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Abstract New concepts for an impact actuated micro
shift valve are presented which are useful e.g. as im-
plant for the hydrocephalus disease. Such an implant
must fulfil requirements, such as using biocompatible
materials, a separation of the actuator from the fluid,
MRT safety and low energy consumption in order to al-
low a battery powered system. The concepts are based
on impacts that transmit an impulse into the interior of
the valve through the casing, switching the valve. In or-
der to predict the energy transmitted into the valve, an
elastic multibody model is created, verified with full fi-
nite element simulations and experiments on scaled-up
models. Using this model, the most important effects
and parameters are discussed. Also, fluid effects are in-
cluded into the elastic multibody model for a qualitative
assessment of its influence on the efficiency. The simu-
lations are compared to experiments performed with a
scaled model for two different cases. Two designs of a
shift valve based on impact actuation are built as pro-
totypes and tested.
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1 Introduction

In many technical devices or systems shift valves are
used to control the fluid flow. Due to the multiple ap-
plications, they can be found in many areas of indus-
try and everyday life, such as air conditioning systems,
drinking water systems, cooling circuits of machines or
household appliances. One important aspect for some
applications of shift valves is media separation, mean-
ing that there is no contact between the environment
and the fluid within the valve. This is important, e.g. in
cases where purity demands for the media are extreme
or the fluid is harmful. State-of-the-art shift valves with
media separation usually contain deformable membranes
which either block or enable the flow. Hereby the actua-
tion of the membrane often is done by a solenoid. When
using a solenoid as an actuator for a membrane valve
one faces the disadvantage that the membrane keeps the
deformed state only if energy is supplied to the system.

A very special application for shift valves is the ther-
apy of the hydrocephalus disease. Hereby, an implanted
shift valve is used as a shunt that drains off the excessive
cerebrospinal fluid from the ventricular system of the
patient. Today passive shunt valves are available whose
opening characteristics are controlled by the static pres-
sure in the ventricular system and, therefore, cannot be
shifted from outside. Yet this option to actively shift
the valve should open new therapy and diagnosis op-
tions for the hydrocephalus disease. Additional to the
above mentioned media separation in this application,
the MRT-safety of the valve is required, meaning that
no ferromagnetic material is allowed in the shift valve,
as this would execute a harmful force on the tissue when
exposed to the strong magnetic fields in an MRT appa-
ratus.

A new concept is presented in the following based on
impact actuation, especially meeting the requirements
of an implantable, actively shiftable valve. However, it
can also be used in other applications. The successful
design of such a valve depends on a deeper understand-



ing of the parameters and effects occurring during im-
pact. Therefore an elastic multibody model is created
capable of capturing the most important effects. This
model is validated by experiments and verified by full fi-
nite element simulations on a scaled-up model. It is also
extended to include fluid effects such as the squeeze-film
effect. The gained understanding of impacts is used to
create two designs which are not only simulated, but
also tested with demonstrators.

2 Concepts for an impact actuated shift valve

During the investigations made to understand the shift-
ing process and the impact, different valve designs were
made. The principle of the valve and the boundary con-
ditions for the development are listed at first. Differ-
ent impact actuators that might be used are explained
briefly. Some of the analysed designs are introduced
here which hopefully makes it easier to understand the
following simulation models and experiments.

2.1 Principle of operation

The proposed concept of a shift valve with separated
media is based on a body inside the valve which can be
in two distinct positions. One allowing fluid flow and
one blocking the fluid flow as depicted in Fig. [1] It is
the basic idea to transmit energy by an impulse wave
or deformation from actuators ('open’ and ’close’) into
the valve chamber to the sphere which will switch its
position. A spring in the valve chamber prevents the
sphere from an unintended shifting. On the other hand,
the spring must not be too stiff, so that shifting is not
impaired.

valve chamber

actuator
”close”

actuator
’70pen7,

outlet
Fig. 1 Concept of the shift valve

Besides showing media separation, this valve con-
cept has the following advantages:

— All parts of the valve that come into contact with the
fluid can be made of inert materials such as stain-
less steel, titanium or plastic material that do not
show harmful interactions with the fluid. In partic-
ular the materials can be chosen with respect to the
requirement of the above mentioned MRT safety.

— The characteristics of the impact actuation allows
the overcoming of breakaway effects of the sphere
as it provides the biggest force on the sphere at the
beginning of its movement.

— As for the bistable shifting the actuation units need
to be provided with energy only to initiate the shift-
ing. After being shifted the valve doesn’t consume
energy which leads to a very energy efficient be-
haviour especially for applications where the state
of the valve is to be maintained for a long time.

— Nearly all types of impact actuators can be used to
initiate the shifting of the valve. Piezoelectic actu-
ators are possible as well as hydraulic, electromag-
netic, pneumatic or even manually powered actua-
tors. By this a very modular set-up of the valve is
reached which even gives the possibility to establish
the valve chamber as a disposable part which is re-
versibly placed between two impact actuators and is
discarded after a certain period of usage.

2.2 Impact actuators

With respect to the requirement of MRT safety for an
implantable device, two different piezoelectric actuators
were investigated as they contain no ferromagnetic ma-
terials. Besides this, an electromagnetic impact actua-
tor with a lift magnet was investigated as a possible
actuator for many other applications. This type of ac-
tuator is suitable for most industrial applications, as it
is available at relatively low cost and also has no special
requirements concerning the electronics.

As usual in active implants, the required high volt-
age for the piezoelectric actuators (about 150 Volts) has
to be generated from a battery. This leads to an electric
circuit with a step-up converter, which however, has big
differences for the two different types of piezo actuators.

2.2.1 Piezo stack actuator

The impact with a piezo stack actuator is performed by
abruptly applying a high voltage to the piezoceramics
that leads to a very fast elongation of the piezo stack.
The biggest advantage of this type of actuator is the
high potential for miniaturisation and a high energy
density. Yet, because of the very small strokes that are
in the micrometer range the adaptation to a valve set-
up is very critical, as no geometrical tolerances from
the fabrication and assembly process can be compen-
sated. Furthermore, the electrical control of the actu-
ator has to provide the driving voltage of the piezo



stack actuator before applying it which requires a well-
dimensioned buffer capacitor within the electrical con-
trol. A schematic view of the control circuit is shown in

Fig. 2
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Fig. 2 Schematic view of the control circuit for a piezo stack
actuator

2.2.2 Piezo bending actuator

Compared to a piezo stack actuator, the piezo bending
actuator can be driven with a much simpler electrical
circuit as it can directly be used as the high-voltage ca-
pacitor in the step-up circuit that transforms the supply
voltage of the battery. During the high-voltage gener-
ation, the piezo bending actuator increasingly deflects
until the required high voltage is reached. Then, the
stored electric charge is discharged via a resistor with a
time constant that is shorter than the mechanical time
constant of the deflected bending actuator. This allows
the piezo bending actuator to swing back unimpeded.
When reaching the straight position, the bending actu-
ator has its highest velocity and performs an impact to
the wall of the valve chamber. As the velocity does not
decrease too much near the straight position, this set-
up is able to compensate assembly tolerance in a quite
wide range. A schematic view of the control circuit for
the piezo bending actuator is shown in Fig.

clocked
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step up converter

discharge unit

Fig. 3 Schematic view of the control circuit for a piezo bending
actuator

Compared to the piezo stack actuator, the piezo
bending actuator is the preferred alternative for an im-
plantable shift valve with impact actuation.

2.3 Design of the valve chamber

As can be seen in Fig. [T} the sphere in the valve is in
a statically overdetermined position when closing the
outlet of the valve. According to this, it is hardly pos-
sible that the sphere is in proper contact to the wall of
the valve chamber where the impact transmission takes
place and at the same time perfectly seals the outlet of
the valve because of the geometrical tolerances of the
components of the valve.

To overcome this problem, a detailed analysis of the
valve design was performed by Fritz [4]. The basic idea
of this analysis was to define different subfunctions of
the valve, to find possible solutions for each subfunction
and to combine selected solutions to an overall design
concept. The results were partially used also in Fritz
and Fischer [5]. Two designs are chosen and presented
here.

2.8.1 Valve design with a rocker element

Figure [f] shows a cross-sectional view of a shift valve
with a rocker element. In this design, the subfunctions
’sealing of the valve outlet’ and ’transmission of the
impact energy’ are distributed to two functional parts
within the valve chamber. The impact energy is trans-
mitted to the sphere which again is fixed in two distinct
positions by a spring. When shifting the position, the
sphere tilts the rocker element and thereby opens or
closes the fluidic path through the valve chamber. Pos-
sible geometrical tolerances only lead to a slight mis-
alignment of the contact point of the sphere at the wall
of the valve in vertical direction.

—H

inlet
piezo
bending
actuator
spring |
N plunger
sphere
rocker
outlet

—

Fig. 4 Cross sectional view of the valve design with a rocker
element

Besides the advantageous separation of functions,
this valve design also has the following benefits:



— The part of the valve chamber’s wall, where the im-
pact energy is transmissed can be designed and opti-
mized widely independent from the rest of the valve.
In particular it can be a thin membrane that is in-
serted into the valve body.

— The set-up of the whole valve can be realized in a
modular way as shown in the exploded view of the
valve in Fig.[5] Thereby it has to be considered that
the overall dimensions of the shown model (34 x
17x 11.7mm?) are much bigger than necessary. This
is because the set-up was designed as a functional
demonstrator where the different components of the
valve and the actuation units can be changed easily
and are connected with screws. Besides this demon-
strator, a miniaturized set-up was investigated with
overall dimensions of the valve chamber of only 4.2 x

8 x 8mm?3.
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Fig. 5 Exploded view of the valve design with a rocker element

2.3.2 Design with flexible mounted seal seat

This concept is an advancement of shift valves with in-
serted seal seats into the valve body, as depicted in
Fig. [6] Both seal seats are part of an island which is
flexible connected by a membrane with the shift valve
body. The advantages of this concept are better flushing
due to smallest dead spots, the potential to work with
only one actuator and its modular set-up, because of
splitting the system into a reusable drive and a dispos-
able shift element. This combined with injection mould-
ing as a process of manufacture for the shift element
promises a cost-effective system. The switching element
(a sphere) is provided in one of both seats that are con-
ical in shape with an angle of aperture v and an angle «
compared to the horizontal line. The sphere is pushed
into one of the seats by a spring and seals it. Below

the island and at the outside of the valve is a lift mag-
net actuator. Both angles v and «, together with the
spring force and its pre-load, were optimised for a de-
fined take-off speed of the sphere that can be controlled
by the supply voltage of the lift magnet actuator. The
impulse of the actuator results in a motion of the sphere
with initial angle 8 of the sphere based on the theory
of slate-throwing.

7 ——— seal seat
U&L\ 200 pm membrane
~ lift magnet

Fig. 6 Cross section of the shift valve design
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3 Multibody model for the impact and
experimental verification

The most important part in the simulation of this sys-
tem is the impact and the impulse transmission through
the casing of the valve. To achieve an understanding of
the impact behaviour and the parameters influencing
it, a flexible and fast model which also allows optimisa-
tions and parameter studies must be created. Usually,
detailed analyses of impact are done with finite element
simulations, allowing complex models of the geometry,
contact and material properties. However, these models
require long times in order to recreate reliable meshes
each time the geometry is modified. Furthermore, the
simulation of 2D or even 3D transient contact simula-
tion takes a lot of computational time. This is why a
simpler model is developed in this section. Elastic multi-
body systems allow us to reduce the model complexity
and simulation time without sacrificing accuracy too
much. These models were partially introduced by Eber-
hard and Fischer [2].

In this work, finite element simulations are only used
to validate the simplified models and whenever the ge-
ometry is more complex requiring a 3D FE simulation.
The model used for the simulations is shown in Fig.
[l The impact, being the beginning of a shift process
is modelled using two sphere-like bodies and a circular
plate.
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Fig. 7 Model for impact simulations

The outer body has the initial velocity wv,g. The
simplification of the actuator as a sphere with initial
velocity is chosen in order to separate the impact pro-
cess from additional effects of piezo stack actuators and
piezo bending transducers. There are two contacts at
the same time, one between the outer body and the
plate and the other between the plate and the body in-
side the valve chamber. The most significant result of
the simulation is the energy transmitted from the outer
body to the inner body, defined as the efficiency

T. 2
n= ot =i (1)
00 Moy

This efficiency is the ratio of kinetic energy T of the
colliding bodies with mass m and velocity v. The sub-
script denotes the state just before impact (0) and after
impact (1). This ratio is very sensitive to the velocities,
which means that the contact must be modelled in a
detailed manner. It will be shown that the full 3D finite
element model is not necessary to capture the relevant
effects and a simpler model gives high accuracy when-
ever the bodies consist of the two spheres and a plate.

But first, the effects are discussed which can be ex-
pected in impact processes which are highly dynamic.
The most important effect is the elastic deformation of
the impacting bodies. We separate it into two different
parts. First, the global deformations like vibrations or
wave propagation within the bodies and second, the lo-
cal deformations in the contact region. Typically, the
local elastic deformations do not dissipate energy but
vibration and wave propagation are the key to capture
dissipation because this energy remains in the bodies
after the impact. The local deformations are influenced
by all sorts of effects which are not captured in stan-
dard linear elasticity which is also used in the Hertzian
contact law, see Goldsmith [6] and Szabé [13].

Plastic deformations occur almost always due to the
small area of impact and are specifically important if
multiple plastic impacts occur at the same location.
As a further complication, due to the high speed and
high strain rate ¢, nonlinear material effects like visco-
plasticity must be considered too, if plasticity is mod-
elled. See Minamoto et al [9] for a detailed analysis of
these effects. Typically, the difference between elastic
and plastic simulations are especially large for the first
few impacts. After several impacts, less plastic defor-
mations occur because the impact area gets larger and
the stresses are therefore reduced.

Global effects like vibrations and wave transmission
are very important for bodies where the periods of the
eigenfrequencies are longer than the contact time. If
waves are reflected back and forth multiple times dur-
ing contact, the bodies are in a quasi-static state, see
Goldsmith [6]. Especially, spheres fall in this category,
which means that they can be modelled as rigid bodies.
Elastic bodies can describe wave effects, if the model is
detailed enough to capture the waves.

We will model the contact with an elastic plate using
axisymmetric plate elements with different numbers of
degrees of freedom and the Hertzian contact law. This
model is set up and simulated using the numerical li-
brary SciPy [8] and the symbolical library SymPy [12].
The reference solution for the simulations is an explicit
finite element simulation using Abaqus. An easier ap-
proach for modelling impact in multibody systems is
the use of the coefficient of restitution which is based on
assumptions about the expected impulse losses. Using
this coefficient, the Hertzian contact law is often modi-
fied to incorporate these assumed losses. This does not
seem to be useful here, because the losses are the result
of the simulation and therefore unknown.

3.1 Multibody model with elastic plate and Hertzian
contact

As already motivated, a simplified elastic multibody
model is used primarily to model the contact of three
colliding bodies. It consists of three bodies, an outer
body, modelled as a point mass, or an elastic beam with
attached point mass. The second body is a circular plate
and inside the valve is another point mass. This model
is sketched in Fig. [§

outside

Hertz

| inside

Fig. 8 Axisymmetric elastic multibody model with Hertzian
contact and axisymmetric finite plate elements

The elastic plate is modelled with plate finite ele-
ments proposed by Zienkiewicz et al [I4]. The mass ma-
trix is implemented according to Hinton [7]. The result-
ing linear system for the plate is transformed to modal
coordinates. This gives the advantage of much faster
time integration and the possibility to perform a modal
reduction by transforming the model to a subspace of
the modal coordinates. Basically, high frequency eigen-
modes are assumed to be negligible. By doing that, the



time integration is even faster and the influence of the
number of eigenmodes can be studied. This is partic-
ularly important here because by doing that, the in-
fluence of different number of modes can be investi-
gated. This approach of using a modal model for the
global behaviour and a local contact force law such as
the Hertzian law for the local behaviour is described in
Seifried et al [1I] and Seifried [I0]. However, the trans-
formation to modal coordinates is not the only possibil-
ity. In Fehr and Eberhard [3] more powerful methods for
transformation are presented. By using such methods,
the number of ansatz functions can be decreased.

As replacement for the outer point mass, an elastic
beam with attached point mass can be selected. Mate-
rial damping can be considered for the plate by using
modal damping. Additionally, in Section[3.5]a model for
squeeze-film flow is introduced which can be activated
if needed.

3.2 Finite Element Model

The reference solution is computed with the commercial
finite element program Abaqus. The simulation is an ex-
plicit dynamic simulation, using a linear elements and
a linear elastic material model. The axisymmetric mod-
els are set up with axisymmetric elements which simpli-
fies meshing with quadrilaterals and allows high-quality
meshes. Three-dimensional meshes are only used when
necessary and the mesh is created with tetrahedral ele-
ments.

T 1380 MPa

_—330MPa

Fig. 9 Example of a mesh and the resulting stress distribution

The elements have linear geometry and linear ansatz
functions. The contact is modelled using the kinematic

the master and slave nodes eliminating the penetration.
This is very accurate compared to traditional penalty
approaches, where the penalty factor must be chosen,
and typically leads to very stiff systems with increased
computational time. The mesh is refined in the con-
tact region so that approximately 10 to 15 elements
are across the contact radius which gives according to
Seifried et al [I1] and Seifried [10] sufficiently accurate
results. A typical mesh with the stress distribution is
shown in Fig. [0 In order to capture wave effects, the
largest elements must be small enough to capture wave
effects by discretising expected waves with at least 20
elements along the wavelength.

It is the primary goal of this model to verify the
simpler elastic multibody model and simulate 3D mod-
els with complex geometry which cannot be simulated
with the elastic multibody model.

3.3 Comparison of the multibody model and the finite
element model

The multibody model is compared to the full transient
finite element (FE) simulation. This allows to deter-
mine the accuracy of the multibody model compared
to the full FE simulation, which has fewer simplifica-
tions. The simulations are later also compared to exper-
iments, where it is better to use larger models which are
easier to handle and give more accurate results. That is
why the simulation models are also compared using this
scaled-up model. To get a scaled-up model, the plate is
scaled such that it has the same R/t ratio. The spheres
are scaled such that the resulting contact time has the
same ratio to the period of the first eigenfrequency. The
material for all bodies is steel with density 7780 kg/m?,
Young’s modulus 210 GPa and Poisson ratio 0.3. The
material and geometrical data of the chosen model are
summarized in Table[T]for two different sphere radii and
their respective initial velocity.

Table 1 Geometrical data and initial condition of the scaled
model

outer sphere plate inner sphere

+ Tmm] 635/10 33 635/ 10
t [mm] - 2 -
vo [mmfs]  -437 / -550 0 0

Some simulation results are shown in Fig. for
the sphere with 10 mm radius. The three figures have
the same time-scale and show the displacement, veloc-
ity and contact force for three different simulations for

master-slave contact algorithm provided by Abaqus. This all three bodies. A reference simulation is performed
contact algorithm prevents penetration by using a predictoby the finite element model and two multibody simu-

corrector method. The kinematic state of the model is
advanced in the predictor phase ignoring contact. Af-
ter that, the corrector part applies an acceleration to

lations with different degrees of freedom for the plate.
Model A has only one degree of freedom using the first
eigenfunction of the fixed circular plate. Model B uses



the first 16 eigenfunctions of the plate which suffices
to represent the behaviour of the finite plate elements
with very little error. On the first glance, it is appar-
ent that model B is in good agreement with the FEM
and model A is obviously too simple. The resulting ef-
ficiencies as defined in Eq. are displayed in the grey
boxes. Again, it is clear that model B and the FEM are
in good agreement but model A is not good enough.
However, it already represents the very basic effects,
showing that the first eigenfrequency plays a very im-
portant role. From now on, we will only refer to the
multibody model with a sufficient number of eigenfunc-
tions for the plate - model B. The velocity curve of the
FE simulation, compared to the multibody model, con-
tains high-frequency oscillations which are not damped
in the explicit FE solver.

A more detailed investigation shows that the multi-
body model has a slightly longer contact time and lower
contact forces. These differences are caused by the stiff-
ness of the plate in longitudinal (thickness) direction,
being neglected in the plate elements used in the elastic
multibody model. This influences the stress distribution
of the Hertzian contact law which assumes an infinite
half space. In Fig. [9] the problem can be seen clearly.
The stress between the two contact points is not zero;
therefore, the stress distributions influence each other.
The assumption in the Hertzian law would require zero
stress between the contact points.

The stresses occurring in the simulation models are
well above yield, so that plastic deformations occur.
FElastic, ideal-plastic behaviour is not precise enough
due to the extremely high strain rate é. Therefore, the
material must be modelled visco-plastic. Further, mul-
tiple contacts occur which lead to an effect called shake-
down which basically deforms the colliding bodies plas-
tically during each impact until the geometry has changed
enough, so that the stress is below yield and the impact
is elastic again. Simulations with plastic material be-
haviour also show these effects. However, detailed ma-
terial parameters for different strain rates are required
to compare the results with experiments.

3.4 Comparison with experiments

In computational models, simplifications are necessary
and useful to reduce the model complexity. However,
the assumptions must be verified. So it is good prac-
tice to compare simulations to experiments wherever
possible. An experimental set-up is used similar to the
set-up used by Seifried et al [IT] which is based on laser
Doppler vibrometers (LDVs) to measure displacements
and velocities at high frequencies (f < 100kHz).

3.4.1 Experimental set-up

The set-up is shown in Fig. [[1] with the plate and the
release mechanism. The two LDVs are mounted to the

0 ~ 1 = T T . T
5 N “« inner sphere
— T X Nt )
g A Q.
.3‘. _10 ~ s ~ - S n
- . BNNY
g 15 S . \\\ -
E a0l S =
Q - — -
K Xs
S -+ model A plate
0 - - model B i
. rlno ¢ outer sphere
0.00 0.02 0.04 0.06 0.08 0.10
200 F T T T T
100 L inner sphere
g 0
—100
£
. —200
3
g —300
S —400 L
—500 o
outer sphere
—600 ' ' !
0.00 0.02 0.04 0.06 0.08 0.10
500 . e . .
. A y A
. 400 - —ZN\ [nrem = 0.694]]
= / v\ [ma =0.614
Ss00f o L7 TN\ e = 0689
\ .
"‘9 ! /4 7 4 NN v
- - \}
c20r- '/ /N ' \ .
g /
g ! 71 \ \ L
o] 74 v
© 100 + ¢ ‘ . \ \ -
- outside . \
AR lnSIdIe I N ==

O -~
0.00 0.02 0.04 0.06 0.08 0.10
time [ms]

Fig. 10 Comparison between the finite element model and the
multibody models with (A) 1 eigenfunction and (B) 16 eigen-
functions

left and right, aiming at the spheres. The plate which
is ideally clamped in the simulation is mounted on an
aluminium frame in the centre. The two spheres are sus-
pended by thin high-modulus polyethylene wires which
are connected to the spheres by small copper plates
squeezed on them. The sphere which represents the ac-
tuation of the valve is released by a flap which is re-
leased by an electromagnet. For lower velocities, a dif-
ferent mechanism is used. A Venturi tube is used here
to create a low pressure, which draws the sphere to a
seal on a thin pipe. It is released by stopping the air
flow through the Venturi tube.



Fig. 11 Test-bed for experimental verification

The LDVs measuring the displacements and veloci-
ties are made by Polytec GmbH. One LDV is placed on
the outside, measuring the sphere at the impact. This
means that this sphere moves into the laser beam just
before impact. The second LDV is placed on the oppo-
site side which represents the interior of the valve, also
measuring the centre of the sphere. Using both LDVs
gives a displacement signal and a velocity signal for each
sphere.

8.4.2 Ezxperimental results

The simulated impact and the measured signals are
shown in Fig. [[2] The measured displacement signals
are aligned in vertical direction to match the simula-
tion results at ¢ = 0. We can see that it shows similar
behaviour but the contact duration and the velocities
after contact differ slightly.

The efficiency as defined in Eq. for repeated im-
pacts on the new and unused plates is not constant,
see Fig. [[3] The efficiency for sphere radii » = 10 mm
is much lower at the first impact and increases with
each additional impact until the steady-state efficiency
7 is reached. The reason for that effect are permanent
changes which are caused by plastic deformations. This
effect is studied in detail in Minamoto et al [9] where the
same behaviour occurs. Normally, impacts with plastic
deformation have a lower coefficient of restitution and
therefore also a lower efficiency. So it is correct that the
predicted efficiency in the finite element simulation with
69% is higher than the first data point. The steady-state
efficiency 7 is typically much closer to the predicted ef-
ficiency with linear elasticity since the deformation is
elastic again. Often, it is even higher because the new
deformed geometry has a higher contact radius, leading
to higher efficiencies as it will be presented in Section
4. 2.0l

The second case with sphere radius » = 6.35 mm has
less accurate measurements due to the smaller sphere
and the different release mechanism which was used to
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Fig. 12 Comparison of the FEM simulation and the experi-
ment

get a lower velocity. Plastic deformations also occur here
but slightly less due to the lower impact velocity. The
first data points also show an increase in efficiency as
expected. Here, the simulated efficiency with 39% is be-
low the steady-state results of the experiments.

The higher variation of the points might be that the
impact point is not always exactly the same, so that
some of them are again influenced by plastic deforma-
tions.
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Fig. 13 Efficiency of multiple impacts for the two cases with
r = 10 mm spheres (black dot) and r = 6.35 mm spheres (blue
Cross).



There are several reasons why the experiments differ
slightly from the simulation, although a lot of care is
spent in all adjustments.

— The plate can not be clamped ideally in the experi-
ments so that there is a vibration of the whole alu-
minum frame.

— The plate is not hit exactly in the centre.

— The alignment of the spheres is not exactly perpen-
dicular to the plate, so the impact is not exactly
central.

— The suspension of the spheres certainly has an in-
fluence on the movement of the spheres.

3.5 Adding fluid flow effects to the multibody model

In most applications of shift valves, the medium in the
valve is a liquid. Therefore, the effects of a liquid in the
valve must be considered in the simulation models too.
The effects that are investigated are the flow resistance
of moving spheres, the squeeze-film effect and the fluid-
added mass.

8.5.1 Flow resistance of spheres

The most obvious effect of a fluid is the flow resistance
of spheres in fluid flow. Here, this is inverted, during
switching the sphere moves through the fluid. The typ-
ical equation for flow resistance is given by

F = cwpU%R (2)

which contains a shape-dependent factor cyw, the den-
sity p and the undisturbed velocity U,,. Equation is
based on the assumption that there is only a free undis-
turbed flow around the considered body, which does not
hold when there is a casing, where a rather complex flow
takes place. Using some assumptions for material prop-
erties and shape factor, we can determine that these
forces are very small compared to other effects during
impact. After impact also only a slight decrease in ve-
locity can be expected.

8.5.2 Simulation of squeeze-film flow

A much more important effect takes place in the gap
between the sphere in the valve and the casing where
the fluid is either squeezed out or sucked in. This ef-
fect is known as the squeeze-film effect which leads to
high pressures in case of small gaps and high velocities.
These pressures can even exceed the yield stress of steel.
Therefore, a flow model for the squeeze-film flow is im-
plemented according to the modified Reynolds equation
for axisymmetric problems

0 (rh3dp oh

This equation is derived for generalized Newtonian flu-
ids in Chu et al [I]. It depends on the radius r, pressure
p, viscosity p and gap h. The problem is axially sym-
metric and is reduced to one dimension by an analytic
integration over the gap. This equation is solved by fi-
nite differences for each timestep. The solution gives a
pressure field between the plate and the inner sphere
depending on the gap height and the relative velocity.
This pressure field is integrated over the surface which
gives the force required for the next time step in the
multibody simulation.

When the gap becomes zero, which is possible nu-
merically, there are some parts where the bodies touch
and some where there is fluid in between. Also, the pres-
sure goes to infinity with gap height approaching zero.
In cases where the bodies have an area with overlap,
the geometry of the fluid domain is adjusted. When the
gap becomes very small, a lot of new effects get impor-
tant and the validity of Eq. is limited. Furthermore,
the solution with exactly zero gap is with this model
almost arbitrarily dependent on the discretisation and
time step size in the simulation. In reality, each sur-
face has a roughness, so that there will most likely be
some residual fluid in-between. This problem is fixed by
introducing a minimal gap of 0.25 um

h* = h
0.25 pm

This small value is a typical roughness of high quality
steel surfaces, in order to cover the smoothing effect of
plastic deformations by successive impacts.

if h > 0.25 um ,

4
if0<h<0.25um. (4)

3.5.8 Fluid-added mass effect

It is known that elastic bodies submerged in fluids change
their eigenfrequencies due to the interaction with the
fluid. Our problem at hand is sensitive to eigenfrequen-
cies; therefore, this effect must be investigated. Due to
the motion of the plate, the fluid also must move which
firstly increases the damping and secondly acts similar
as if the mass of the plate would be higher, decreas-
ing the frequencies. In order to capture this effect, the
vibration of the plate with fluid on one side is mea-
sured with an LDV. The damping factor increases from
D = 0.001 to 0.03 and the first eigenfrequency decreases
by a factor of three. The increased damping factor is
simple to consider in the simulation; however, the effect
on eigenfrequencies is more difficult without an accurate
flow model. By premultiplying, the mass matrix of the
plate elements, the first eigenfrequency can be matched
according to the measurements. The influence on the
higher order eigenfrequencies is less accurate with this
simplification. Depending on the mode shape, the mass
of the fluid that must be moved differs. However, to
investigate these influences qualitatively, this model is
sufficient.
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4 Simulation results

The simulation results concerning design decisions of
the valve include different studies on parameters that
influence the efficiency. Having gained an understanding
for the impact process by using the described elastic
multibody model, two different designs are studied in
more detail. The first is based on a thin membrane and
a rocker element, the second is based on a flexible seal
seat.

4.1 Major effects influencing efficiency or why the
multibody model works

The previously introduced elastic multibody model is
detailed enough to give high accuracy, capturing the
necessary effects of the impact process. We already know
that the waves travel in spheres multiple times back and
forth such that they behave only in a global way and
can be approximated.

The behaviour of the plate is much more interest-
ing in this respect. One might assume that a compres-
sive wave passes through the plate and transmits the
impulse completely from the outer sphere to the inner
sphere. However, this can be disproved by achieving ac-
curate results with simple plate elements without longi-
tudinal elasticity. The reason for the influence of com-
pressive waves which are a superposition of longitudinal
eigenforms is, that in bars, the corresponding eigenfre-
quencies are among the first eigenfrequencies and are
excited by the contact force. Plates also have longi-
tudinal eigenfrequencies, but they are not among the
first eigenfrequencies and have much higher frequencies
which are less excited during impact. These high lon-
gitudinal eigenfrequencies can describe the compressive
waves; however, they travel multiple times back and
forth during impact, just like the waves in spheres. For a
circular plate with fixed boundary condition and radius
3mm the first eigenfrequency and the first longitudinal
eigenfrequency depending on its thickness ¢ are given
in Table [2| Basically, this shows the transition from a
plate to a bar, however with fixed boundary.

Table 2 Eigenfrequencies of a fixed plate/rod with 3mm ra-
dius

t [mm] 1°° EF [kHz] 1°¥ long. EF [kHz] / #
01 29 1116 / 7
0.5 136 1117 / 4
3.0 341 869 / 3
6.0 368 593 / 2

12.0 380 444 ) 2
24.0 386 399 / 2

By increasing the thickness of the plate the first
eigenfrequency increases and the first longitudinal eigen-
frequency decreases. For typical plates considered here

the thickness is between 0.1 and 0.5 mm, which means
that even the first longitudinal eigenfrequency is barely
excited by the impact. Therefore, we can conclude that
depending on the geometry and constraints of the trans-
mitting body for bars and plates, longitudinal eigen-
forms and bending eigenforms, respectively, suffice for
an accurate description. Only in cases of thick plates or
short bars, both must be considered.

Detailed investigations on the geometry of the plate
show that the efficiency is optimal if the contact dura-
tion is approximately half the period of the first eigen-
frequency. Extremely thin plates with low eigenfrequen-
cies and low flexural rigidity have only little effect on
the impact and enable high efficiencies.

4.2 Influence of geometry and material on efficiency

In order to better understand the impact, the influence
of different parameters such as material properties, ge-
ometry and damping effects are investigated.

4.2.1 Young’s modulus

The influence of the Young’s modulus is investigated for
a typical combination of parameters. The sphere radii
are 2.5 mm, the plate radius is 3 mm and the thickness is
0.3 mm. The material is steel as in the scaled-up models,
the Young’s modulus of the three bodies is varied. In
Fig.[14] the dependency for the three different bodies is
shown.

e
o

e
~

efficiency [-]

0.2 M-t &—e inner sphere |
: : &~ @ outer sphere
0.0 | 1 I I
0 100 200 300 400 500

Young’s modulus [GPa]

Fig. 14 Efficiency dependence on Young’s modulus

The plate has a decreasing efficiency while the spheres
show increasing efficiency with increasing Young’s mod-
ulus. Reducing the Young’s modulus for the plate re-
duces the flexural rigidity and therefore reduces the
plates resistance in the impact process. However, the
spheres show a different behaviour. An increased Young’s
modulus increases the contact stiffness in the Hertzian
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contact and also the contact force. This leads to a short-
ened contact time for the respective body. We can con-
clude that it is better to have a plate with a higher and
spheres with a lower Young’s modulus.

4.2.2 Plate geometry

The geometry of the plate is important for the de-
sign. A very thin plate, required for a high efficiency,
is difficult to manufacture and very fragile. Therefore,
a design with a thicker plate is preferred. For a typical
model with a steel sphere with 1.5 mm radius and a ti-
tanium plate, the dependency of the efficiency on the
plate thickness is plotted in Fig. The efficiency de-
creases with increasing plate thickness for the clamped
plate. The free plate also transmits energy when it is
much thicker behaving more like a point mass. This is
as expected from previous findings about the influence
of the eigenfrequencies in Section
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& o free

o
~
I

efficiency [-]

©
o
I

i i
0.4 0.6
plate thickness [mm)]

0.0 '

0.0 0.2 0.8 1.0

Fig. 15 Efficiency dependence on plate thickness

A variation of the plate radius for different thick-
nesses, as shown in Fig. shows again that thinner
plates have a higher efficiency. However, the thicker
plates show an optimal point with highest efficiency.
This is closely related to the change in the first eigen-
frequency of the plate due to the changed geometry. As
mentioned in Section [L.T] the first eigenfrequency of the
plate must match the contact time, then the efficiency is
optimal. For thinner plates, this effect is less dominant
and this dependence can be neglected. If the plate must
have a certain thickness with a higher flexural rigidity,
the influence of the first eigenfrequency limits the plate
to a minimal radius, below which the efficiency drops
rapidly.

4.2.8 Tip radius of the impacting bodies

Not only spheres can be used as impacting elements,
for example a piezo bending transducer is also possible.
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Fig. 16 Efficiency dependence on plate radius

Spheres couple the radius and the mass; however, these
are two different parameters influencing the impact in-
dependently. We consider a general compact body with
a mass and a tip radius with the same properties of
spheres where waves cancel out. For the model used
in the plate geometry investigations, with the optimal
plate radius of 5.5 mm for a thickness of 0.3 mm, the tip
radius used in the Hertzian contact law is varied inde-
pendent of the mass of the sphere. In Fig. this influ-
ence is shown. The efficiency increases with increased
tip radius and a larger tip radius increases the contact
area. This leads typically to an increased contact force
and a lower contact pressure. The higher contact force
leads to a shortened contact time, which allows a higher
efficiency.
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Fig. 17 Efficiency dependence on tip radius

4.2.4 Material damping and shakedown

Using steel or steel-like materials does not decrease the
efficiency notably in respect to material damping. Poly-
mer materials have a much higher material damping
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which leads to slightly decreased efficiency of about two
per cent. This is still much less than most other effects.

For impact simulations plastic and viscoelastic ma-
terial laws instead of linear elastic material laws should
be used if high accuracy is required. In Minamoto et al
[9] the influence of these effects is shown in detail giving
very good agreement with the performed experiments.
However, the influence of these complex material laws is
most important for the first few impacts where plastic
deformations occur. After several impacts, a stationary
state is reached where no further plastic deformations
occur. This effect is called shakedown. Having reached
this state, the difference to the linear elastic simula-
tion is much lower. As the focus in this paper is set on
a general understanding of the impact, specifically not
the first few plastic impacts, no effort is undertaken to
get detailed material data for such simulations.

4.2.5 Influence of fluidic effects on efficiency

Fluids always reduce the efficiency either by increased
damping, the squeeze film effect which also has a damp-
ening effect and last but not least reduced eigenfrequen-
cies of the plate. The increased damping reduces the
efficiency only by up to 3%. But the changed eigenfre-
quencies can have a much larger influence. This depends
on the sensitivity of the model on the first eigenfre-
quency. Models with high flexural rigidity typically are
more sensitive, the influence can be up to about 30%
here. The fluid models are only accurate enough to give
qualitative results so that it does not make sense to op-
timise the valve to increase the efficiency only slightly.
It can be said, that a design with a reasonable 'dry’ ef-
ficiency should also work with different kinds of fluids,
because the efficiency drop is typically not very high.
For more detailed answers also more detailed models
for the fluids are required.

4.3 Rocker element model

The previous investigations about different influencing
parameters lead to a first design with maximised effi-
ciency as described in Section However, not just
the geometry and materials are chosen in a way that
the efficiency is high, but also the actuator is a piezo
bending transducer now. The plate is in this case not
so much a plate, as thin titanium alloy membrane with
a thickness of 0.1 mm and a radius of approximately
3.1mm. The inner sphere is made of sapphire and has
a radius of 2.0 mm. The material parameters are listed
in Table [3

Simulating this model requires that the piezo bend-
ing transducer is modelled. For that, an approximate
model using beam elements and a point mass is used.
The first eigenfrequency of the beam with approximately
500Hz and its stiffness of 0.2mm deflection at 0.5N

Table 3 Material properties for the materials used in the
rocker element model

Titanium alloy  Sapphire
Young’s mod. [N/mm?] 115000 350000
density [k&/m?] 4430 3980
Poisson’s ratio [—] 0.37 0.27

was measured. The beam model is adapted to behave
in the same way. The beam is deflected by piezo bend-
ing transducers and released just before impact. For a
velocity of 550 mm/s at the impact, a torque of 4 Nmm
is required. The point mass at the tip of the bending
transducer is 128 mg, which is approximately the same
as the mass of the inner sphere. The tip radius of the
point mass on the bending transducer is 4 mm which is
rather high and gives a slightly higher efficiency. For
comparison, a sphere exactly the same as the inner
sphere, is used as actuation.

Both models are set up such that the inner sphere
has a velocity of approximately 555 mm/s after impact.
The simulation with two spheres gives the highest pos-
sible efficiency of 97.5%. Using the bending transducer
as actuator, it is difficult to define an efficiency. Tak-
ing the kinetic energy of the whole bending transducer
gives an efficiency of 66% and using the strain energy
just before the release gives 41%. This shows that this
design should work, even with the decreased efficiency
with the piezo bending transducer as actuator which
requires a higher energy to achieve the same result.

4.4 Contact simulation of a design with a flexible
mounted seal seat

Based on the previous findings, a new design based on
a flexible mounted seal seat, as introduced in Section
is simulated. Due to the strong influence of the
more complex geometry, a 3D finite element model is
necessary. In the previous investigations of major effects
influencing efficiency, we have seen that flexible plate el-
ements with a low Young’s modulus are advantageous
for the efficiency. After iterating through several designs
based on a flexible support, finally the following design
was created. The sphere and the actuator at the bot-
tom are made of steel. The whole seal seat is made of
polymer. In the simulation the impact is initiated by a
given initial velocity for the impacting body. After the
impact, the velocity of the sphere is investigated. The
neglected spring would force the sphere back down and
ideally into the position on the right. In this short time-
scale simulations, only the vector of the velocity after
impact is investigated. In Fig. [I8] the velocity direction
is displayed by a red arrow which shows that the sphere
moves in the wrong direction.

This is due to the resulting moment on the seal seat
by the contact forces, which have a horizontal offset.
This moment rotates the seal seat which changes the di-
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Fig. 18 Simulation result for the flexible mounted seal seat

rection of the movement. Also the contact forces are not
equally distributed at the bottom of the sphere. This
also leads to a resulting force straight up and slightly
to the left instead of the intended direction given by
the shape of the seal seat. Measurements with a high
speed camera are discussed later in Section Sev-
eral changes to the design in Fig. [I9] lead to an im-
proved behaviour. Firstly, the design is inverted and
weakened at the centre such that the centre part gets
bended and therefore changes direction of the resulting
contact force. Secondly, the impacting body does not
hit at the centre but on both sides of the centre part.
This prevents the seal seat from rotating in the wrong
direction. The results of this optimised design lead to a
velocity vector approximately in the intended direction.

Fig. 19 Simulation result for the improved design

5 Experiments with the prototypes

For both valve designs that are presented in Section
demonstrators were set up. The valve demonstrator
with the rocker element thereby could be set up either
with piezo stack actuators or with piezo bending actu-
ators as can be seen in Figs. [20] and

Fig. 20 Valve demonstrator with a rocker element and piezo
stack actuators

- I\
impact actutator
with piezo benders

Fig. 21 Valve demonstrator with a rocker element and piezo
bending actuators

The valve demonstrator with the flexible mounted seal
seat is shown in Fig. 22]

The electronic supply for the demonstrators also was
set up, whereby the main components of the circuit
were already chosen as miniaturized parts to verify the
miniaturization potential of the whole concept.

5.1 Experiments with the valve demonstrator with a
rocker element

Several experiments were carried out with the demon-
strator with a rocker element, starting with the most
important tests about the shift function, long-term tests
and a test about the robustness against vibrations.

5.1.1 Verification of the shift function

The shift function of the valve was verified for an ori-
entation of the valve body according to the three co-
ordinate directions. Generally, the shift function was
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Fig. 22 Valve demonstrator with a flexible mounted seal seat

verified also in the worst-case situation, with gravity
accelerating the sphere down. Sometimes, it was ob-
served that the sphere fell back to the lower position
when the impact applied by the lower actuator was too
low to overcome the gravitational forces of the sphere
and the compression forces of the spring. By changing
the pre-tension of the spring, this effect could be elimi-
nated.

5.1.2 Long-term test

The next step was a long-term test that was performed
with the valve demonstrator in order to show the re-
liable shifting behaviour of the system. Therefore, the
transmission of the spring force to the sphere had to
be optimized. As can be seen in Fig. [4] the last turn of
the spring covers the upper part of the sphere, result-
ing in a quite large contact area, where friction between
the sphere and the spring occurs. In combination with
the friction between the sphere and the rocker, this can
cause an unintended stopping of the sphere during the
shift process in a middle position which of course means
a total failure of the valve. In order to overcome this
problem, a point transmission of the force to the sphere
was realized by a small plunger in a blind hole in the
sphere as shown in Fig.

With this set-up it was possible to reach over 2 mil-
lion shifting operations in a long-term test, performed
with piezo bending impact actuators. During this long-
term test, it was observed only about 8 times that the
sphere stopped in a middle position, but it could be
moved to the end position again by a repeated actu-
ation of one impact actuator at a high frequency, and
therefore, no total failure of the valve occurred.

Another question that was investigated was the wear
of the components of the impact actuator. As can be
seen in Figs. [24] and no significant wear can be ob-

spring

sphere
with blind
hole

Fig. 23 Point transmission of the spring force to the sphere
by a plunger

served. Only the tip of the plunger that was mounted on
the piezo bending actuator shows a small flattening and
a marking on the membrane that transmits the impact
energy is visible.

Fig. 24 Small flattening on Fig. 25 Marking on the mem-
the tip of the plunger of the brane after 2 million shifting
impact actuator after 2 million operations

shifting operations

5.1.8 Robustness against vibrations

The last test that was performed was a vibration test on
a shaker in order to investigate the robustness of the set-
up against vibrations. This is interesting because the
valve should not shift unintended when an acceleration
is applied to the valve body, e.g. by external vibrations
or shocks. However, it was observed that the robustness
against external vibrations is not yet very high in this
set-up. The rocker element can be moved out of its posi-
tion in the valve chamber by external accelerations that
are in the range of 10 times the gravitational constant.
A solution of this problem has to be found probably
by changing the design of the inner walls of the valve
chamber so that the free moving space of the rocker is
constricted.
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5.2 High-speed camera measurements

The shift valve with flexible mounted seal seat was man-
ufactured and high-speed camera recordings were made.
The recordings were made with frame rates between
2000 and 4000 frames per second. In Fig. [26] is an im-
age series, representing the motion of the sphere after
impact of the air-filled shift valve demonstrator. The
images were always made at points where the motion
changes direction. In contrast to the expected motion,
the impact accelerates the sphere mainly in upper ver-
tical direction as predicted in Section [4:4]

The sphere is decelerated by the spring and pushed
back down where it hits an edge at the bottom which
enables a horizontal movement to the end position. This
is obviously a very sensitive design. These records were
done without fluid filling.

b

Fig. 26 Motion of the sphere in the valve (reversal points)

When the flexible seal seat is not hit central, the
valve switches also with fluid inside. However, the goal
is to find a design with just one actuator; therefore,
only the improved design from Section might give a
satisfactory result.

6 Conclusions

The design of a miniaturised shift valve with impact
actuation, supported by numerical simulation of elastic
multibody models and finite element models, as well as
experiments and tests, were shown. An elastic multi-
body model was created to model the impact where
the relevant effects were easier to investigate in terms
of modelling and computational time and because of
the simplifications typical for such models. For exam-
ple, effects that are not modelled in the elastic multi-

body model, cannot be significant. Otherwise, the elas-
tic multibody model would not give accurate results.
One of these effects is the plate elasticity in longitudi-
nal direction which is neglected by using plate elements
to model the plate in the elastic multibody model. The
elastic multibody model was extended by different ef-
fects such as support for squeeze-film flow and fluid-
added mass effects. Also, an approximate model for the
dynamics of a piezo bending transducer was added. Ex-
periments to validate the simulation models were per-
formed showing general agreement. For better results,
detailed material data is required to model the mate-
rial with nonlinear material behaviour. With the gained
knowledge, different designs for the shift valve were
developed and tested. Experiments with laser-doppler-
vibrometers and a high speed camera could show that
the predicted behaviour of the shift valve is correct.
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