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TABLE 3. Solution S1: yoke interface shoes - main result.

Fig. 7(b1) shows the stator yoke prototype made of soft
magnetic composite (SMC) material from [1]. It is generally
not possible to manufacture sharp edges out of SMC due to its
brittleness. There will always be a small radius, which further
reduces the y-AG cross-sectional area. For small motors, the
problem of the y-AG becomes therefore even more acute.

With the aim of reducing the parasitic effects of the
y-AGs, the solution S1 is proposed in this article and realized
as a prototype: novel yoke interface shoes. The intention
is to increase the y-AG surface by widening of the yoke
cross-section at the interface as shown in Fig. 7(b2).
Fig. 7(c) shows magnetostatic 3D-FEM results of the

magnetic flux density B distributions in a O-SBM cross-
section with the novel yoke interface shoe. Two distinct
angular rotor positions are shown. In the first, the d-axis is
perpendicular to the stator splitting plane. Half of the rotor
flux φd/2 has to cross each y-AG, as shown in Fig. 7(c1). The
rotor flux utilizes the full widening of the yoke at the novel
interface shoes, supporting the theory in Fig. 7(a). It crosses
the widened y-AG surface without substantial fringing flux,
in Fig. 7(c2). This supports the theory in Fig. 7(a) as well,
as apparently half of the rotor flux must indeed pass through
the y-AG.

In the second case the d-axis lies in the splitting plane as
shown in Fig. 7(c4). In this case, no rotor flux passes through
the y-AG, but enters the yoke through the surfaces facing the
rotor as shown in Fig. 7(c3). This case therefore does not lead
to an increase in reluctance. The reluctance of the magnetic
circuit varies during rotor rotation between these cases.

Fig. 7(d) unveils the occurring torque ripple for y-AGs
lengths of δy = 0.2mm and δy = 0.4mm determined with
3D-FEM. The increase of the torque ripple when doubling the
y-AG proves it to be the cause. The new stator yoke with the
novel yoke interface shoes shows a reduction in torque ripple
of 21% for δy = 0.2mm and 20% for δy = 0.4mm for an
increase of the y-AG cross-sectional area by 33%. Fig. 7(e)
shows the axial stiffness ripple 1kB,ax resulting from the
y-AGs. However, the new yoke interface shoes allow a RMS
reduction of 1kB,ax by 39% for δy = 0.2mm and 27%
for δy = 0.4mm. Tab. 3 summarizes the main findings of
solution S1.

3) PROBLEM P2: EXCITED AXIAL DISPLACEMENT
An axial displacement z of the rotor leads to an axial restoring
force Fz in the stator as shown in Fig. 8(a), defined by the
axial stiffness k . The combination of two O-SBMs with a
common rotor leads to a superposition of these axial forces
shown in Fig. 8(b). The combined stiffness ktot depends on the

FIGURE 7. (a) Cross-section through a O-SBM. The yoke air-gap (y-AG)
surface is by factors smaller than the air-gap surface. (b) Realized stator
yokes, (b1) first generation openable stator yoke from [1], (b2) improved
second generation version with solution S1: novel yoke interface shoes.
(c) Magnetostatic 3D-FEM result of the flux density distribution for the
novel yoke interface shoes. (d) Yoke interface shoes lower the y-AG
induced torque ripple and (e) the axial stiffness ripple substantially.

rotor angle ϕ and the relative magnetization direction offset
of the two rotor magnets θ as shown in Fig. 8(c). Based on
the 3D-FEM simulation results of Fig. 7(e), the axial stiffness
k is modeled as a mean value with a superimposed second
harmonic caused by the y-AGs:

kA = kax + k1 sin (2ϕ + θ) (1)

kB = kax + k1 sin (2ϕ) . (2)

The rotor displacement in relation to the magnetic center of
the rotor is designated by the new coordinate z′. A pre-set
offset of the rotor magnets w.r.t. the stators is referred to here
as zps. Fig. 8(c) shows the combined axial force generation
by both O-SBMs, it results as:

Fz,tot(z′) = (z′ + zps) · kB (ϕ, θ) + (z′ − zps) · kA (ϕ, θ) .

(3)

The averaged rotor displacement in axial direction z̄′ is
determined by the balance of the gravitational force Fg on
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the rotor massmrot with the two superimposed averaged axial
stiffnesses k̄ax:

z̄′ = −
mrot · g

2k̄ax
. (4)

This averaged value turns out to be independent of zps. The
assumption here is, that the axial load capacity limit of the
O-SBMs has not yet been exceeded. The axial equation of
motion for the rotor is

Fz,tot(z′) = −mrot · g+ mrot · z̈′. (5)

It shows a resonance frequency of

fres,ax =
1
2π

·

√
2 · kax
mrotor

. (6)

For high frequencies, i.e. speeds far above fres, the system
acts as a low-pass filter and axial vibrations are damped.
Therefore, for passing through fres,ax, the low frequencies
are relevant. The quasi-static axial rotor displacements are
analyzed for this purpose. The quasi-static force equilibrium
is as follows:

Fz,tot(z′) = −mrot · g. (7)

Solved for the axial rotor displacement z′, the result is:

z′ =
−mrot · g− zps · k1 [sin(2ϕ) − sin(2ϕ + θ )]

2k + k1 [sin(2ϕ) + sin(2ϕ + θ )]
. (8)

The question arises, which relative rotor magnet orientation

FIGURE 8. (a) Axial bearing stiffness k of a SBM. (b) Individual axial
stiffnesses of the two O-SBMs. The rotor is shown with a pre-set offset
zps and axially in neutral symmetric position. The axial stiffnesses k vary
during rotation due to the y-AGs. (c) Combined axial stiffnesses of the
two SBMs and average combined axial stiffness kavg and rotor position.
(d) The two investigated rotor magnetization orientation combinations.

offset θ should be selected between the two rotor magnets
in order to keep the axial vibration levels at low speeds as

small as possible. Additionally, the influence of the axial pre-
set zps displacement remains unclear. This is analyzed in the
following.

4) SOLUTION S2: MAGNET DESIGN - NOVEL GUIDELINE
FOR OPTIMAL CHOICE OF RELATIVE MAGNET ORIENTATION
OFFSET θ

The extreme values of the quasi-static axial vibration
amplitudes can be determined for the cases θ = 0◦ and
θ = 90◦ considering the value ranges of the sine values in
Eq.8:

z′θ=0◦ =
−mrot · g

2 · (k ± k1)
(9)

and

z′θ=90◦ =
−mrot · g± 2 zpsk1

2 k
. (10)

The resulting quasi-static axial vibration amplitudes are:

ẑ′θ=0◦ =
mrot · g · k1
2 ·

(
k2 − k21

) (11)

and

ẑ′θ=90◦ =
zpsk1
k

. (12)

With the introduction of the rotor pre-set axial offset ratio
α of the pre-set displacement zps to the average axial rotor
displacement z̄′:

α :=
zps
z̄′

(13)

the ratio R of the amplitudes for the two θ values can be
determined as

R =
ẑ′θ=0◦

ẑ′θ=90◦

=
mrot · g · k

2 ·
(
k2 − k21

)
zps

=
1(

1 −

[
k1
k

]2)
· α

.

(14)

This relationship is shown in Fig. 9. Depending on α and the
ratio k1/k , it is shown, which θ value leads to the lowest
quasi-static vibration amplitudes. Thus, it is analytically
derived, which θ value is optimal for a given system.
According to these results, there is even a case, in which the
quasi-static axial vibrations can be completely eliminated: for
the case of

(
zps = 0& θ = 90◦

)
. In the following, however,

it is shown why a system with zps > 0 has other important
advantages. The derived design guideline also shows the
optimum magnet orientation for such a system.

5) SOLUTION S2: MAGNET DESIGN - NOVEL GUIDELINE
FOR ROTOR MAGNET DIMENSIONS
The design of the rotor magnet has an influence both on
the motor performance, as well as the magnetic bearing
properties. It is therefore also linked to the axial resonance.
Fig. 10(a) shows a to the stator yoke centered magnet
whose length lm corresponds to that of the stator yoke, ls.
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FIGURE 9. Guideline for the optimal magnet orientation offset θ for a
vertical axis double O-SBM system based on the axial offset ratio α, and
the stiffness variation. R is the ratio of the quasi-static axial vibration
amplitudes of θ = 90◦ to θ = 0◦. R > 1 indicates that θ = 90◦ is favorable,
while for R < 1 θ = 0◦ is superior.

TABLE 4. Solution S2: rotor magnet design - main result.

Additionally, an illustration of a potential extension of the
magnet, that goes beyond this, is shown.A length extension of
the magnet leads to additional torque formation by stray field
utilization by the toroidal windings of the stator. Fig. 10(b)
shows the resulting increase in the torque constant kt and
the resulting axial force Fz as a percentage compared to
the values of the reference magnet with lm = ls. There
is a very strong increase in kt with increasing lm. For the
O-SBMs of this article, the increase in kt is more than 30%
with a magnet extension of 50%. The magnetic center of
the magnet shifts relative to the stator by the distance a in
Fig. 10(a), which leads to the axial restoring force shown in
Fig. 10(b). Fig. 10(c) shows an additional axial shift b of the
rotor magnet. The magnet center is therefore axially shifted
by a+ b. Fig. 10(d) shows the resulting reduction of kt. Over
the entire stable range of axial stiffness, kt is higher than in
the centered case lm = ls. Thus, the presented O-SBM design
is within the stability limits beneficially largely insensitive
to axial shift or rotor weight induced displacement regarding
motor performance.

This good-natured behavior allows a short overall length
design of the thin rotor shaft that protrudes from the rotor
cylinder lrs, which keeps the rotor bending resonance fre-
quency advantageously low. This also facilitates a sufficiently
large axial clearance cax between the rotor and the centrifuge
housing to cross fres,ax. Therefore, the prototype of this article
is realized with zps > 0, α > 1, and R < 1. This leads
according to Fig. 9 to an optimal magnet orientation angle
θ = 0◦, which is implemented in the prototype. Tab. 4
summarizes the main findings of solution S2.

B. TECHNOLOGY GAPS FOR COMPONENT REQUIREMENT
RB: SCALABLE HEAT EXTRACTION
1) PROBLEM P3: LOSSES VS. COOLING
Very high-speed slotless motors with toroidal windings
generate high-frequency stray fields. They therefore do not

FIGURE 10. (a) Rotor magnet length lm increase towards the rotor center,
exceeding the stator length ls. (b) Resulting increase in torque constant kt
and non-zero axial reluctance force Fz. (c) Additional axial displacement
b with (d) resulting influence on kt and Fz.

allow close contact direct cooling of the stator via an
aluminum heat-sink, as it is usually the case for motors,
or only with the acceptance of high additional losses [16],
[17], [18]. Therefore, electrically conductive materials in the
immediate vicinity of the stator should be avoided.

As a consequence, the heat-sink needs to be placed at
distance form the stator. A thermal bridge material is needed
to bridge this gap. An ideal thermal bridge material is
electrically insulating but highly thermally conductive.

The O-SBMs of this article have a design efficiency
ηO−SBM of 89.2%, and a peak continuous shaft power
to overcome the rotor gas friction at 100 krpm of 280W,
resulting in to be dissipated motor losses of 33.9W. For
a good potting material with a thermal conductivity of
1.2W/(mK), the thermal resistance of the thermal bridge of
these O-SBMs between winding and heatsink analytically
calculated is 2.2K/W. Therefore, the temperature drop
from stator winding to heatsink is 74.6K. For a heatsink
temperature of 40◦C, the winding surface temperature
becomes 114.6◦C. This temperature is too high for the close
by position sensing electronics.

This type of motor is therefore currently limited in
applicability and scalability for high power outputs. However,
the scale up is necessary in the biopharmaceutical industry for
the process scale up from LaS systems to PiS and further to
PrS systems.

2) SOLUTION S3: NOVEL MACRO-FILLER COMPOSITE
(MAFC) THERMAL BRIDGE MATERIAL
As a solution, the disadvantage of the large distance to be
bridged thermally is transformed into an advantage. The large
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FIGURE 11. (a) SL-PUCF concept with O-SBMs suspending and driving the
SL-PUCF rotor. (b) Heat sink at distance to the stator stray fields, with
potting material as a thermal bridge. (c) Novel macro-filler composite
(MAFC) of macroscopic ceramic (aluminum oxide Al2O3) spheres
surrounded by potting material, forming a substantially better thermally
conductive and electrically insulating thermal bridge material.
(d) Conceptually shown thermal bridge material dependent effect on the
winding temperature TW. (e) MAFC thermal resistance conservatively
modeled as a series connection of the individual volume share of the two
materials. (f) Theoretical lower limit of the achievable MAFC thermal
conductivity λc based on the filling quality ηq and the thermal
conductivity of the potting material λp.

distance allows to place few mm large macroscopic filling
elements within the potting in the space to be bridged. This is
referred to in this article as macro-filler composite (MAFC).
The advantage over conventional microscopic fillers is, that
the heat can be conducted over comparably long distances via
the macro-filler instead of through a microscopic mixture of
casting compound and filler particles.

In addition, advantageously the cured hardness is high,
which is not the case for soft silicone based potting com-
pounds. Furthermore, MAFC are realizable at a substantially
lower material cost compared to special potting compounds
with micro-fillers. Moreover, the potting compound retains
its low viscosity between the macro-fillers, which means that
a good bond can be achieved to the stator winding wires and
the heat sink surface. This is more difficult with micro-fillers
due to the paste-like consistency of the compound.

The solution S3 proposed in this article is a ceramic
macro-filler and epoxy-potting MAFC. Electrically insu-
lating aluminum oxide Al2O3 ceramic spheres, which are

available on the market in various size classes at very low
cost, are proposed as macro-fillers. At 30W/(mK), they have
a thermal conductivity, that is 30 . . . 60 folds higher than that
of conventional potting compounds. Al2O3 is additionally
beneficially electrically insulating. The selected sphere size
for this study is 3 − 7mm with costs for small quantities of
30 Euros/kg and for large quantities 16.50 Euros/kg. How-
ever, smaller sizes of e.g. 0.75 − 1.5mm are also available.
The price for the potting compound ER2074 used in this
study is 84 Euros/kg for large quantities. Although custom
manufactured ceramic parts would be thermally even better,
the MAFC proposed here is an extremely cost effective
solution, which flexibly can be used for arbitrary geometries
without expensive manufacturing of ceramic parts.

3) SOLUTION S3: THEORETICAL INVESTIGATION OF MAFC
Fig. 11(a) schematically shows the proposed SL-PUCF
concept. Fig. 11(b) and (c) show the stator in two versions,
both with the aluminum heat-sink placed at a distance.
In version (b), the distance between the stator and heat-sink
is bridged with conventional potting compound. In the
new version (c) below, the novel proposed MAFC is used.
Fig. 11(d) shows conceptually the intended reduction in
motor winding temperature TW. Fig. 11(e) shows a series
thermal resistance model for the conservative estimation of
the thermal conductivity λc of MAFC. The series model of
MAFC is conservative because it neglects beneficial parallel
heat paths which are also present in MAFC, which increase
λc. The series model is therefore a conservative estimate for a
lower limit of λc. The actual value of λc is thus guaranteed to
lie above, while neglecting contact resistances at the material
interfaces.

The temperature drop 1Ttb over the thermal bridge is
according to the serial model in Fig. 11(e):

1Ttb =
Q
A

[
Ltb
λc

]
=
Q
A

[
vmf · Ltb

λmf
+

(1 − vmf) · Ltb
λp

]
,

(15)

with the heat flux Q, cross-section A, length of the thermal
bridge Ltb, volume fraction of the macro-filler vmf, thermal
conductivities of the macro-filler material λmf and potting
material λp. This results in the thermal conductivity λc of
MAFC:

λc =
λmfλp

vmf ·
(
λp − λmf

)
+ λmf

. (16)

The mathematically optimal possible packing density of
spheres, i.e. volume fraction in 3D, vs,max assuming spheres
of the same size is [19]:

vs,max = π/
√
18 = 0.7404. (17)

Based on this theoretical optimum, aMAFC filling quality ηq
is defined here, which quantifies the achieved MAFC volume
fraction vmf relative to the theoretical optimum vs,max.

ηq = vmf/vs,max. (18)
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This results in the thermal conductivity of MAFC:

λc =
λmfλp

ηq · vs,max ·
(
λp − λmf

)
+ λmf

. (19)

Fig. 11(f) shows the lower limit of achievable MAFC thermal
conductivity λc, depending on the MAFC filling quality
ηq. The positive effect of MAFC is amplified, the better
the conductivity of the potting material, because the Al2O3
macro-filler has substantially higher thermal conductivity
then the potting material. For the O-SBMs of the SL-PUCF
prototype, the selected potting material for the MAFC is
ER2074 with a thermal conductivity of 1.25W/(mK). With
a MAFC filling quality of ηq = 0.6 . . . 0.8, an improvement
of over 100% in thermal conductivity from λp to λc is thus
expected based on the series model.

4) SOLUTION S3: MAFC REALIZATION AND THERMAL
CONDUCTIVITY MEASUREMENT UNITS
To experimentally validate the model predicted improvement
in λc compared to λp, thermal conductivity measurement
units are designed and built. Fig. 12(a) shows their working
principle. A heat fluxQ is generated by the heating resistorRi.
Its dissipated powerQ is measured by the DC current through
Ri and voltage across Ri. A square copper heat spreader with
32mm side length enables a uniformely distributed heat flux
due to its higher thermal conductivity compared to potting
material by two orders of magnitude (λCu = 391W/mK).
Q is then injected into the medium under test. The heat is
conducted to the measurement unit heat sink which is actively
cooled by a cooling fan. The temperature difference between
the inner surfaces of the heat spreader and the heat sink,
1T = Tc − THS, is measured. 1T is only dependent on
Q, the thermal conductivity of the medium under test, and
its cross-section. The airflow condition at the measurement
unit heat sink therefore has no influence on the measured
1T . It only changes the absolute temperatures, but not 1T
and is therefore irrelevant for the measurement. In the SL-
PUCF system, the heat-sink is comprised of the O-SBM
housing including the mounting structure and is dimensioned
large enough to ensure a heat sink temperature of not higher
than 40◦ C. The heat sink in the measurement units with
the fan is only for the measurement purpose. Fig. 12(b)
shows the hardware realization of a thermal conductivity
measurement unit. It additionally shows the filling process
with Al2O3 MAFC spheres. As a MAFC production method,
a repeated layering of potting material, placement of a macro-
filler layer, and soft compaction with a soft plastic stick was
conducted.

Fig. 12(c) and (d) show the four realized thermal conduc-
tivity measurement units before, and after filling respectively.
Two are filled with MAFC and two with potting only, as
a comparison. Fig. 12(e) shows the setup for the thermal
conductivity measurement.

FIGURE 12. (a) Schematic of the working principle of the purpose built
measurement units for the measurement of the thermal conductivity of
the novel ceramic macro-filler composite (MAFC) thermal bridge material.
(b) One out of the four realized measurement units. (c) Measurement
units before potting. (d) Potted units before being covered with a
thermal insulation lid. (e) Setup for the thermal conductivity
measurements.

5) SOLUTION S3: EXPERIMENTAL VALIDATION OF MAFC
THERMAL CONDUCTIVITY IMPROVEMENT
Fig. 13(a) shows the measured temperature difference 1T
rises for a power input per measurement unit of PR =

1.25W. The MAFC performs substantially better than the
potting alone. This becomes more evident by computing
the resulting thermal conductivity, taking into account the
leakage heat flux Qleak,ins through the thermal insulation in
the measurement units. Qleak,ins is determined by measuring
the outer measurement unit surface temperature with a
contact-less infrared thermometer, the thermal conductivity
of the polyurethane foam insulation of 0.02W/(m · K), and
the measured internal temperatures. For the λc characteriza-
tion, due to linearity of heat conduction, the specific amount
ofQ applied and the absolute temperatures Tc and THS are on
its own irrelevant. Only the measured thermal conductivity λi
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FIGURE 13. (a) Measured temperature difference rises in the thermal
conductivity measurement units for only potting material and for the
novel ceramics macro-filler composite (MAFC). (b) The measured increase
in thermal conductivity of the ceramic macro-filler composite compared
to the pure potting material by a factor of 3.4.

is relevant and results as:

λc,i =
(Qi − Qleak,ins,i) · Lt

A · 1TC−HS,i
. (20)

The resulting conductivities are shown in Fig. 13(b). The
measured thermal conductivity for the pure potting with
ER2074 of 1.18W/(m · K) averaged over two units deviates
only 5.6% from the data sheet value of 1.25W/(mK).
This validates the experimental measurement procedure. The
Al2O3 MAFC showed over two units an averaged thermal
conductivity of λc = 4.0W/(mK). The corresponding two
paired conductivity measurements of the same material types
coincide very well, as shown in Fig. 13(b). This indicates
a good repeatability of the MAFC production method. The
achieved production quality of ηq > 0.6 was determined
by measuring the weight of the amount of macro-filler
spheres filled. The measured improvement of the thermal
conductivity by a factor of 3.4 validates experimentally the
theoretically predicted excellent heat conduction capabilities
of Al2O3 MAFC - while being electrically an insulator.
For the O-SBMs with ηO−SBM = 89.2%, a peak

continuous shaft power at 100 krpm of 280W and a MAFC
with a conductivity of 4W/(m · K), the thermal resistance of
the thermal bridge between winding and heatsink analytically
calculated is 0.66K/W.Therefore, the temperature drop from
the stator winding to the heatsink is reduced to 22.4K.
For a heatsink temperature of 40◦C, the winding surface
temperature is reduced from 114.6◦C with conventional
potting to 62.4◦CwithMAFC. This temperature is acceptable
for the close by position sensing electronics.

The solution S3 is therefore validated. Thus, in this article,
a solution to the in literature known passive cooling problem
of ultra high-speed toroidal wound slot-less motors is found,

TABLE 5. Solution S3: novel macro-filler composite thermal bridge
material MAFC - main result.

theoretically predicted and experimentally validated. Tab. 5
summarizes the main findings of solution S3.

III. COMPONENT C2: SL-PUCF ROTOR
A. TECHNOLOGY GAPS FOR THE COMPONENT
REQUIREMENT RC; SEALLESS FLUID PATH
State of the art pharmaceutical PUCFs have several rotary
seals. They have the functions of a) sealing the process
chamber from the production facility against contamination
in both directions, b) sealing against reduced pressure or near
vacuum outside the rotor, c) sealing as a connection between
the rotor and both feed and discharge pipes during filling and
emptying. However, they pose a contamination risk, generate
friction losses and are speed-limited to approx. 40 krpm [20].

1) PROBLEM P4: NO SEALS FOR FLUID GUIDANCE
For the SL-PUCF, the rotary seal is replaced by the hermet-
ically enclosed wall of the process chamber. This eliminates
the risk of contamination through the seal. However, the
functions of the seals in terms of guiding the fluid flow
between the rotor inlet/outlet and the rotor are more difficult
to achieve.

2) SOLUTION S4: NOVEL PUCF ROTOR TOPOLOGY
The fluid topologies in this article should not be compared
with the solutions for slow to medium-speed disk stack
centrifuges as in [15]. The extremely high speeds of PUCFs
require fluid guidance at the smallest possible radii and thus
peripheral speeds. In today’s PUCFs, the rotor can be filled
from below while stationary due to the rotary seals, shown in
Fig. 14(a1). The rotor is accelerated after.
In a sealless concept, the fluid feed must come from above

to prevent leaking. Proposed possible rotor topologies that
allow the fluid to be automatically discharged from the rotor
are shown in Fig. 14(a). Possible topologies are a discharge
pipe from above, Fig. 14(a2), or a rotor with an integrated
outlet valve, Fig. 14(a3), or a rotor with a bottom outlet,
whereby a novel feature, an inflow distributor, ensures that
dynamic filling from above is possible without the fluid
falling through the rotor while rotating, Fig. 14(a4).

For sequential operation, i.e. repeated filling, separation
and discharge, the topologies in Fig. 14(a2) and Fig. 14(a3)
appear to be promising candidates, as slow, controlled filling
and unloading is possible at standstill. However, the long
thin feed tube is critical in terms of vibration, and for the
topology in Fig. 14(a3), the rotor integrated valve adds
complexity. However, these two topologies do not appear
to be very advantageous for continuous feed separation
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TABLE 6. Solution S4: novel PUCF rotor topology.

TABLE 7. Solution S5a: novel inflow distributor.

and discharge. However, the novel topology of Fig. 14(a4)
appears to be very suitable for this purpose and is therefore
realized. It also appears attractive due to its robust and simple
design.

Fig. 14(b) shows the operating states of the proposed
SL-PUCF. Fig. 14(b1) shows the filling. The rotor is
filled in contrary to the state of the art from above while
the rotor spins, instead of at standstill from below. A
novel inflow distributor prevents the liquid form falling
through. Accordingly, the rotor fills radially inward, shown
in Fig. 14(b2). Depending on the wanted ultracentrifugation
process, the suspension is sedimented down to the rotor wall,
or banded as shown in Fig. 14(b3). Examples of potential
ways of extracting the separated suspension are: adding
more of the cushion layer density gradient medium which
forces radially the separated media inward, as shown in
Fig. 14(b4) - or in an enrichment process constantly letting
suspension entering and supernatant exiting, or as shown
in Fig. 14(b5) reducing the rotational speed to gradually
empty the rotor, or in case of an internal rotor valve of
Fig. 14(b5), decelerating the rotor to standstill and releasing
the banded media. Tab. 6 summarizes the main findings of
solution S4.

3) PROBLEM P5: DYNAMIC FILLING
A challenge of the novel SL-PUCF rotor lies in filling while
rotating, avoiding rotor unbalance. Given that the rotors of
topologies in Fig. 14(a2) and and Fig. 14(a3) are operated
only when completely filled, their magnetic suspension does
not appear to be critical during operation. In contrast to
those, the novel topology (a4) requires dynamic filling. The
problems to be solved are P5a); preventing the fluid from
falling through the rotor directly during filling while still
maintaining direct access for the added fluid to all radius
positions in the rotor during continuous filling in separation
mode, and P5b); avoidance of unbalance during the filling
process.

FIGURE 14. (a) PUCF rotor topologies, (b) operating states of the
selected novel SL-PUCF rotor topology, (c) novel SL-PUCF concept,
(d) rotor section view showing the novel inflow distributor and the novel
fil-level equalizing channels, (e) section view of the equalizing channels,
(f) hardware realization of the inflow distributor, and (g) of the equalizing
channels, (h) assembled rotor fluid path, (i) rotor jacket.

4) SOLUTION S5a: NOVEL INFLOW DISTRIBUTOR
Fig. 14(c) shows the layout of the proposed SL-PUCF.
Fig. 14(d) shows a rotor section view thereof. The novel
inflow distributor enables filling from the top while spinning.
Small bores in axial direction allow the fluid to enter the
rotor on all radii. But their small size results in the fluid
flowing mainly radially outwards first, as it is the path of
lowest resistance. Hence the inflow distributors anisotropic
fluid resistance in radial and axial direction are the key
factors. The bores through the inflow distributor Fig. 14(f)
are placed, such that on all radii there is always an axial
path available for the feed suspension. This avoids, that part
of the feed suspension with a certain density is blocked
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from axially entering the rotor. The radial path length lp
is a process parameter, which is adapted depending on
the ultracentrifugation task. For the function of the inflow
distributor, the larger lp, the more difficult to maintain its
function. Therefore the prototype in Fig. 14(f-g) was realized
with the maximum lp possible to investigate the worst case.
Tab. 7 summarizes the main findings of solution S5a.

5) SOLUTION S5b: EQUALIZING CHANNELS
Novel equalizing channels between the divided rotor sectors
enable unbalanced liquid in the rotor to equalize their level
across the whole rotor and thus prevent unbalance. They are
shown in Fig. 14(d,e,g,h). Fig. 14(h) shows the assembled
SL-PUCF rotor, with its rotor jacket in Fig. 14(i). Tab. 8
summarizes the main findings of solution S5b.

TABLE 8. Solution S5b: novel equalizing channels.

IV. COMPONENT C3: BURST ARMOR
The rotational energy Erot of the SL-PUCF rotor increases
quadratically with the rotational speed �:

Erot =
1
2
Jz�2 (21)

with Jz being the moment of inertia. Thus, the energy of a
single rotor at 100 krpm corresponds to that of 100 rotors
at 10 krpm. This shows the fragment containment challenge
associated with ultra-high speeds. The rotational energy
stored in the rotor of the presented SL-PUCF prototype
at 100 krpm is 10.2 kJ. This corresponds approximately to
the muzzle energy of five 5.56mm caliber assault rifle
projectiles [21]. A PUCF needs accordingly a burst armor to
retain rotor fragments in the event of the rotor bursting. This
is also specified in the standard DIN EN 12547 [22].

A. TECHNOLOGY GAPS FOR THE COMPONENT
REQUIREMENT RD; OPENABLE BURST ARMOR
As only one SL-PUCF prototype exists for this study,
a destructive rotor burst containment validation test is not
possible within the scope of this study. The standard DIN
EN 12547 [22] does not provide any guidelines for the burst
armor design either. To the knowledge of the author, no first
principles based design guideline was published in literature
for a PUCF burst armor. To asses its feasibility to successfully
contain the rotor fragments, a simplified containment analysis
is conducted.

As a first conservative assumption, it is assumed that the
entire rotor energy must be absorbed by the openable burst
armor (O-BA) in the form of plastic deformation to keep it
contained. Energy dissipation due to e.g. friction losses and

TABLE 9. Solution S6: joint load distribution.

rotor deformation is conservatively omitted. The maximum
absorbable deformation energy Edef,max is calculated as the
plastic deformation energy up to ultimate elongation ϵus,
but conservatively without plastic hardening. The maximum
achievable radial material stress is therefore conservatively
assumed to be the yield stress σr,max = Rp0.2:

Edef,max = Rp0.2 · ABA · L0 · ϵus, (22)

where ABA = wBA · hBA is the O-BA material cross-section
area. The inner circumference of the armor is conservatively
used as the initial length L0 = 2πrBA,i. For the alloy steel
1.7225 / 42CrMo4 (Rp0.2 = 550Mpa, ϵus = 0.14, Rm =

800Mpa [23]), this results in an absorbable deformation
energy of the armor with a thickness of 2 cm of 20.7 kJ. This
corresponds to a safety factor of SFa,r = 2 of the burst armor
against rupture. This shows the feasibility of the burst armor
in general, not yet taking into account the opening joint weak
points.

1) PROBLEM P6: JOINT WEAK POINTS
However, to be openable, a hinge and a corresponding locking
mechanism must be designed, that are able to withstand the
forces that occur. The load has to be transferred through the
joints without resemblingweak points as the source of failure.

2) SOLUTION S6: JOINT LOAD DISTRIBUTION
Fig. 15(a) shows the SL-PUCF prototype with O-BA. The
maximum average circumferential force FBA that occurs in
the armor shown in Fig. 15(b) is conservatively:

FBA = Rp0.2 · wBA · hBA. (23)

This force has to be transmitted by the armor bolts shown
in Fig. 15(c). Instead of subjecting the load to only one
bolt cross-section which would be a weak point, NL lugs
are attached to the two O-BA halves, shown in Fig. 15(d).
They distribute the load over (2 · NL − 1) bolt cross-sections.
Neglecting bending of the bolt, the corresponding shear stress
τb,N in the bolt cross-section Ab is

τb,N =
Rm · wBA · hBA
Ab · (2 · NL − 1)

. (24)

The resulting shear stresses are shown in Fig. 15(e). The
safety factor against bolt rupture SFb,r results as:

SFb,r =
τsB

τb,N
=
ft · Rm

τb,N
=
ft · Ab · (2 · NL − 1)

wBA · hBA
· SFa,r.

(25)
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FIGURE 15. (a) SL-PUCF prototype with novel openable rotor burst armor
(O-BA) with joints. (b) Simplified model for occurring circumferential
stress within the armor while containing a rotor burst. (c) Load transfer at
the joint with one lug would result in high bolt shear load. (d) Multiple
lugs reduce the stress level on the bolt with load distribution along the
bolt. (e) Stress reduction in the bolt depending on number of lugs.

The factor ft =
τsB
Rm

= 0.58 from [24] accounts for the
reduced ultimate shear strength compared to the ultimate
tensile strength of steel. N = 1, as in Fig. 15(c), would
result in too thick and heavy bolts for a hinge. With
N = 6, as realized in the prototype Fig. 15(a), the safety
factor SF = 2 can be maintained for a bolt diameter of 2 cm.

The realized O-BA furthermore covers the rotor end faces,
to prevent fragments from escaping axially. At the separating
interface, the inner surface is designed to overlap to avoid
fragments from escaping in between. The two armor halves
are additionally designed such, that they are of identical
geometry but still fit together.

The presented solution is scalable in length for longer
rotors without change in the safety factor.

Tab. 9 summarizes the main findings of solution S6.

V. VALIDATION OF NOVEL SL-PUCF SYSTEM:
SEDIMENTATION OF WHEY PROTEINS AS TEST-MEDIUM
The novel SL-PUCF concept is realized as a prototype. The
SL-PUCF prototype was installed on a mobile laboratory unit
together with the subsystems required for test operation, such
as the mixing tank and feed pump, as shown in Fig. 16(a).
The SL-PUCF rotor was successfully accelerated across the
axial resonance frequency to 2 krpm, validating Solution S1
and S2. Particles and water were mixed in the mixing tank
and then fed to the SL-PUCF by a magnetically levitated
feed pump (Levitronix PuraLev i30SU). Whey proteins are
used as test particles, mixed in water with 20 g/L. Their
harmless nature, smaller size than viruses, very low cost and
great availability as common food supplement, render them

TABLE 10. SL-PUCF: system validation.

as a very attractive test medium for general working principle
validation.

Using the O-SBMs magnetic bearing functionality as a
sensor makes it possible to monitor the SL-PUCF dynamic
rotor filling process by measuring the SL-PUCF rotor
weight, shown in Fig. 16(b). It shows the rotor weight
increase determined via the axial rotor position measurement
during the dynamic filling of the SL-PUCF rotor at 2 krpm.
It shows a constant feed rate, controlled by Levitronix Flow
Control with the feed pump together with a inline Levitronix
ultrasonic flow sensor. This validates experimentally, that the
contact-less dynamic filling of the SL-PUCF rotor during
stable levitated rotation from above via the inflow distributor
works. This validates solutions S4-S5. After successfully
filling of the SL-PUCF rotor, it was accelerated successfully
stably suspended to 20 krpm.

Sedimentation was conducted as a first experimental
validation of the basic functionality of the SL-PUCF rotor
as a PUCF. The rotor was brought to 0 rpm, and inspected,
as shown in Fig. 16(c). A layer of sedimented whey proteins
was detected and therefore the separation successful. The
basic separating function of the SL-PUCF has thus been
experimentally validated.

The winding surface temperature of the O-SBM at 20 krpm
was measured with only passive motor cooling to be 40.8◦ C,
which confirms experimentally also during system operation
the exceptionally good thermal properties of the novelMAFC
for stator heat dissipation. Tab. 10 summarizes the main
findings of the SL-PUCF system validation.

VI. OUTLOOK ON NOVEL FUTURE SMART CAPABILITIY
POTENTIAL OF THE PROPOSED SL-PUCF CONCEPT
The following gives an outlook to new capabilities and bene-
fits, that the new SL-PUCF concept can offer to the PUCF
application. Three case studies are given, experimentally
validating selected capabilities.

A. SENSING WITH O-SBMS AS SENSORS
Magnetic bearings can measure the radial and axial rotor
position via their inherent function with position sensors.
In literature, methods for contactless measurement of the
rotor temperature via e.g. high frequency impedance mea-
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FIGURE 16. (a) Novel SL-PUCF prototype connected to mixing tank, feed
pump, and feed flow sensor and a camera to observe the turbidity of the
feed and the outflow of the SL-PUCF. (b) Measured fill-level of the
SL-PUCF rotor by converted measurement of the axial (vertical) rotor
position during filling, using the axial stiffness kax of the O-DSBMs.
(c) First test for validating the fundamental function as a centrifuge:
successfully sedimented whey proteins at 20 krpm on the rotor
jacket wall.

surement of the magnetic circuit from the stator to the rotor
are described in [25]. This means, that contactless monitoring
of the PUCF rotor temperature is also conceivable in the
future. This would help to monitor the rotor and therefore also
rotor fluid temperature without contact.

Furthermore, information on the rotor, or the entire
system structure can be obtained by measuring frequency
responses through the magnetic bearing excitation, addition-
ally extended by measuring the acoustic frequency response,
as shown in [26].

B. SENSING: DESIGN VERIFICATION
The measurement of frequency responses can be used to
verify the rotor dynamic properties of the rotor, including
the bending resonance frequencies, to ensure that the rotor is
sub-critical in the operating range. This is also possible during
rotor rotation.

C. SENSING: HEALTH MONITORING
The presented measurable system properties are conceivable
to be used for health monitoring in the future. For example,

a scan of the rotor resonance frequencies at standstill, before
the speed is increased, is conceivable. A scan of the acoustic
frequency response, according to [26], to check the overall
structure is also conceivable. Possible detectable system
faults are, e.g., missing screws or cracks in the rotor that shift
the rotor resonance frequencies out of a permissible tolerance
band. It should even be possible to identify different rotor
types in this way by measuring the frequency response of the
magnetic bearing excitation and / or the rotor weight.

D. SENSING: CENTRIFUGATION PROCESS CONTROL
The Ultracentrifugation process control potentially benefits
in the future from the newly measurable properties. The
SL-PUCF rotor fill-level measurement during operation
makes it possible to monitor the filling process and thus avoid
overfilling the rotor. During centrifuging, for example, it is
also conceivable to track the rotor weight increase during
continuous feeding for enrichment. In principle, sedimented
particles will also be registered as an increase in weight
during standstill. The emptying of the rotor can also be
monitored accordingly.

The detection of error states is also conceivable. Acoustic
monitoring of the structure as in [26] can also be combined
with acoustic monitoring of the hermetically sealed process
chamber.

E. SMART CAPABILITY CASE STUDIES
1) O-SBMS AS SENSORS: FILL-LEVEL MEASUREMENT
The axial magnetic bearing stiffness can as demonstrated
be used to measure changes in the rotor weight due to the
resulting axial displacement. Knowing the density of the
added suspension, the fill-level in the rotor can be measured
during filling, discharging or during operation. This rotor
mass measurement is shown in Fig. 16(b). The state of the
completely filled rotor can be identified by the fact that the
rotor weight does not increase any further during filling.
Excess fluid exits directly at the rotor outlet. In principle,
this even allows the density of the medium in the rotor to be
determined, since the internal rotor volume is known.

2) DESIGN VERIFICATION: ROTOR BENDING RESONANCE
MEASUREMENT
To measure the rotor bending resonance frequencies, the
excitation was carried out as described in [26]. The direction
of the excitation, i.e. forwards or backwards, can be freely
selected. Here the excitation was carried out backwards.
Thus the backward whirl mode was excited. The bending
resonance frequencies were found to lie above 3 kHz. The
rotor resonance frequencies lie with sufficient reserve outside
the first-order excitation (sub-critical), which at 100 krpm
lies at 1.667 kHz. The measurement of the rotor bending
resonance frequencies during rotation at 2 krpm showed the
typical lowering of the resonance frequencies for backward
whirls with increasing speed. The first and second backward
whirl bending resonance frequencies have decreased from
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FIGURE 17. External and internal microphone recording spectrogram
during a commissioning experiment with visible failure state signatures,
showcasing the potential of acoustic process monitoring.

3.7 kHz to 3.65 kHz and 4.17 kHz to 4.13 kHz respectively,
due to the increased speed. This verifies, that the backward
whirl modes were excited, showcasing the capability to
measure entire Campbell diagrams.

3) PROCESS CONTROL: ACOUSTIC PROCESS MONITORING
A microphone for process chamber monitoring is attached
to the connections for process gas handling. This allows
detection of fault conditions such as overfilling of the rotor,
resulting in asynchronously rotating fluid in the process
chamber, foam formation and rotor emptying. Fig. 17 shows
exemplary the recorded channels of an external as well as
an internal microphone which is connected to the inlets of
the SL-PUCF during a commissioning experiments. Failure
states like outflow of the rotor fluid, foam formation and wall
contact, or stop of levitation leave distinct acoustic signatures.
In the future, machine-learning based state recognition
algorithms are conceivable.

VII. LIMITATIONS AND FUTURE IMPROVEMENTS
This section discusses limitations and future improvements
of the main novel solutions found in this article.

A. SL-PUCF COMPONENT LEVEL SOLUTIONS
1) SOLUTION S1: YOKE INTERFACE SHOES
The proposed yoke interface shoes enable a RMS reduction
of the axial stiffness ripple by 39% for a yoke air-gap surface
increase of 33%. Their effect is limited to a reduction of
the axial stiffness ripple to a tolerable level, but they cannot
eliminate it completely.

As future improvements, larger reductions are conceivable
with an even larger increase of the yoke air-gap surface,
optionally also in axial direction. Furthermore, measures
known from cogging torque reduction, e.g. forms of skewing,
can in form of skewing of the yoke air-gap potentially further
contribute to the ripple reduction.

Applications beyond the scope of this article of yoke
interface shoes are any new developments of openable
self-bearing motors or openable magnetic bearings.

2) SOLUTION S2: ROTOR MAGNET DESIGN
Aguideline for optimal magnet orientation offset is proposed.
As shown, the rotor magnet design remains a compromise
between axial stiffness reduction, motor and magnetic bear-
ing performance, mechanics and rotor dynamics. Further-
more, reasoning for themagnet length and position dimension
selection is given. As a limitation, only a compromise is
possible.

Improvements are mainly possible by improving the
yoke interface shoes, while following the optimal magnet
orientation guide.

The presented guideline and reasoning are applicable for
any new system with two openable self-bearing motors or
magnetic bearings with a common rotor.

3) SOLUTION S3: MACRO-FILLER COMPOSITE THERMAL
BRIDGE MATERIAL
The MAFC material is validated to increase the thermal
conductivity of pottingmaterial by a factor of 3.4 to 4W/mK,
which results in a massive reduction in temperature of
critical components. Limitations are the cost of a more
complex manufacturing process and the minimal gap size
due to the macro-filler particle dimensions. The increase in
manufacturing complexity is justified for application, where
the benefit of the temperature reduction while avoiding eddy
current losses is critical.

For future improvement, a mixture of different size
MAFC filler particles to increase the theoretical limit
of the MAFC packing density is suggested. However,
it is a trade-off between thermal conductivity and high
enough liquid characteristics which enable good surface
contact.

Due to the MAFC particle dependent minimal gap size,
MAFC is suited especially for applications with a large gap
size or large volumes to be filled. Exampleswithout limitation
are electric machines, motors, self-bearing motors, magnetic
bearings, motor windings or end-windings and magnetics in
power electronics.

4) SOLUTION S4: SL-PUCF ROTOR TOPOLOGY
The proposed SL-PUCF rotor topology is validated for
the principal separation function by successful sedi-
mentation of whey proteins. Its design is currently
limited to dynamic filling and unloading during rotor
rotation.

Future extension of the topology in Fig. 14(a4) with a
rotor-integrated valve as shown in Fig. 14(a5) can addition-
ally simplify the unloading process. The rotor can then be
emptied slowly and in a controlled manner at standstill. The
valve could conceivably be activated by centrifugal force,
mechanically from below or (electro-) magnetically.
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The proposed SL-PUCF topology is generally appli-
cable to any sort of centrifugation or ultracentrifugation
application, however, the process for each application needs
to be validated individually.

5) SOLUTION S5a: INFLOW DISTRIBUTOR
The inflow distributor is validated in its function to prevent
fluid from falling through the rotor during filling. However,
the flow details at the inflow distributor during filling are
unknown.

Future studies can investigate the detailed inflow distribu-
tor flow field to find optimization potential.

The inflow distributor can be interesting for any top filled
bowel centrifuge.

6) SOLUTION S5b: EQUALIZING CHANNELS
The SL-PUCF rotor with equalizing channels enabled
validated stable dynamic filling during rotation. It should be
investigated in future studies, if they lead to unwantedmixing,
disturbing the separation process, or if they have no negative
impact.

In case this should be discovered in future studies to be an
issue, their distribution, size, and shape can be subjected to an
optimization. Generally, the concept of equalizing channels
can be of interest in any application with a rotor containing
rotating fluid, especially for self-bearing motor or magnetic
bearing suspended rotors.

7) SOLUTION S6: JOINT LOAD DISTRIBUTION
The newly derived approximate dimensioning of the novel
openable burst armor showed a safety factor above two
against rupture. Within this study, no rotor was accelerated
until rotor burst, as the only prototype available should not
be risked. In a future study, destructive burst tests with a
rotational speed margin above the maximum rotor speed
has to be conducted. The openable burst armor concept is
generally applicable to any rotating machinery with needed
rotor exchange or access and very high rotational energy to
be contained.

B. SL-PUCF SYSTEM
1) EXPANDING OPERATING ENVELOPE
The proposed SL-PUCF is validated in its functionality. It is
operated within this study at 20 krpm, to not risk destructive
damage on this first prototype. In the precedent study [1],
the first generation O-SBMs without the improvements of
this study suspending horizontally instead of vertically a
thin solid test-rotor, reached 103 krpm. The improved second
generation of O-SBMs of this study therefore is highly
likely to reach 100 krpm successfully also with a vertical
rotor.

In a future study with more than one prototype available,
the operating envelope will be successively expanded to
higher rotational speeds. A vacuum system will be attached
to lower the air pressure during high speeds to reduce rotor

gas friction losses. A cooling system is foreseen around
the process chamber to control the temperature of the rotor
including its biotech payload. The full speed and power
testing will also show the MAFCs performance under full
load. However, the motor internal linearity of heat conduction
with respect to the thermal resistance RTh and the heat flux
Q, 1T = RTh · Q, combined with the MAFC thermal
conductivity measurement and the very low winding surface
temperature measurement result at 20 krpm, leads to the
expectation of a very good thermal performance at 100 krpm
as predicted.

2) APPLICATION SPECIFIC DEVELOPMENT
The SL-PUCF functionality was validated with the sedimen-
tation of whey proteins.

In a future study, the SL-PUCF rotor will be investigated
and optimized further for the viral nanotechnology appli-
cation. Application development for new biotech devices
is extensive and requires further studies, focusing on this.
The SL-PUCF offers many application specific optimization
parameters, such as the radial path length, application of
density gradients and process related modes, e.g. filling
and unloading speeds, processing times and profiles. Once
the application protocols are established and validated, the
up-scaling of the LaS-PUCF prototype to PiS-PUCF and
PrS-PUCF can be conducted.

The proposed SL-PUCF is generally unlimited to any
biopharmaceutical and other purification applications or to
potential specialized applications even in clarification or
other separation needs.

VIII. CONCLUSION
A novel sealless production ultracentrifuge type with two
openable double self-bearing motors with novel features,
tailored to vertically suspend its novel sealless rotor shielded
by a novel openable burst armor was proposed and realized
as a prototype. The current limitations of the state of the
art of production ultracentrifuges for the manufacturing
of viral vectors for gene therapies and vaccines were
identified, system and component level requirements derived,
component level problems identified, solutions presented and
experimentally validated. This includes novel yoke interface
shoes for openable self-bearing motor yokes, a guide to
find optimal magnet alignment combinations and magnet
dimensions for vertical rotor axis operation of such a system,
the overcoming of axial bearing resonance, a novel scal-
able electrically insulating but highly thermally conductive
macro-filler thermal bridge material for toroidal slotless ultra
high-speedmotors, a novel sealless flowpath design including
a novel inflow distributor and equalizing channels and a novel
openable ultracentrifuge burst armor. The general working
principle of the novel sealless ultracentrifuge is validated
experimentally by the successful sedimentation of whey
proteins. Furthermore, an outlook is given to novel future
capabilities for monitoring and process control thanks to the
smart capabilities of the openable self-bearing motors and
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examples are experimentally demonstrated in the form of case
studies.

The development trend for production ultracentrifuges
stagnated. This article identified limitations of the state of
the art and proposes solutions. The research described in this
article aims at bringing ultracentrifuges ‘‘back in the game’’
for future purification in viral nanotechnology, especially the
separation of empty and full capsids.

The findings for the openable self-bearingmotors to reduce
the yoke air-gap influence can be used in any new application
for openable self-bearing motors. The novel macro-filler
composite thermal bridge material with an increased thermal
conductivity by a factor of 3.4 compared to potting material
can be of use for electric machines of any type in general to
lower its (end-) winding temperatures or to increase power
density.
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