment,
the trend towards
more there
product
andto
is unbroken.
Due
this development,
the need
totoday’s
wear and
consequently
are expendable
parts. Hence,
there
is a demand
tocustomization
increase the service
lifetime
of power
transmission flat
belts to
decrease
cost and downtime
due to belt
failure.
This requires
awith
deeper
understanding
on
the
fundamental
transmission
mechanics
of flat
belts as
agile
and
reconfigurable
production
systems
emerged
to
cope
various
products
and
product
families.
To
design
and
optimize
production
decrease cost and downtime due to belt failure. This requires a deeper understanding on the fundamental transmission mechanics of flat belts as
well as the
failure
limiting
their
lifetime.
Experimental
is key are
in achieving
both goals.
systems
as well
as mechanism
to choose the
optimal
product
matches,
productinvestigation
analysis methods
needed. Indeed,
most of the known methods aim to
well as the
failure
mechanism
limiting
their
lifetime.
Experimental
investigation
is key in achieving
both goals.
Existing
test
stands
are
not
able
to
replicate
high
performance
applications
and
accelerating
the
lifetime
assessment
flat belts
due
to limited
analyze
or one
product
on thehigh
physical
level. Different
product
however,
may differ
largely inof
of the
number
and
Existinga product
test stands
are not
able family
to replicate
performance
applications
andfamilies,
accelerating
the lifetime
assessment
ofterms
flat belts
due
to limited
capabilities
in
belt
force
and
speed.
Therefore,
in
this
work
an
innovative
test
stand
was
designed
and
build,
with
a
maximum
belt
tension
of
nature
of components.
This
impedes
an efficient
and choice
appropriate
product
for the
capabilities
in belt force
andfact
speed.
Therefore,
in this comparison
work an innovative
test of
stand
was designed
andfamily
build,combinations
with a maximum
beltproduction
tension of
1500
N
and
a
maximum
belt
speed
of
50
m/s,
enabling
the
transfer
of
75
kW.
The
design
of
the
test
stand
was
governed
by
modularity
regarding
system.
new
methodology
proposed
analyze
existing
products
of their
functional
andstand
physical
architecture.
The aim is to
cluster
1500 NAand
a maximum
belt isspeed
of 50 to
m/s,
enabling
the transfer
of in
75 view
kW. The
design
of the test
was governed
by modularity
regarding
multiple
aspects.
First,assembly
a variety and range
of reproducible
adjustable
parameters
were required.
Second,
hadoftofuture
be flexible
regarding
these
products
in new
product
families for
the optimization
of existing
assembly
lines the
andtest
the stand
creation
reconfigurable
multiple
aspects.
First, a varietyoriented
and range
of reproducible
adjustable
parameters
were required.
Second,
the
test
stand
had to be flexible
regarding
the emulation
of possible
drive
configurations.
Lastly,
auxiliary
instrumentation
had to be
accommodated
by thesubassemblies
test stand and its
acquisition
assembly
systems.
Based on
Datum
Flow Chain,
the physical
structure
of the products
is analyzed.
Functional
aredata
identified,
and
the emulation
of possible
drive
configurations.
Lastly,
auxiliary
instrumentation
had to be
accommodated
by the test stand and its
data
acquisition
system.
The
solution
concepts
for
specific
components
were
evaluated
using
morphological
analysis.
asystem.
functional
performed.
Moreover,
a hybridwere
functional
and using
physical
architectureanalysis.
graph (HyFPAG) is the output which depicts the
Theanalysis
solution is
concepts
for specific
components
evaluated
morphological
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
Published by Elsevier B.V.
B.V.
© 2020 of
Thea Authors.
example
nail-clipper
is used by
to explain
the
proposed methodology. An industrial case study on two product families of steering columns of
©
2020
The
Authors.
Published
Elsevier
B.V.
This
is an
open
access
article under
the scientific
CC BY-NC-ND
license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Peer-review
under
responsibility
of
the
committee
of the
CIRP
Design Conference
.
thyssenkrupp
Presta
France
is
then
carried
out
to
a first industrial
evaluation
of the proposed
Peer-review
committee
of the
Design
Conference
. 2020approach.
Peer-review under
under responsibility
responsibility of
of the
the scientific
scientificgive
committee
of
theCIRP
CIRP
Design
Conference
© 2017 The Authors. Published by Elsevier B.V.
Keywords: test stand, belt drive, lifetime assessment, flat belts, belt mechanics
Peer-review
under
of the
scientificflat
committee
the 28th CIRP Design Conference 2018.
Keywords: test
stand,responsibility
belt drive, lifetime
assessment,
belts, belt of
mechanics
Keywords: Assembly; Design method; Family identification

Nomenclature
Nomenclature

1. Introduction
1. Introduction
𝑑𝑑
Pulley
diameter
[m]
1.𝑑𝑑 Introduction
of the product range and characteristics manufactured and/or
Pulley diameter [m]
𝐹𝐹0
Pre-tension of flat belt [N]
Flat belt
drives
are commonly
used
tomain
transfer
power
assembled
in this
system.
this context,
theto
challenge
in
𝐹𝐹0
Pre-tension of flat belt [N]
Flat belt
drives
are In
commonly
used
transfer
power
𝐹𝐹1Due
, 𝐹𝐹2 to
Flat the
belt tension
on
tight
and
slack
side
of
flat
belt
between
rotating
machine
elements.
Indirect
power
transfer
is
fast
development
in
the
domain
of
modelling
and
analysis
is
now
not
only
to
cope
with
single
𝐹𝐹1 , 𝐹𝐹2 Flat belt tension on tight and slack side of flat belt
between rotating machine elements. Indirect power transfer is
drive
[N]
considered
when
the
available
space
is
limited
or
when
the
communication
and an ongoing trend of digitization and
products,
a limited
product
rangespace
or existing
product
families,
drive [N]
considered
when the
available
is limited
or when
the
𝑀𝑀
Driving
pulley torqueenterprises
[Nm]
power
istotobe
beable
distributed
among
multiple
consumer.
Compared
digitalization,
manufacturing
are
facing
important
but
also
to
analyze
and
to
compare
products
to
define
𝑀𝑀
Driving pulley torque [Nm]
power is to be distributed among multiple consumer. Compared
𝑛𝑛
Motor
rotational
speed [rpm
= rev/min] a continuing
to alternatives,
such as
chain
or
gear drives,
belt drives
have
challenges
in today’s
market
environments:
new
product families.
It can
beor
observed
that classical
existing
𝑛𝑛
Motor
rotational
speed [rpm
= rev/min]
to alternatives,
such as
chain
gear drives,
belt drives
have
𝑃𝑃,
𝑃𝑃
Theoretical
transferred
power,
theoretical
maximum
advantages
such
as
low-noise,
shockand
vibration-damping
tendency
towards reduction of product development times and
product
families
function
of vibration-damping
clients or features.
𝑃𝑃, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
advantages
suchare
as regrouped
low-noise,inshockand
𝑚𝑚𝑚𝑚𝑚𝑚 Theoretical transferred power, theoretical maximum
power [W]
characteristics.
Additionally,
the simple,
loware
maintenance
and
shortenedtransferred
product
lifecycles.
In
addition,
there
is
an
increasing
However,
assembly
oriented
product
families
hardly to find.
transferred power [W]
characteristics. Additionally, the simple, low maintenance
and
𝑆𝑆
Belt
drive
slip
[-]
cost
effective
setup
as
well
as
their
high
energy
efficiency
of
up
demand
ofBelt
customization,
Oneffective
the product
products
differefficiency
mainly inoftwo
𝑆𝑆𝑑𝑑𝑑𝑑
drive slip [-] being at the same time in a global
cost
setupfamily
as welllevel,
as their
high energy
up
𝑣𝑣
Flat
belt
speed
[m/s]
to
98
%
[1],
makes
them
an
attractive
option.
Applications
span
competition
main
(i) the
number ofoption.
components
and (ii)span
the
𝑣𝑣
Flatwith
belt competitors
speed [m/s] all over the world. This trend,
to 98 characteristics:
% [1], makes them
an attractive
Applications
𝜔𝜔
Pulley
rotational
speed [rad/s]from macro to micro
industrial
machines,(e.g.
ventilation
systems
and accessory
drives in
which
is
inducing
the
development
type
of
components
mechanical,
electrical,
electronical).
𝜔𝜔
Pulley rotational speed [rad/s]
industrial machines, ventilation systems and accessory drives in
automotive
applications
[2]. High performance
variants
of flat
markets, results in diminished lot sizes due to augmenting
Classical applications
methodologies
mainly single
products
automotive
[2].considering
High performance
variants
of flat
product varieties (high-volume to low-volume production) [1].
or solitary, already existing product families analyze the
2212-8271
© 2020
Theaugmenting
Authors. Published
by Elsevier
B.V.
To
cope
with
this
variety
as
well
as
to
be
able
to
product
structure on a physical level (components level) which
2212-8271 © 2020 The Authors. Published by Elsevier B.V.
Peer-reviewpossible
under responsibility
of the scientific
committee
ofthe
the CIRP
Design Conference
2020.
identify
optimization
potentials
in
existing
causes
difficulties regarding an efficient definition and
Peer-review under responsibility of the scientific committee of the CIRP Design Conference 2020.
production system, it is important to have a precise knowledge
comparison of different product families. Addressing this
2212-8271 © 2020 The Authors. Published by Elsevier B.V.
This is an©open
article Published
under theby
CC
BY-NC-ND
2212-8271
2017access
The Authors.
Elsevier
B.V. license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Peer-review
under
responsibility
of scientific
the scientific
committee
theCIRP
CIRP
Design
Conference
2020
Peer-review
under
responsibility
of the
committee
of the of
28th
Design
Conference
2018.
10.1016/j.procir.2020.02.187

Varun Urundolil Kumaran et al. / Procedia CIRP 91 (2020) 356–361
Urundolil Kumaran et al./ Procedia CIRP 00 (2020) 000–000

2

belt drives transfer large power at belt speeds of up to 100 m/s
[3].
As flat belts transfer power based on friction, they are
subjected to wear. Hence they are expendable parts with a finite
lifetime. As these drives connect the source of power to the rest
of the machine, they are key elements. This demands longer
lasting power transmission flat belts, to decrease downtime due
to belt failure [4].
The most basic belt drive arrangement is called an open drive
where power is transferred from the source to the consumer via
the driving and driven pulley, as seen in Fig. 1. The flat belt
connects both pulleys, i.e. transfers the power. These pulley are
crowned to ensure the belt does not run off. As the belt is
charged based on friction, a fundamental requirement of flat
belt drives is that the flat belt is pre-tensioned. This ensures
minimal slack in the system and the buildup of sufficient
frictional force for successful power transmission. When power
is transferred between pulleys, the tension within the belt
varies. For modelling sake it is often assumed, that the tension
within the free spans does not vary [5]. The belt entering the
driving pulley has a higher belt tension than the belt exiting the
driving pulley. This tension mismatch is a consequence of the
torque applied to the pulley and therefore the belt.

Fig. 1. Schematic drawing of an open drive with two pulley of the same
diameter. The left pulley is driven and the right one is driving.

According to equilibrium considerations the belt tension in
the tight and slack side is calculated as [6]:
𝐹𝐹1,2 = 𝐹𝐹0 ±

𝑀𝑀
𝑑𝑑

(1)

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐹𝐹1 ⋅ 𝑣𝑣
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(4)

The power that can be transferred via belts is essentially
limitless. The belt elongation is restricted, but the maximal belt
force can be increased by increasing the belt width.
Alternatively, the belt speed can be raised. Both methods are
limited by technical limitations, such as the room required to
accommodate a wide belt, or shaft bearings that cannot cope
with the large shaft and bearing loads. Hence, there exists belts
with varying elongation stiffness therefore varying power
transmission capabilities per width. For comparison sake, here
the belt performance is measured by the specific power, i.e.
theoretical maximal transferable power per belt width
𝑝𝑝 [kW/mm].
The number of publications that have studied the flat belt
drive experimentally is limited. Firbank [7] used a particular
force transducer to measure the contact forces at low speed in
an open drive configuration. Palmer and Jarvis [8] used a
photoelastic coating technique to determine the strain in the free
spans of an open drive for belt speeds of up to 50 m/s. Kim et
al. [9] observed a linear change of the normal and tangential
contact forces along the contact arc of the belt-pulley contact
region using instrumented pulleys. The measurements were
conducted for low belt speeds of 0.03 m/s. Pietra and Timpone
[10] were the first to measure the tension force of a flat belt
through a complete rotation cycle of the belt in an open drive
setting using a strain gauge. The experiments were conducted
at low speeds of 0.1-0.15 m/s using crowned pulleys. Recently
Wu et al. [11] visually observed the belt-pulley contact for
cylindrical pulley and elastomer belts. For the test speed of
0.002 m/s no sliding was observed. The relative motion
between belt and pulley was based on local cyclic detachment
of the belt from the pulley in the contact region. Of the different
publications mentioned above, the maximum performance
metrics of the evaluated flat belt drives are summarized in Fig.
2. The red dashed rectangle represents todays capability of
typical high performance flat belts [12].

Where 𝐹𝐹1 and 𝐹𝐹2 represent the tension within the tight and
slack side of the belt, 𝐹𝐹0 the pre-tension, 𝑀𝑀 the applied torque
to the pulley and 𝑑𝑑 the pulley diameter. The maximal torque is
transferred when the difference between the tight and slack side
tension is maximized. The maximum permissible tension
within the belt is limited by the admissible belt elongation
which is specified for each belt type by the manufacturer. The
rotational speed 𝜔𝜔 of a pulley for a given pulley diameter 𝑑𝑑 and
belt speed 𝑣𝑣 is calculated as:
𝜔𝜔 =

2⋅𝑣𝑣
𝑑𝑑

(2)

The power 𝑃𝑃 transferred by a belt drive disregarding
mechanical losses is given by:
𝑃𝑃 = 𝑀𝑀 ⋅ 𝜔𝜔 = (𝐹𝐹1 − 𝐹𝐹2 ) ⋅ 𝑣𝑣

(3)

In the limit case where 𝐹𝐹1 is maximal and 𝐹𝐹2 minimal, i.e.
0 N, the theoretical maximum power 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 transferable by the
belt is given by:

Fig. 2. Maximum flat belt drive performance of test stands used in literature
shown as transferred power per belt width p and used belt speed v. The red
dashed rectangle represents today’s capability of typical high performance flat
belts. The red cross marks the maximum belt drive capability of the test stand
developed in this work.
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Evidently, there is a lack of experimental research in the area
of high performance flat belt drives. The newly developed test
stand addresses this gap, as indicated by the red cross in Fig. 2.
2. Specifications
High performance flat belts are typically used at belt speeds
above 30 m/s with the capability to transfer more than
2.5 kW/mm specific power. For the test stand the performance
requirements are defined as listed in Table 1.

3

The different design solutions for each aspect are
synthesized and evaluated using morphological analysis. For
example, in Fig. 3 the morphological field for the design of the
redirection pulley, as discussed in chapter 5.1, are presented
with visual representation of the 17 possible design solutions.
Considering 4 bearing principles this results in 68 theoretical
solutions which must be evaluated based on cost, space
requirement, complexity, performance and overall synergy.

Table 1. Summary of the performance requirements of the flat belt drive test
stand.
Specification

Value

Maximum belt tension

1500 N

Maximum belt width

40 mm

Maximum belt speed

50 m/s

This specification results in a conservatively estimated
maximum transferable power of 75 kW. For 20 mm and 40 mm
wide belts, this results in 3.75 kW/mm and 1.875 kW/mm of
specific transferable power.
In addition to the above mentioned performance
specifications, further design requirements were necessary:
 Powered driven and driving pulley, each with independent
control regarding speed and torque
 Force and displacement controlled tensioning of the flat
belt
 High flexibility concerning flat belt drive arrangements,
such as number of redirections and methods of power
transfer, e.g. tangential or omega drive
 Open data acquisition system to record permanently
attached and as-required additional sensor equipment
These conditions ensure high flexibility, such that high
performance flat belts can be examined in varied conditions and
in detail.
3. Design selection methodology
For the design of the test stand, key design aspects are
grouped in functional elements as follows:





Structure
Drives
Tensioning
Data acquisition and sensors

Different components are assigned to these design aspects.
The structure describes all components of the load-bearing and
functional structure of the test stand. The drives entail the
system that propels the driving and driven pulley including the
pulleys themselves. The system and its components which
enables the static and dynamic tensioning of the flat belt is
grouped in tensioning. All things regarding sensory equipment,
permanent or temporary, as well as the data acquisition itself
are outlined in data acquisition and sensors.

Fig. 3. Morphological field for the redirection pulley design, which results in
17 theoretical design solutions. The following components are represented in
color: pulley (light gray), axle (dark gray), shaft (white) and bearing (blue).

4. Design concept
4.1. Structure
In order to facilitate handling and transport, the overall
footprint of the test stand is based on the dimensions of a
europallet, i.e. 1200 mm by 800 mm. The width is a hard
boundary as well as the maximum height at 1800 mm, as it
ensures that the test stand will pass through a lab door.
In literature all belt drives test stands were oriented
vertically, i.e. the belt moved in the vertical plane. Here, a
horizontal orientation is chosen to ensure that gravity is acting
perpendicular to the plane of the belt drive. This facilitates the
tensioning of the belt and ensures increased accessibility and
observability of the belt drive. This accessibility consideration
limits the height above the ground at which the flat belt drive
itself has to be located between 800 mm and 1200 mm, such
that a sitting or standing operator can comfortably observe the
operational belt drive.
To ensure maximum flexibility in belt drive arrangement,
only the driving and driven pulley are permanently attached.
Additional redirection pulleys are detachable. As the belt needs
to be tensioned to fulfill its function, driving and driven pulley
are mounted to separate substructures with one degree of
freedom between them.
The drives are mounted to rectangular steel plates with
regularly arranged threaded holes. Thus, using screws
redirection pulleys as well as sensory equipment can be
mounted to the belt drive area. One plate is attached directly to
a steel tube sub-frame, whereas the second plate is attached to
the sub-frame using two linear roller guides. This enables the
plates to be in the same horizontal plane, with one being able
to move by 100 mm on linear rails to tension the belt.
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The steel tube sub-frame is mounted on top of a rectangular
extruded aluminum profile box structure, with an attached
rectangular structure, where all the drives, sensory equipment
and other additional equipment is housed. The built test stand
is shown in Fig. 4

359

4.3. Tensioning
The tensioning of the belt is realized using a single keyed
screw jack which is driven by a stepper motor. A spring loaded
break is attached to ensure that the screw jack is fully locked
when required. The jack is mounted between the fixed and
moveable plate with a force transducer inline between the two
plates. Therefore, the force acting parallel to the linear axis
between the two plates is measured. As long as the belt crosses
from one plate to the other parallel to the linear axis, the force
measured by the transducer is equal to the belt tension force
summed up for all crossings. A position encoder is used to
measure the relative distance between the two plates in
direction of the linear axis. Using the force and position
information the belt tension is adjusted to specified values
before and during experiments by a closed loop control. The
assembly is visible in Fig. 5 schematically.
4.4. Data acquisition and sensors

Fig. 4: CAD drawing of the final design for the test stand.

4.2. Drives
The propulsion system for the driving and driven pulley is
realized electrically. Two Phi-Power Phi-301 axial flux AC
electric motors are mounted underneath each steel plate using
a screwed aluminum frame. A steel shaft with a bearing
assembly is attached on top of the steel plate to which the pulley
is attached using taper system clamping bushes. The shaft goes
through the steel plate where it is connected to a torque sensor
and then to the electric motor using metal bellow couplings.
The torque sensor was required, as torque estimations based on
the motor current are not accurate enough. One motor is then
used as an electric generator to emulate a power consuming
driven pulley.
The motors are controlled by two separate Rinehart Motion
Systems RM100 inverters, both connected to a common
intermediate DC circuit. The DC power is supplied by a Delta
Elektronika SM15k bidirectional power source. The motors are
mechanically connected via the flat belt drive. Therefore power
transferred by the flat belt from the driving motor to the
generator is transferred back to the driving motor electrically
lowered by mechanical and electrical losses. Hence, the DC
power source only has to supply the losses.
The electric motor specifications are predominantly
governed by the pulley diameter. The required rotational speed
n is calculated as
𝑛𝑛 =

𝑣𝑣⋅60
𝜋𝜋⋅𝑑𝑑

.

(5)

The admissible diameter range for driving and driven pulleys
is specified between 120 and 250 mm. This results in a
maximum motor speed requirement of 8000 rpm.

The data acquisition (DAQ) and control strategy was
governed by the need for flexibility in implementing different
sensors and experiments as well as robustness as ultimately
long-term experiments have to be conducted to assess the
lifetime of flat belts. Hence, the I/O and control tasks were split
from the data logging tasks as shown in Fig. 5. A National
Instruments cRIO system interfaces with the sensors as well as
the driven elements. This ensures all measurements are in sync,
and the FPGA ensures robustness and reliability for long term
investigations. A host PC is only used to configure the Labview
based experimental control, and save all the measured data
from the test stand. The modular I/O of the cRIO ensures, that
next to the permanently installed sensors, additional sensors asrequired can interface optimally with the same DAQ in sync.
Thermocouples, laser pyrometer as well as laser vibrometer are
to be used to further investigate the power transmission
mechanics of flat belts.

Fig. 5: Schematic drawing of the test stand, with data acquisition and control
strategy visualised.
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5. Design challenges
5.1. Redirection pulley
To replicate different belt drive arrangements, redirection
pulleys are required. Additionally, the number and extend of
the bending action of the belt can be increased using redirection
pulleys, which is essential to investigate the influence on belt
mechanics as well as the lifetime. The measure of the bending
is directly proportional to the pulley radius. Decreasing the
pulley radius results in tighter bends which strains the flat belt
more. By increasing the number of redirections, the number of
bending cycles the belt experiences within a timeframe is
increased, which can accelerate the lifetime investigations.
The redirection pulley has to fit within a cube of 200 x 200
x 125 mm, such that sufficient redirection pulleys can be
mounted on the test stand. The minimal redirection pulley
diameter was specified at 20 mm. For a maximum belt speed
of 50 m/s this results in 47’747 rpm rotation speed of the
pulley. The most severe loading of the pulley and consequently
the underlying structure is given for a wrap angle of 180 °. In
that case the radial load on the pulley is twice the acting belt
tension, i.e. 3 kN for the given specifications.
As seen in Fig. 3 using morphological analysis 17 different
structural designs were generated. Where different
combination of bearing arrangement, bearing element, and
geometric layout are generated. 4 bearing methods: rolling
bearings, air bearings, fluid bearings and magnetic bearings,
were considered to cope with the loading scenario. Of the
resulting 68 theoretical solutions none could cope with the load
within the given boundary conditions and guarantee a three
month lifetime of the redirection pulley under continuous
operation. Aerostatic bearings, cannot cope with the radial
forces and the high rotation speed, aerodynamic bearings
require custom made solutions and do not possess bearing
capabilities at low speed. Fluid bearings cannot cope with the
high rotational speed due the excessive shear friction within the
medium. Magnetic bearings can cope with the loads, but not
within the spatial boundary, are costly and require large amount
of power. Rolling bearings, specifically spindle bearings can
cope with the load and fit within the given space requirements,
solely the lifetime of said bearings under these conditions is
severely limited. Hence it is impossible to economically solve
this engineering task, and compromises are required.
Such economically compromises were developed for roller
bearing and air bearing and are summarized in in Fig. 6, where
𝐹𝐹𝑅𝑅 [N] represents the radial loading force. The two roller
bearing solutions which achieve 50’000 rpm are unattractive,
as one requires elastically preloaded bearings and is
consequently very costly in manufacturing and the other
bearing type has never been manufactured, i.e. is untested. The
air bearing solutions show two extreme compromises: either
large radial forces, or large rotation speed. Both are
unattractive, as either the lifetime tests will take excessively
longer, or the belt loading is too small to replicate realistic
conditions. Hence, only a combined combination is an option,
as indicated by the blue circle in Fig. 6. The spindle bearing
based solution is selected as it is the simpler and cheaper option
to implement and test. The chosen redirection pulleys can

Fig. 6: Economically viable compromise solutions for redirection pulleys
compared to the initial goal. The most promising compromises are encircled
in blue.

sustain 1250 N of radial force at 25000 rpm and guarantee a life
time of three months of continuous operation.
5.2. Linear axis friction
The flat belt tension is measured as the compressive force
between the stationary and the moveable threaded steel plate as
a result of a tensioned flat belt. As the moveable steel plate is
mounted to linear roller guides, the rolling friction between the
rollers and the guide influences the measured force.
Furthermore, the motor mounted to the moveable plate requires
cooling, power and data connections, which all have a relevant
bending stiffness. Hence, as the plate moves during tensioning
of the belt, the connections act as springs which directly
influences the belt force measured by the force transducer in
line with the linear axis.
The friction of the linear guide rollers was minimized by
applying lubrication as well as optimizing the wipers of the
linear guides. Additionally the substructure was adjusted to be
square and parallel to the linear guide rollers as to minimize
additional friction due to misalignment of the linear guides.
Decoupling the cooling and power connections from the
moveable plate was not feasible. But as the influence is
comparable to a spring it is repeatable. Furthermore, the
friction influence is also repeatable. Hence a calibration cycle
was implemented to characterize the force required to move the
plate without a belt as a function of the absolute position of the
moveable plate measured by the position encoder. This
measured force-position curve, was subsequently used to
compensate the force measured during tensioning of the belt,
so as to isolate the belt tension force.
The force required to move the plate apart by 50 mm without
the belt mounted was measured as 29.91±5.56 N. Once the
calibration cycle was implemented, the same movement
measured -0.64±4.28 N in force. Hence, the absolute
measurement error could be minimized and the sensor specific
uncertainty remains.
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6. Preliminary results

7. Conclusion.

Preliminary experiments were conducted to demonstrate the
test stand performance. An open drive with two 125 mm
diameter pulleys and a 20 mm wide flat belt was implemented.
At belt speed of 10 m/s, 1.6 kW were transferred. The pretension of the flat belt was varied to observe its influence on
the slip behaviour. The slip behaviour is characterised as the
belt drive slip as

There exists minimal experimental investigation of high
performance flat belt drives concerning their mechanics and
lifetime. In this work a test stand is designed and build capable
of promoting such research under real-life conditions. The final
design was guided by morphological analysis. Various design
challenges were presented and in the case of small-diameter
pulleys restrictions were required. For the investigation of belt
mechanics in high performance flat belt drives a promising and
upgradable test stand was achieved. A preliminary experiment
demonstrated the capabilities of the test stand and existing
limitations with currently used models. Model-supported
experimental investigation into the power transmission of flat
belt drives, will deepen the detailed mechanical understanding
of the loading mechanisms within the belt drive. Which,
subsequently will inform the identification of the lifetime
limiting factors. This enables the targeted design of
experiments, i.e. combination of belt speed, redirection pulley
diameter, temperature, etc…, to accelerated experimental
lifetime assessments.

𝑆𝑆𝑑𝑑 = 1 −

𝜔𝜔2
𝜔𝜔1

,

(6)

where 𝜔𝜔1 is the angular velocity of the driving and 𝜔𝜔2 the
angular velocity of the driven pulley. The preliminary results
of the experiments are presented in Fig. 7.
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