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Development of an implantable integrated MEMS pressure sensor using polyimide epoxy composite and Atomic Layer Deposition for encapsulation
P. Gembaczka1, M. Görtz1 and M. Kraft1, 1Fraunhofer Institute for Microelectronic Circuits and Systems, Duisburg,
Germany, pierre.gembaczka@ims.fraunhofer.de

Introduction
The futher miniaturization of MEMS sensors (micro-electro-mechanical system) opens up a wide range of medical implants applications. Typical medically approved encapsulation materials are titanium or ceramic, which have thick layer
(~100µm) and hence are relatively large. For MEMS pressure sensors the membranes must be free to move and in contact with tissues or body fluids. A thin and hermetically sealing encapsulation adapting to the shape of the MEMS sensor is needed. Flexible encapsulation based on silicone is no hermetic sealing. Here, a novel encapsulation method is
demonstrated for a capacitive MEMS pressure sensor system. A high temperature resistant polyimide-epoxy composite
was used as die attach material and as sealing compound for bond wires and parts of the chip surface (figure 1). This
was followed by an atomic-layer-deposition (ALD) of aluminium oxide (Al2O3) and tantalum pentoxide (Ta2O5) (figure
2) providing a hermetically sealed encapsulation. The polyimide-epoxy is compatible with the ALD deposition temperature of 275°C for several hours.

Methods
To locate even the smallest defects in the passivation a destructive amperometric measurement method in phosphate
buffered saline (PBS) was chosen. To test the performance and repeatability, the pressure measurement system was operated and calibrated in a 0.9% saline solution (figure 3). Accelerated life testing at 60°C and 120°C in saline solution
was also carried out.

Results
The maximal calibration error of the MEMS pressure sensor was below 2hPa in 0.9% saline solution. During continuous operation the sensor module survived an accelerated life testing at 60°C in saline solution for 1500 hours. During an
offline accelerated life testing in saline solution at 120°C the sensor module survived for 116 hours.

Conclusion
With an polyimide-epoxy composite as sealing and a final ALD deposition a new encapsulation techncology for implantable MEMS pressure sensors was developed.
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Figure1. Encapsulation of the entire sensor module before the ALD passivation

ALD passivation on top of the complete surface (50 nm Al2O3 and 50 nm Ta2O5)
750 nm silicon oxide and 500 nm silicon nitride passivation layer
polysilicon membrane

Figure 2. SEM image of the fracture edge of a pressure membrane with ALD passivation

Figure 3. Pressure value of a passivated sensor module at various temperatures in saline solution
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Abstract: The paper shows the potential of micro machined
sensors for implantation and monitoring of patients. Next to
well known sensors it is focused on inertial sensors and a
way for further miniaturization keeping the performance and
accuracy of the sensor. Furthermore the ongoing investigation of materials used for MEMS packaging and MEMS
fabrication will be described. Here, special encapsulation
techniques should show a miniaturization potential realized
by the substitution of thick medical packages like Titanium
housings.

Using a special high aspect ratio (HAR) Si patterning
technology it is possible to increase the signal of the sensor [3]. This could be used for a decrease of the sensor
size. In our case it is a capacity change in relation to a
base capacity that could be converted into a voltage by an
ASIC for example.

Keywords: micro sensors, MEMS, biocompatibility,
MEMS packaging, hermeticity, chip size package CSP,
implant

As we can see in equation 1 the capacity depends on the
area A. With high aspect ratio patterning we increase the
depth of the sensor and herewith the area too. One could
also see that the distance plays an important role. In case
of decrease the distance of the electrodes the capacity
would be increased. This means, the etching must be
realized as deep and as narrow as possible. Usually the
depth of functional patterning in industry is around
25 µm. The HAR technique enables up to 100 µm in
depth with an electrode distance of 3 µm to 5 µm (fig. 1).
This means factor 4 and shows the remaining potential for
miniaturization.

Motivation
The need for further miniaturization especially in medical
applications is ongoing and micro and nano system technologies will open new ways for product development
and medical progress [1]. Micro sensors based on Silicon
(MEMS) enable the miniaturized integration of mechanical, electrical, optical, and other measurement principles
into very small systems. For implantable devices it is
necessary to ensure the compatibility of the technical
system with the biological host [2]. Next to that aspect it
is also important to realize a communication from outside
the body to the implant using wireless technologies and a
power management for active implants.

(1)

MEMS sensors
Micro technologies using Silicon as functional material
have certain advantages like long-time reliability and high
precision fabrication of micron range patterns. It is known
that MEMS technologies show high correlation to medical needs especially regarding to implantable devices.
Meanwhile some implantable devices are working and are
certified by authorized institutions (e.g. FDA). Examples
are pressure sensors for measuring inside bladder, cranium or blood vessels. Very intensive work was done
with optical sensors inside the eyes (retina implants) and
electrode based implants for death people (cochlear implants) [1]. But also inertial sensors are in discussion e.g.
for heart beat measurements and patients position.

Figure 1: SEM image showing high aspect ratio electrode
structures realized by deep reactive ion etching of Silicon
Next to deep reactive ion etching further technologies for
high precision sensors could be applied like BDRIE
(bonding and deep reactive ion etching), AIM (airgap
insulated microstructures, and SOI (Silicon on Insulator)
technologies.
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MEMS packaging for medical devices
In case of special monitoring devices for in-vivo patient
monitoring the biocompatibility of these sensor systems
plays a significant role [4]. Only with strong orientation
regarding to the minimum dimensions certain applications
were feasible. Next to the functional components of such
a system also packaging materials and housings were
recognized for further optimization. Actual developments
include the use of thin film layers or multiple thin film
stacks for hermetic and biocompatible sealing of medical
MEMS [5]. Although first barrier properties of thin film
encapsulations are presented by [6] it will be a challenging topic for future packaging and encapsulation technologies. With regard to standardized test procedures it is
focused to use biocompatible materials for the sensor
system preferred. Hereunder Silicon with its native oxide
and wafer bonding materials like Gold as intermediate
layer will be investigated for hermetic packaging of the
sensor and the integrated electronics too. It is seen to be
distinguished between an inner level of packaging the
sensor and the electronics using joining techniques and an
outer level of encapsulation for hermetic sealing and
biocompatible housing of the implant. One possible material for outside housing is Parylene, deposited by a room
temperature CVD process. A certain advantage is the 3D
conformal deposition of the layer and the low diffusion
rate of water molecules and others [7]. In case of interconnects and patterning aspects first experiments were
done using a laser system for selective removing of the
Parylene layer (fig. 2). In case of long term implants the
hermeticity of Parylene seems to be not sufficient. Therefore further layers are investigated. For both certain
measurement and characterization steps are necessary
especially for the aimed degree of miniaturization.

Figure 2: Thin layer of Parylene C as passivation for conductive paths on PCB with contact opening by laser patterning

Conclusion
The combination of new sensor fabrication technologies
and thin film biocompatible packaging materials will
open new dimensions for implantable devices. Using high
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aspect ratio techniques whether the performance of the
sensor could be increased or the system dimensions significantly decreased. In consideration of new thin film
based encapsulation technologies the substitution of usual
Ti housing seems to be possible and enable the further
miniaturization of the implants. Further work should be
done for defining the status of long term biocompatibility
and for reliable testing concerning the single process
steps. At least the integration of communication components and wireless strategies as well as energy or power
aspects for system integration should be covered.
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Abstract
A novel wireless electrocorticography (ECoG) system for brain activity recording was designed, manufactured and
tested. The hybrid design of an electronically active intracranial implant comprises standard sized electrode sites and
A/D-conversion, multiplexing, optical data output and power management for an embedded inductive receiver. A second
module realizes the short distance communication and inductive powering. This part comprises a WLAN transceiver for
data communication with a recording computer in WLAN range. The functionality of the setup was proven in an acute
animal experiment. An in-vitro test showed stabile active function of the ECoG implant for 7 months in physiological
saline solution (PBS).

1

Introduction

Intelligent implants that comprise electronics, sensors and
actors integrate the functionality of established tools and
push the possibilities forwards to more individual
diagnostics, monitoring and therapies by allowing an insitu analysis of measurands and closed-loop action, e.g.
drug release, neurostimulation, or alarm notifications [1].
Sophisticated systems are part of a telemedicine
environment that enables centralized analysis of the
recorded values by specialized physicians virtually without
latency.
The technological realization of intelligent implants
depends on the application, surgical technique and the
aspired retention time of the implant in the body. The
electronics of chronic implants are housed in hermetic
boxes (e.g. pacemaker, cochlear implants, neuromodulators etc.), made of metals, ceramics or glasses. The
bottleneck of these rigid systems are feed-throughs and
connectors for cables, which are large and limit the
number of channels. These systems usually consist of at
least two modules, the housing and the sensor part,
connected by a flexible cable; basically an improved
pacemaker setup. The alternative for subchronic
applications is a polymer based system, which comprises
the flexible PCB as well as the electronics and sensors
without a hard shell, therewith circumventing the feedthrough issue.
Other options are systems that are completely integrated in
semiconductors (e.g. active brain probes), which are
strongly restricted in space, and polymer based systems
with hermetically chip scale packaged semiconducting
components [2, 3].
Analysis of brain potentials is a vast field in neurology and
biomedicine. Brain signals are subject of neurological
basic research activities, and they are used to control brain
computer interfaces (BCI). Recordings of the electric

potentials on the surface of the cortex (ECoG or
intracranial) allow a much higher spatial resolution than
recordings from the skin (EEG) and thereby are a tool to
localize origins of epileptic seizures employed prior to
brain surgeries [4]. State-of-the-art ECoG recordings are
realized with passive, hand crafted electrode grids, based
on platinum foil structures embedded in silicone. The
signals are routed via a cable through the scalp. The
percutaneous cable to the brain surface generally is a
delicate entrance path for germs and thus inclines the risk
of severe infections [5]. The implant presented here is
capable to overcome the need for cables while it preserves
mechanical flexibility and an outline that is only
marginally larger than the passive ECoG grid.

2

Methods

The recording system consists of three modules: the active
ECoG grid, an external telemetry unit and a WLAN
receiver. For data analysis a standard PC was used. The
ECoG grid, the actual implant, records the neural signals
and preprocesses them by means of A/D-conversion and
multiplexing. It is powered by the telemetry unit by
inductive coupling. Data communication between these
two parts is realized optically (infrared-LED). The
telemetry unit is connected to a WLAN transmitter and a
portable rechargeable battery. The WLAN receiver collects
these data and forwards them via USB to a PC.

2.1

Active ECoG Grid

The active ECoG grid consists basically of the grid with its
electrode sites (diameter 4 mm), a coil for inductive power
reception, an IR-LED for data communication (IrdaTransceiver, 2 MBaud, asynchronous protocol) and
electronics for A/D-conversion (16 bit, sampling rate
1 kHz), multiplexing and power management (image 1). It
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exhibits a LED indicating the activity status. Layouts were
produced for primate scale cortex and for animal
experiments in sheep, which differ mainly in the number
of electrode sites. The implant is powered directly by an
inductive link (16 MHz) and has no own power source.
The substrate is a flexible polyimide with embedded
conductors. After assembly of the electronic components,
the implant was coated with approx. 11 µm Parylene C.
The electrode sites were opened in oxygen plasma using a
shadow mask. The electrode sites were then coated with
approx. 1 µm gold in a sputtering process also applying a
shadow mask, to improve biocompatibility and the
robustness of the encapsulation. In the next step, the
electronics part was additionally coated with a PECVD
SiOX layer. While this step, the grid area was masked.
Finally, the active part of the grid was coated in silicone
rubber to protect the thin encapsulation layers
mechanically especially from the tools applied in the
implantation surgery. The implants were sterilized by
autoclaving.

Image 2 Telemetric unit of the Incrimp system; a) power
supply for the active grid and data reception, b) WLAN
transmitter for data transmission and plug to a portable
rechargeable battery

2.3

2.2

The inductive link is capable to power the implant only for
several millimetres. Therefore, the telemetric unit is placed
directly above the implant.
The outline of the telemetric unit is defined by the coil. It
is based on a standard PCB. After cleaning the PCB was
coated with approx. 5 µm Parylene C, supported by an
additional silicone coating. The circular part and the
WLAN transmitter hold status LEDs.
A WLAN transmitter in the size of a USB stick is
connected via cables to the telemetric unit. This WLAN
transmitter is coated with silicone and offers a USB plug
that can be inserted into a portable rechargeable battery.
Image 2 displays the two parts of the telemetric unit.

Implantation Procedure

The functionality was shown in an animal experiment
(sheep) carried out at the Neurosurgical University
Hospital of Tübingen. After opeing the cranium the active
grid (small layout adapted to the sheep brain) was placed
on the dura. The removed part of the skull was thinned at
the bottom side to obtain enough free space for the active
grid. Additionally, a hole was drilled into this piece of
bone that was aligned to the IR-LED of the active grid.
Then the skull piece was replaced and sutured to the
cranium.
On top of the skull, the telemetric was placed and aligned
to the drill hole with the IR-LED, and fixated with sutures.
The cable linking the telemetric unit to the WLAN transmitter was tunnelled below the neck, and there connected
to the WLAN transmitter and plugged into the rechargeable battery.

3

Telemetry Unit

WLAN Receiver

The data sent by the telemetric unit is received by a
WLAN device that is connected to a PC. This setup allows
data acquisition from freely moving subjects in a range of
several meters. The data is processed and stored by the
software MC Rack (MCS).

2.4

Image 1 Active ECoG grid with 64 channels for cortical
recordings with implemented AD conversion, multiplexing, optical data communication and a telemetric link
for power supply

S1058

Results

Data acquisition and transmission was shown to work
reliably. The recordings can conveniently be observed,
recorded and filtered. The GUI allows a direct mapping of
the represented data to the electrode sites.

3.1

In-vitro Testing

In a long term test the active grid was recording data in
PBS at room temperature for more than 7 months (at the
moment of writing). The only observed change is a slight
milky discolouring within the encapsulation. This is
probably delamination of the silicone layer from the SiOX.
which does not influence the stability of the system.
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Conclusion and Discussion

The proof of concept was achieved. The approach of an
active, wireless, flexible and very thin implant for ECoG
recordings is a substantial progress to the standard passive
grids that are well-established but possess the drawback of
the percutaneous cable. Moreover, the here presented
MEMS based manufacturing technologies offer more
design freedom than conventional, hand crafted electrode
grids, especially towards much smaller electrode sites,
enabling an improved spatial resolution, while the number
of recording sites is easily expandable.
Preliminary experiments revealed that the range of the
telemetric link is not sufficient to reach through the
complete skull and scalp of a sheep in the current design.
Therefore, in the animal experiment the telemetric unit was
placed underneath the sheep’s skin to proof the system’s
overall performance.
Ongoing research activities at the NMI pursue the idea of
hybrid, multi functional active implants. Coating
technologies are being developed for hermetic chip size
packaging to push the application scenarios of these
implants into longer time frames since the polymeric
encapsulation of the described implant makes it unsuitable
for chronic applications like BCIs [6].
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Abstract
The ability of the human eye to focus at different focal lengths gets lost due to aging processes like presbyopia and cataract. The Artificial Accommodation System is a mechatronic lens implant designated to restore this ability. Optical, micromechanical and microelectronic components have to be integrated into the microsystem. In this paper, comprehensive
system integration concepts for the implant are presented with the focus on the encapsulation of different active optical
elements.

1

Introduction

Accommodation is the ability of the human eye to adapt its
refractive power in dependence of the distance to the fixated object [1]. It is realized by a deformation of the lens as
shown in image 1. The incident light is refracted by the
cornea and afterwards by the lens so that a sharp image is
projected onto the retina. Fixation on a distant object requires only a small refractive power of the lens. For reading or other tasks at close distances the refractive power of
the lens is increased by deformation. The lens itself consists of transparent jellylike cells that are housed by the
capsular bag.

Image 1 Natural accommodation of the human eye.
The ability of accommodation gets lost due to aging processes [2]. The stiffening of the former flexible lens and
the consequent loss of adaption is called presbyopia. Another age-related impairment is cataract. This opacification
of the lens cells can lead to blindness. The treatment today
is a standard surgical procedure: the lens cells are removed
and an artificial lens is implanted into the capsular bag.
This intraocular lens (IOL) restores the refractive power as
a substitute of the natural lens, but only for one object distance. Ideally, existing ametropia is also corrected. The
approach of the Artificial Accommodation System is additionally to restore the ability of adaption to different focal
lengths using a mechatronic lens implant [3, 4]. A change
of the refractive power of 3 dpt and a postoperative correction of refraction shall be realized. Envisaged solutions for
the optical element [5] are shown in image 2. On the left a
three lens system called triple-optics is depicted. The outer
auxiliary lenses provide the basic refractive power while
the shift of the middle lens along the optical axis allows for
the adaption of refractive power. The second lens system is

a so-called Alvarez-Humphrey-lens (AH-lens). Here, the
change of refractive power is realized by a lateral displacement of the components relative to each other. The
auxiliary lenses for the provision of the basic refractive
power of the lens and the compensation of aberrations can
be integrated into the outer shape of the lens components.
The third option is the use of a fluidic lens. Hereby, a meniscus is formed between two fluids of different refractive
indices. Changing the form of this meniscus by fluid displacement changes the refractive power of this fluidic lens.
The basic refractive power is provided by an additional
auxiliary lens. The displacement or deformation of the
lenses is realized by an actuator system. In order to determine the current accommodation demand a sensor system
is used. One approach is the determination of the vergence
angle between the eyeballs by acquiring the respective position of the implant in relation to the field of gravity
and/or earth magnetic field [6]. For that purpose, magnetic
field sensors and/or acceleration sensors and a communication between the implants of both eyes are necessary. Another way to determine the accommodation demand is to
measure the pupil width and the ambient luminance [7].
Therefore, a photo sensor array must be placed as close as
possible behind the pupil. Beside the optical element, the
actuator system and the sensor system further components
have to be integrated into the lens implant. These are a
communication unit for data exchange between the implants but also with the ophthalmologist, a control unit and
energy supply.

Image 2 Envisaged solutions for the optical element of
the Artificial Accommodation System.
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2

Methods

The requirements for the system integration of such a
complex implant are challenging. The system shall be implanted into the capsular bag by standard cataract surgery
methods. Using a cylindrical geometry of 10 mm diameter and 4 mm height, the available volume totals up to
314 mm³. Thereof, the optical element occupies the inner
circle of 5 mm diameter. First implantation studies show
that the implant diameter needs to be further reduced and
the outer geometry has to be modulated rather lens-shaped
than cylindrical. This complicates the integration of electronic and mechanical components in the outer ring of the
implant [8]. The Artificial Accommodation System has to
be biocompatible and must withstand all forces applied
during manufacturing, implantation and operation. In order to allow wireless loading and communication, the encapsulation of the implant must allow electromagnetic
transmission. In the optical area the encapsulation must be
transparent for visible light and IR-lasers for treatment of
posterior capsular opacity [9]. For a lifetime of more than
30 years no aqueous humour must enter the interior of the
implant. Thus, the human body is protected from contact
with the substances contained within the system and corrosion and loss of functionality of the components is prevented. According to the specification for electronic systems in MIL-STD-883G, that is also applied for implants
in DIN 45502-2-3, a maximum of 5000 ppm(v) of water
is allowed inside a system to prevent condensation above
0°C. During the operation of the Artificial Accommodation System in the human body the temperature is constantly above 35°C [10]. Therefore, the dew point rises
and 52500 ppm(v) water can be tolerated. Even if starting
at 0 ppm(v) the allowed maximum rate of water intrusion
over a lifetime of 30 years is only 9.4· 10-15 atm·cm3/s
[11]. Consequently, hermeticity of the encapsulation has
to be guaranteed.
In [12] solutions for the different subtasks of system integration are investigated. For the interconnect device a
flexprint is chosen. In order to fixate the implant within
the eye, the outer geometry of the implant in combination
with additional haptics can be used. To encapsulate the
system, two solutions are identified to be suitable: glass
housing and polymer casting. Now, these single solutions
have to be combined to a comprehensive system integration concept. Thereby, the individual requirements of the
integrated components have to be regarded.

3

Results

3.1

Encapsulation of different optical elements

The form of the encapsulation of the implant is mainly
influenced by the choice of the optical element. Three different versions are defined:
• polymer lenses in a gas environment
• polymer lenses in environment of aqueous humour
• fluidic lenses.
Polymer lenses in a gas environment can be used in form
of a triple-optics or an AH-lens. In order to guarantee the
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maintenance of a gas-filled cavity in the optical area over
the entire lifetime, a hermetic encapsulation is necessary.
Therefore, a glass housing must be used. This housing can
either package the entire system or only be applied to the
optical area as shown in image 3. For the latter approach
the components in the ring-shaped volume around the optical area would be coated and then casted with polymer.
The overall hermetic package is favoured since it protects
all components of the implant from the contact with body
fluid. The thinner wall thickness of the polymer casting in
the outer ring is of no advantage, since it is compensated
by the additional wall thickness of the glass housing for
the optical area. Furthermore, a sealed transfer of the motion of the actuator through the glass is necessary. The
remaining advantage of this concept is a higher flexibility
in the outer area and consequently better implantability of
the system.

Image 3 Concept of separate housing for the optical element.
Polymer lenses in aqueous humour can only be applied in
form of the AH-lens. An application of the triple-optics
would result in too high displacement forces due to the
necessary lens shift against a fluid along the optical axis.
Only the components in the outer ring around the lens are
encapsulated. The transfer of the motion of the actuator to
the lens component in the optical area can be realized using an elastically sealed mechanical conduct. Alternatively, the actuator can be fully placed into the aqueous humour being supplied with the necessary electrical energy.
A hermetic encapsulation is not obligatory if the contact
of the internal components with body fluid can be reliably
prevented otherwise, like with the help of additional coating. Polymer casting can be applied with thinner wall
thicknesses than glass housings. For the operation of the
optical element in aqueous humour, however, the mass of
the movable lens part and its range of displacement must
be wider due to the small difference of refractive indices
between water and polymer [13]. Thus, additional energy
and hence bigger actuator and battery are necessary than
for an AH-lens operated in a gas environment.
In order to use fluidic lenses, a separate glass housing is
necessary that protects the fluids from drying out and the
internal electronic components from the contact with the
fluids. The fluids have to be connected with a micro pump
or a piston that performs the displacement of the fluids
(image 2 and 4). The manufacturing and bubble-free filling of the housing for a fluidic lens is very demanding
[14]. The other components of the system have to be encapsulated separately, either with polymer casting (image
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4 (A)) or an additional housing that can be opaque (image 4 (B)). In comparison with the other optical elements,
the additional volume used by a separate housing is a
great disadvantage of the fluidic lens. Thus, its use is only
advisable in case the additional volume for the housing is
compensated by a respectively smaller actuator. For the
time being, this optical element is not regarded further.

Possibly, a reduction of the wall thickness of the
housing can be realized.
• The thermal connection of the internal components to
the surrounding body fluid and thus, lifetime increase
of electronic components is improved. (The very low
dissipation power does not harm the organism.)
These advantages apply to every electronic or mechatronic micro system housed by a rigid material.

Image 4 Concepts to encapsulate a fluidic lens with hermetic housing of the lens and (A) polymer casting or (B)
additional housing of the outer component ring.

Image 5 Internal polymer casting used as getter material.

3.2

Optimization of fail-safe behavior of
the encapsulation

The use of hermetic glass housing enables a good protection of the internal components and of the human body.
To guarantee a hermetic sealing of the joining of the individual housing parts for 30 years, however, is still a challenge, especially when low-temperature bonding processes have to be used.
One aspect in case of failure of the encapsulation and
consequent contact of the internal components with body
fluid is corrosion and system failure. Another aspect is the
influence on the refractive power of the optical element.
The lenses are designed to be operated in gas. While a rise
of the relative humidity of the gas has no considerable influence on the refractive power, liquid water would lead
to extreme hyperopia. Depending on the chosen optical
element and its current lens position the vision can be impaired by 8.65 dpt to 14.35 dpt [11].
Thus, it is advisable to take additional safety measures.
The encapsulation using glass housings is extended by
internal polymer casting. Next to this, a protective coating
can be applied to the internal components. Although for
these measures additional production processes are necessary and the mass of the implant is increased, the advantages are substantial in case of failure of the encapsulation. If water is intruding slowly into the system:
• The biocompatibility is maintained since the contact
of body fluid and internal components is inhibited.
• The polymer casting is used as getter material that
binds the intruding water. Thus, the rise of relative
humidity inside the gas-filled cavity for the optical
component is delayed.
• The internal components are protected from corrosion and remain intact.
• The stability of the housing against external forces is
increased since the casting can be used as support.

3.3.

Favoured comprehensive system integration concepts

Now, all elements of the system integration can be combined into comprehensive system integration concepts.
Thereby, the subsystems optical element, actuator system,
sensor system, communication unit, control unit and energy supply form a functional overall system and all subtasks of system integration are being fulfilled. The three
favourite comprehensive integration concepts are shown
in image 6. They differ in the form of encapsulation and
the integrated optical element. The interconnect device is
a flexprint for all three concepts [15]. In concept (1) and
(2) the implant is encapsulated using glass housings with
internal polymer casting and coating of the internal components. The hermetic housing allows for a gas-filled cavity and therefore high differences of refractive indices between the lenses and their environment. In concept (1) an
AH-lens is used as optical element, in concept (2) a tripleoptics. The haptics are separate elements that are mounted
using casting or a special retainer. In concept (3) an AHlens is operated in aqueous humour while all other components are encapsulated by polymer casting, protected by
a hermetic coating. The lens shape is adapted to the small
differences of refractive indices between polymer lens
and aqueous humour. In order to move one lens component, a part of the actuator has to be fed through the casting into the fluid. Haptics can easily be integrated using
the casting process.

4

Conclusion

In this paper different comprehensive system integration
concepts for an active lens implant were investigated.
Consequently, three concepts were shortlisted. Thereby, a
thin flexprint is definitively the favourite solution for the
interconnect device. The concepts differ in the choice of
the optical element and the encapsulation. The glass housing of concept (1) and (2) is thereby preferred over the
coating and polymer casting of concept (3). Glass enables
long-time hermeticity and thereby the safety of the sys-
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tem. This advantage is not compensated by the disadvantages of the consumption of more volume and the
higher complexity of manufacturing. In concept (3), additionally, a sealed transfer of the motion of the actuator
through the encapsulation to the movable lens component
is still an unsolved challenge. The photo sensors that
measure the pupil width can easier be integrated into the
glass housing. The main advantage of concept (3) is the
better implantability. Furthermore, the polymer casting is
advantageous in case of failure since the optical element
is already situated in aqueous humour. On the part of
glass housing manufacturing the AH-lens of concept (1) is
preferred towards the triple-optics of concept (2) since the
auxiliary lenses providing the basic refractive power can
be integrated into the polymer lens components. For the
compensation of ametropia the AH-lens components can
be manufactured in production series with different integrated auxiliary lenses. Thus, planar glass packages can

Image 6 Favoured integration concepts for the Artificial
Accommodation System.
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be used that are easier to manufacture and can be applied
universally for every patient. Crucial for the final decision
of the choice of the optical element will be the favoured
actuator concept.

5
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Abstract
This paper presents a model for micro-energy batteries that is easily adaptable to different cell types with available datasheet parameters. The model considers the internal resistance, rate-capacity effect and aging. Additionally the voltage
characteristic depending on the discharge rate is adapted. A model validation with off the self micro-energy batteries
shows good agreement with measured battery voltage characteristics. The lifetime prediction accuracy strongly depends
on the cell type and is in a range of 0.1% and 25.1%.

1

Introduction

One of the key challenges of autonomous active implants
is a safe, permanent or at least long operating time. In
some cases, the power consumption of the implant is relatively high [1], thus reasonable operating times can only be
achieved with a rechargeable solution [2]. Due to the fact
that only a very small volume can be reserved for energy
storage in implants, micro-energy, solid-state, thin-film
batteries with small capacity and poor power density has to
be used [3], [4]. These cells underlie the same effects as
larger Lithium-Ion batteries but particular attention has to
be paid to some effects since they are more prominent for
micro-energy cells.
For the optimization and prediction of the runtime of an
implant, it is necessary to develop an accurate battery
model. Most of the existing models address batteries with
high capacity and consequently with high power and energy density [5], [6], [7]. Therefore, a novel battery model
is presented, which is particularly developed for microenergy cells. An additional goal is to employ only datasheet parameters as variables in the model like nominal
capacity, nominal current rate, internal resistance or capacity loss per year and obtain an accurate estimation of the
lifetime and voltage characteristics. Thus, most of the parameters should be declared once as constants. The advantage is that new types of batteries can be evaluated without
performing elaborate measurements.

2

Methods

2.1

Battery Model Structure

Derived from the electrical-circuit model from [5], the
novel model is developed. A block diagram of the model is
given in Fig. 1. Similar to [5], the model can be subdivided
into two main blocks, a battery lifetime block and a voltage-current characteristics block. Within these blocks,
there are sub-blocks, which represent the various battery
effects. The advantage of this modular structure is that single effects can be added or removed and the consequences
can be evaluated individually. The model considers the in-

Figure 1: Structure of the battery model

ternal resistance with its ohmic, reactive and diffusion influence. The voltage characteristic is modelled with the
open circuit voltage depending on the state of charge
(SOC) and is additionally modified with a current depending adaptation. This modification improves the voltage behaviour especially for batteries with small nominal capacities at high discharge rates. Furthermore, the increase of
the internal resistance due to aging is taken into account.
As a result, the actual battery voltage depending on the
load current and the SOC is determined.
The battery lifetime is shortened mainly by the decrease of
the useable capacity. The rate-capacity effect describes the
reduction of the usable capacity at high discharge rates.
Moreover aging influences the capacity negatively, as
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well. The SOC is determined proportionally to the actual
remaining charge.

2.2

Modelling of Battery Effects

2.2.1

Internal Resistance

2.2.2

Modification of the Voltage Characteristic

The open circuit voltage describes the battery voltage depending on the SOC. The open circuit voltage 𝑉 can be
written as
𝑉 =𝑎∙𝑒

∙

+ 𝑏 ∙ 𝑆𝑂𝐶 + 𝑐 ∙ 𝑆𝑂𝐶 + 𝑑 ∙ 𝑆𝑂𝐶 + 𝑓
(2.1)

with the constant coefficients a, b, c, d, f and k. This function offers accurate results for batteries with a big capacity. Nevertheless, for small cells a deviation in the voltage
curve under load condition is obtained which is independent of the internal resistance. Therefore a virtual circuit
voltage is defined which describes the new voltage characteristic taking account of the load current. A linear dependence of the coefficient k in (2.1) of the load current
optimizes the voltage curve and leads to
𝑖
+ℎ

𝑘 = −𝑔 ∙ 𝑖

with the number of cycles 𝑛, number of years  𝑚, percentage capacity loss per cycle 𝐶 ,
and percentage capacity loss per year 𝐶 ,
. Thus, the usable capacity
with aging results in
𝐶

The internal resistance of a cell can be divided into a
purely ohmic part and two first-order lag elements, which
represent a reactive resistance with a small time constant
and a diffusion part with a high time constant.

=𝐶

∙

with the useable capacity 𝐶
, the nominal current 𝐼
𝐶
𝑘 .

2.2.4

(2.3)
, the nominal capacity
and the Peukert constant

As shown in Fig.1 cell aging affects both the internal resistance and the capacity. For the aging of a cell, different
factors play a role. An increasing number of
charge/discharge cycles leads to a rise of the internal resistance and a degradation of the capacity. However, an
aging will occur even if the cell is not in use. This selfdischarge which affects the capacity is partly reversible
and partly irreversible. The aging of the cell capacity is
[6]:
regarded in the model by the correction factor 𝐶𝐹
𝐶𝐹

= 1 − (𝑛 ∙ 𝐶

,

+𝑚∙𝐶

,

)

(2.4)

.

(2.5)

,

+ √𝑛 ∙ 𝑅

(2.6)

3

Results

3.1

Battery Measurements

To compare the new model with measurements of microenergy batteries, four cells of two different manufacturers
are selected [3], [4]. The main parameters are given in Table I.
Table I: Nominal parameters of the tested batteries
MEC201
-7P
700 µAh
350 µA

MEC220
-3P
300 µAh
150 µA

CBC050

𝐶
𝐼

MEC201
-10P
1 mAh
500 µA

,

35 Ω

35 Ω

100 Ω

750 Ω1

1%

1%

1%

2.5%

Cycle Life

5,000

10,000

10,000

1,000

𝐶

,

50µAh
100µA

The measurements were realized with a sourcemeasurement unit, which is controlled via PC with a LabView program. A graphical user interface (GUI) is applied
to set up the discharge rate for both continuous discharge
and pulse discharge with adjustable pulse duration.

3.2

Battery Aging

∙ 𝐶𝐹

and the inwith the resulting internal resistance 𝑅
.
ternal resistance increase per square root cycle 𝑅

𝑅

The rate-capacity effect describes the decrease of the useable capacity in terms of the discharge rate. This effect is
modelled  with  Peukert’s  law:

=𝐶

=𝑅

𝑅

(2.2)

Rate-Capacity Effect

𝐶

_

The increase of the internal resistance can be determined
by adding an additional resistance to the nominal internal
. The increase can be described
resistance 𝑅
,
with a square root dependency of the number of recharge
cycles [7]:

with the modification coefficient 𝑔 and the open circuit
coefficient ℎ.

2.2.3
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Model Extraction

The fixed parameters of the model are determined with
the MEC201-7P cell. With (2.1) and (2.2) the parameters
of virtual circuit voltage 𝑉 are:
𝑉 = −0.88  V ∙ 𝑒

(

)∙

+ 0.2  V ∙ 𝑆𝑂𝐶 + 0.01  V
∙ 𝑆𝑂𝐶 + 0.02  V ∙ 𝑆𝑂𝐶 + 3.88  V

with
𝑘 = −1500  

1

∙𝑖

+ 16.

Internal resistance after the second charge cycle.
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A Peukert constant 𝑘 = 1.16 in (2.3) shows good
agreement with the measurements.
of the aging correction factor of
The parameter 𝐶 ,
(2.4) can be estimated with the cycle life, which is given
in the datasheet and Table I. A battery is considered useable up to 80% of the nominal capacity [7]. Thus, the
charge/discharge cycle loss can be written as
𝐶

,

=

%
  

.

(2.7)

This yields 𝐶 ,
= 0.02% for the CBC050,
𝐶 ,
= 0.004% for the MEC201-10P cell and
𝐶 ,
= 0.002% for the MEC201-7P and MEC2203P cell respectively.
From the datasheet of the CBC050 cell, the internal resistance is given for the second and for the 1000th charge
cycle:
(𝑛 = 2) = 750  Ω
𝑅
(𝑛 = 1000) = 4200  Ω.
and
𝑅

Figure 2: Experimental and simulated battery voltage over
usable capacity for MEC201-7P cell.

Thus with determination of the coefficients, (2.6) results
in
= 588.5  Ω + √𝑛 ∙ 114.2  Ω.
𝑅
No data, which describe the increase of the internal resistance, is given in the datasheet of the MEC cells.
To determine the time constants of the reactive and the
diffusion part of the internal resistance, a load step of the
MEC201-7P is regarded (Fig. 2).

Figure 3: Experimental and simulated battery voltage over
usable capacity for MEC201-10P cell.

Figure 5: Battery voltage at pulse discharge: 0 - 50 ms at
150 µA; 50 - 100 ms at 15 mA.

= 1  ms
The time constant for the reactive part is 𝜏
= 17  ms respectively.
and for the diffusion part 𝜏

3.3

Figure 4: Experimental and simulated battery voltage over
usable capacity for MEC201-3P cell.

Performance Comparison

The parameter extraction is realized for the MEC201-7P
cell. Therefore, the accuracy of the model is evaluated
with the measured voltage characteristic of the cell.
Fig. 3 shows the battery voltage over the useable capacity
at continuous discharge rates of 10C and 0.5C. The lifetime block, which simulates the useable capacity, exhibits
an accuracy of 0.1% at 10C and 1.7% at 0.5C. In addition,
the voltage characteristics are in good agreement to the
measured curves.

The verification of the model is performed with the three
remaining battery types. Only the parameters for the
nominal capacity, nominal current and internal resistance
were changed in the model. The comparison of the model
and the measured voltage of the MEC201-10P cell are
shown in Fig. 4. The accuracy of the useable capacity is
1.7% at 10C and 1.6% at 3C. The voltage characteristic
shows a notable deviation between the model and the
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measurements. The deviation results from the fixed coefficients for the virtual circuit voltage. Especially the value
of coefficient ℎ, which influences the characteristic of the
open circuit voltage, is too low. In contrast, the voltage
curve of the MEC220-3P cell in Fig. 5 shows that the
value of the coefficient ℎ is chosen too big. Based on this
consideration a further optimization of the model for the
MEC-series can be realized if the coefficient ℎ depends
on the nominal capacity. Furthermore, the accuracy of the
usable capacity of the MEC220-3P in Fig. 5 and of the
three CBC050 cells in parallel shown in Fig. 6 is not well
predicted. The deviations are in a range of 10.5% and
25.1%.

Figure 6: Experimental and simulated battery voltage over
usable capacity for MEC201-3P cell.

The main reason for this high deviation lies in  Peukert’s  
law. Fig. 7 shows the relative capacity loss over the discharge  rate  for  the  measured  cells  and  Peukert’s law with
𝑘 = 1.16. The deviation of the Peukert function directly
affects the accuracy of the useable capacity and therefore
the lifetime prediction.

Figure 7: Relative capacity change depending on the discharge rate.

4

Conclusion

A novel battery model for micro-energy cells, which is
parameterisable with a few datasheet parameters, is presented. The battery model could help to optimize and predict the runtime of active implants. Safe power supply is
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indispensable despite the fact that strong space requirements have to be fulfilled. Often only small micro-energy
cells can be integrated in this type of implants. The novel
model considers all relevant effects of a micro-energy
cell. The voltage-current characteristics block models the
internal resistance with its ohmic, reactive and diffusion
part. For micro cells, a change in the voltage characteristic depending on the load current is observed. Thus, a
modification of the open circuit voltage results in a new
virtual circuit voltage, which approximates the voltage
function of micro-energy batteries accurately. The estimation of the runtime is done with due regard of the usable
capacity. The rate-capacity effect mainly influences the
capacity of micro-energy cells. This loss of the useable
capacity through high discharge rates is modelled with
Peukert’s  law. Aging effects are considered to model both
the increase of the internal resistance and the degradation
of the useable capacity.
The comparison with experimental battery measurements
shows that the model works very precise for the
MEC201-7P cell from which the parameters were extracted. The experimental results of other cell types show
deviations for the estimation of the lifetime that mainly
originate from a suboptimal value for the Peukert constant. The accuracy of the tested batteries is in a range of
0.1% for the MEC201-7P cell and 25.1% for the CBC050
cell. Therefore, a model estimation of micro-energy cells
based on datasheet parameters is only possible to a limited extent.
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Kurzfassung
Licht zu leiten und invasiv zu Zellen und Gewebe zu führen ist nicht nur für die Therapie und Diagnostik unverzichtbar
geworden, sondern gewinnt auch mit der wachsenden Popularität der Optogenetik für die Neurowissenschaften immer
mehr an Bedeutung. Für die Fertigung eines implantierbaren Lichtwellenleiters aus Polydimethylsiloxan (PDMS) wurden
unterschiedliche Silikone untersucht. Der Hauptaspekt lag dabei in der Charakterisierung der optischen Eigenschaften,
wie des Brechungsindex, der Transmission und der Dämpfung. Um Rückschlüsse auf das Verhalten der Materialien unter
körperähnlichen Bedingungen ziehen zu können, wurde der Einfluss von Temperatur und Lagerung in Salzlösung betrachtet.
Als Mantelmaterial wurden zwei medizinische Silikone (MED-1000 und MED2-4013) und als Kernmaterial sowohl zwei
medizinische (MED-6020 und MED-6755), als auch zwei technische Silikone (LS-6943 und LS-6946) untersucht. Alle
als Kernmaterialien getesteten Silikone zeigten eine hohe Transmission und geringe Streuung. Ihre optische Dämpfung
wurde auf Werte zwischen 0,038 dB/cm und 0,412 dB/cm ermittelt. Nach acht Wochen Alterung bei 37°C in Salzlösung
sank die Transmission der Silikone um bis zu 10 %, der Brechungsindex zeigte sich hingegen unempfindlich. Bei einem
beschleunigten Alterungstest bei 85 °C trat bei allen Kernmaterialien eine Trübung auf, wobei die Dämpfung in fünf
Tagen auf bis zu 2 dB/cm anstieg.
Basierend auf den Messergebnissen wurde eine Kombination aus MED-1000 als Mantel und MED-6020 als Kernmaterial
zur Fertigung eines Lichtwellenleiters gewählt. Eine integrierte Glasfaser ermöglichte einfaches Einkoppeln unabhängig
vom optischen Aufbau. Der Prototyp führte das Licht im Kern und lässt darauf schließen, dass die gewählte PDMSKombination und das Fertigungsverfahren für die Realisierung von Lichtwellenleitern, die für biomedizinische Anwendungen, wie z.B. die Optogenetik, zum Einsatz kommen, geeignet ist.

1

Einleitung

Mit der Entdeckung der Optogenetik vor knapp zehn Jahren [1] wurde das Forschungsfeld für die Neurowissenschaften erweitert. Sie ermöglicht erstmals eine sowohl
zellspezifische als auch zeitlich hochpräzise Stimulation
und Hemmung von Nervenzellen. Zudem können bei der
Aufzeichnung der Nervenaktivität Artefakte, die bei der
bewährten Elektrostimulation auftreten, bei optischer Stimulation genetisch manipulierter Zellen vermieden werden
[2].
Die bisher für optogenetische Anwendungen genutzten Instrumente sind allerdings oft Provisorien, die durch die Art
der Fertigung auch nicht für weitere Miniaturisierungen
geeignet sind [3] [4]. Das Rückgrat bildet häufig eine relativ dicke Glasfaser [5], wodurch diese Optroden mechanisch unflexibel sind. Zudem ist es mit dieser Bauart meist
nicht möglich, Licht an verschiedene Stellen simultan zu
führen. Ein weiteres Problem stellen die verwendeten Materialien dar, deren Biokompatibilität oft noch nicht erprobt
ist.
Um das volle Potential der Optogenetik ausschöpfen zu
können, verfolgen neue Ansätze die Fertigung flexibler
Optroden [6]. Diese können in einen Elektrodenverbund

integriert werden und ermöglichen so ein großflächiges
Messen und eine flexible Lichtführung. Zudem kann bei
entsprechender Fertigung die Stimulation durch Lichtpulse
simultan an verschiedenen Orten erfolgen.
Im Zuge der hier vorgestellten Studie wurden unterschiedliche Silikone (PDMS) auf ihre Eignung als Fertigungsmaterial für mechanisch flexible, implantierbare Lichtwellenleiter untersucht. Für EOCB- (Electro-optical circuit
boards) und LOC-(Lab-on-a-Chip) Anwendungen konnten
Lichtwellenleiter aus PDMS bereits erfolgreich realisiert
werden [7, 8].
Als biokompatibles Silikon wird PDMS seit Jahrzenten in
der Implantatfertigung verwendet [9] und würde die Integration der Lichtwellenleiter in flexible Nervenelektroden erlauben. Dadurch könnten neuartige Optroden gefertigt werden, aber auch andere biomedizinische Anwendungen könnten von der Integration profitieren.
Die Brechungsindizes der Kern- und Mantelmaterialien
sind unter anderem für die numerische Apertur, den Akzeptanzwinkel und daraus resultierend für die Koppeleffizienz des Lichtwellenleiters verantwortlich, während die
Dämpfung der verwendeten Materialien die Verluste bei
der Lichtleitung bestimmt.
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Daher wurden diese Kenngrößen für ausgewählte Silikone
gemessen und zudem auf ihre Beständigkeit bei erhöhter
Temperatur und Lagerung in Salzlösung untersucht, um
Rückschlüsse auf das Verhalten der Materialien unter körperähnlichen Bedingungen ziehen zu können.

2

Materialien und Methoden

2.1 Silikone
Bei den Silikonen (Nusil, Carpinteria, CA, USA), die als
Kernmaterial in Betracht gezogen wurden, handelt es sich
um jeweils zwei Silikone aus dem technischen und zwei
aus dem medizinischen Bereich. LS-6943 und LS-6946
sind optische Silikone, mit denen etwa Solarzellen oder
Dünnschichttransistoren (TFT) vergossen werden [10].
MED-6020 und MED-6755 sind Silikone für medizinische
Zwecke, wie z.B. Intraokkularlinsen [11] und sollten daher
auch unter körperähnlichen Bedingungen ihre optischen
Eigenschaften beibehalten.
Unter den Aspekten der Implantierbarkeit, sowie der Stabilität und Haftung wurden als Mantelmaterial zwei Kleber-Silikone aus dem Bereich der Medizintechnik, MED1000 und MED2-4013, in Betracht gezogen.
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der Form in einer Vakuumzentrifuge bei ca. 100 mbar für
20 min zentrifugiert wurde. Der ganze Prozess fand in einem Grauraum (Reinraumklasse 9 nach ISO 14644-1)
statt, wodurch Fehlerquellen wie Schmutzeinschlüsse reduziert wurden. Die Aushärtung der Proben erfolgte in einer beheizten Druckkammer (95° C, 1,5 bar).
Es wurden drei Proben pro Silikontyp bei 85° C in PBS
gelagert und dadurch eine beschleunigte Alterung unter
körperähnlichen Bedingungen simuliert.
Für die Bestimmung der Dämpfung wurde ein DPSS-Laser
(PImicos Eschbach, Deutschland) mit 473 nm Wellenlänge
verwendet. Die Leistungsmessung erfolgte mit einer Photodiode (OSD60-5T), die mit Hilfe eines Softwareprogramms (LabView, National Instuments, Austin, USA)
ausgelesen wurde. Vor der Messung jeder Probe wurde die
maximale, bei freiem Strahlengang auf die Photodiode einfallende, Leistung Pin gemessen. Anschließend wurden die
jeweiligen Proben so positioniert, dass der Strahl der Länge
nach durch die Probe verlief und die durchgetretene Leistung Pout gemessen. Ein beweglicher Probenhalter vor der
Diode erlaubte die genaue Positionierung der Probe im
Strahlengang. Die jeweilige Dämpfung A wurde über das
Verhältnis von einfallender zu austretender Leistung bestimmt (Gl.1).
! = −10 log )

2.2 Messungen

*+,
0
*-./

(1)

2.2.1 Brechungsindex

2.3 Fertigung des Lichtwellenleiters

Für die Messung des Brechungsindex wurden Proben mit
einer Fläche von ca. 10x30 mm² und ca. 1 mm Dicke gefertigt. Das PDMS wurde unter Verwendung eines Abstandhalters zwischen zwei mit Klebeband beschichteten
Objektträgern ausgehärtet um glatte Oberflächen zu erhalten. Nach der Fertigung wurden die Brechungsindizes nD
der Proben bei 20 °C mit einem Abbé-Refraktometer (DRM2/1550, Atago CO.,LTD, Tokyo, Japan) bestimmt. Für
jeden Silikontyp wurden je vier Proben bei 23 °C an Luft
sowie eine Probe bei 37 °C in PBS (phosphate buffered saline) gelagert. Nach zehnwöchiger Alterung wurden die
Proben sowohl bei 20 °C als auch bei 37 °C erneut vermessen. Jede Probe wurde vier Mal vermessen.

Es wurde ein Lichtwellenleiter aus MED-1000 als Mantelmaterial und MED-6020 als Kernmaterial gefertigt.

a)

d)
hv

b)
c)

e)

f)

2.2.2 Transmission
Für die Transmissionsmessung (UV-Vis-NIR Spektrometer Cary-500, Agilent Technologies, Santa Clara, CA,
USA) wurden die selben Proben wie für die Messung des
Brechungsindex verwendet. Auch hier wurde der Einfluss
von Temperatur und PBS untersucht. Die Proben wurden
direkt nach der Fertigung und nach sechswöchiger Lagerung in PBS bei 37 °C gemessen.

2.2.3 Dämpfung
Für die Messung der optischen Dämpfung wurden zwei Folien mit 1 und 2 mm Dicke, sowie 11 quaderförmige Proben mit 5×5 mm² Grundfläche und Längen zwischen
10 mm und 40 mm hergestellt. Dazu wurden Gussformen
aus Teflon verwendet, in denen das PDMS nach Befüllen

Faser

MED-1000

MED-6020

Abbildung 1: Fertigungsabfolge bei der Herstellung eines
PDMS-Lichtwellenleiters: Aufschleudern von MED-1000
als erste Mantelschicht (a), Laserschneiden einer Kavität
für den Lichwellenleiterkern (b und c), Einfügen der Glasfaser in ein Ende der Kavität (d), Auffüllen der Kavität mit
dem Kernmaterial MED-6020 (e), Aufschleudern von
MED-1000 als abdeckende Mantelschicht (f).
Für die erste Mantelschicht wurde MED-1000 in einem
Verhältnis von 1:1 mit n-Heptan verdünnt und auf ein Substrat aufgeschleudert (30 s bei 1000 rpm).
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Dieser Prozess wurde dreimal wiederholt, um eine Schichtdicke von ca. 250 µm zu erhalten. Die Weiterverarbeitung
erfolgte drei Tage später, um ein vollständiges Aushärten
des kondensationsvernetzenden Silikons zu garantieren.
Mit Hilfe eines Picosekundenlasers (355 nm, Nd:YV04,
„Rapid“10, Lumera Laser, Kaiserslautern, Deutschland)
wurden in die Silikonschicht etwa 130 µm tiefe und 120
µm breite Kanäle geformt. In eine Seite der entstandenen
Kavitäten
wurde
eine
Glasfaser
eingeführt
(FVP100110125, Laser Components GmbH, Olching,
Germany), die an einem Ende mit einer Keramikferrule
(1,25 mm, Thorlabs, NJ, USA) versehen und poliert und
am anderen Ende mit einem Diamantmesser planar getrennt wurde. Anschließend wurde die Kavität durch Aufschleudern mit dem Kernmaterial MED-6020 gefüllt. Das
additionsvernetzende Silikon wurde für 60 min ausgehärtet
bevor eine weitere Schicht MED-1000 als abdeckende
Mantelschicht aufgeschleudert wurde (30 s bei 1000 rpm).
Abbildung 1 zeigt eine Querschnittskizze dieses Fertigungsprozesses.

3
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Abbildung 3: Transmissionsmessung (Probendicke
1,4 mm). Verglichen werden MED-6020 und LS-6946 in
jeweils ungealtertem und gealtertem Zustand.

3.2 Dämpfung
Die Dämpfungsmessung der möglichen Kernmaterialien
MED-6020, MED-6755, LS-6943 und LS-6946 ergab
Dämpfungswerte zwischen 0,038 dB/cm und 0,418 dB/cm.

Ergebnisse

3.1 Brechungsindex
In Abbildung 2 sind die Brechungsindizes der Proben vor
und nach einer Alterung von zehn Wochen dargestellt. Für
alle untersuchten Silikone wurde bei 37 °C ein kleinerer
Brechungsindex gemessen als bei 20 °C. Die unterschiedlichen Lagerungsbedingungen scheinen hingegen keinen
Einfluss auf die Brechungindizes zu haben.

Abbildung 4: Dämpfungswerte der für die Herstellung von
Lichtwellenleitern als Kernmaterial getesteten Silikone. Bei
10 wurden drei, bei 20 und 30 mm jeweils 2 Proben gemessen.

Abbildung 2: Brechungsindex der verwendeten Silikone
(Probenzahl n≥4) im Vergleich: ungealtert, gealtert bei
Raumtemperatur an Luft und gealtert bei 37° C in PBS.

Nach beschleunigter Alterung in PBS bei 85° C über fünf
Tage, stieg die Dämpfung deutlich für MED-6755 und
LS-6946 auf 1,59 dB/cm bzw. 0,53 dB/cm. Bei MED-6020
und LS-6943 trat der Effekt noch stärker auf, beide Materialien wurden opak.

3.2 Transmission

Tabelle 1: Brechungsindizes und gemessene Verluste der
getesteten Silikone.

Alle Silikone ab einer Wellenlänge von 400 nm waren
lichtdurchlässig, die Transmission betrug jeweils mindestens 70%. Nach Alterung der Proben (6 Wochen bei 37° C
in PBS) sank die Transmission jeweils um bis zu 10 %
(Abb.3). Es zeigt sich, dass die Alterung bei MED-6020 im
Vergleich zu LS-6946 einen geringeren Einfluss auf die
Rayleigh-Streuung hat. Der Einfluss der Rayleigh-Streuung ist am starken Abfall der Kurve mit abnehmender Wellenlänge zu erkennen.

PDMS

!#$°&
"

!'(°&
"

MED-1000
MED2-4013
MED-6020
MED-6755
LS-6943
LS-6946

1,4136
1,4146
1,4378
1,4647
1,4316
1,4647

1,4078
1,4099
1,4321
1,460
1,4261
1,4593
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Verlust / dB/cm
Ungealtert
Gealtert
(PBS)
--------------------------0,038
opak
0,418
1,59
0,275
opak
0,369
0,53
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Die wichtigsten Kenngrößen der getesteten Silikone sind
in Tabelle 1 nochmals zusammengefasst. Anhand dieser
Werte erfolgt die Auswahl der besten Materialkombination.
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werden. Mit der Integration der PDMS-basierten Lichtwellenleiter in Nervenelektroden könnten flexible biokompatible Optroden realisiert werden.
Danksagung

3.4 Prototyp
Der gefertigte Lichtwellenleiter stellte sich als funktionsfähig heraus, das Licht wird im Kern geführt (Abb.5).
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Electrical Stimulation approaches to support peripheral nerve regeneration
Kirsten Haastert-Talini1,2 and Claudia Grothe1,2
1 Hannover Medical School, Institute of Neuroanatomy, Hannover,
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with autologous nerve transplantation.
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Functionalization of microstructured stimulation electrodes
Elena Fadeeva, Sabrina Schlie-Wolter, Gerrit Paasche*, Thomas Lenarz*, Boris Chichkov
Laser Zentrum Hannover, e.V., Hollerithallee 8, 30149 Hannover
*Medizinische Hochschule Hannover, Carl-Neubergstr. 1, 30625 Hannover
Optimization of the electrode nerve interface is necessary for more specific and predictable stimulation
of the hearing nerve by cochlear implants. In this field, two main challenges have to be overcome. First,
connective tissue growth, formed around the electrode array after cochlear implantation, has to be
inhibited. Second, interaction with neuronal cells shall be improved. As cells strongly interact with
surface topographies, micro- and nanostructures were studied in vitro and then transferred to real
animal electrode arrays for further in vivo testing. The cochlear electrode material – silicon and platinum
– were structured by ultra-short pulse laser technique. Silicon carriers were patterned by moulding using
a laser structured mould. In-vivo testing demonstrates that the orientation of groove structures on
silicone has strong influence on connective tissue growth. Therefore, the transversal orientation of the
grooves on carriers is most promising in view of connective tissue growth inhibition. In vitro studies have
demonstrated that nanostructuring of platinum surfaces by femtosecond laser ablation can selectively
influence cell growth (suppression of fibroblasts, promotion of neurons), as well as induce substantial
impedance reduction. For the in vivo studies, a special clamping device, enabling selective nano
structuring of cochlea electrodes has been developed.
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PEDOT-CNT microelectrodes for advanced recording, stimulation
and sensing
R. Samba1, P. Cesare1, U. Kraushaar1, S. Reinartz2, A. Stett1, M. Stelzle1
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Natural and Medical Sciences Institute at the University of Tuebingen, Reutlingen, Germany, ramona.samba@nmi.de

2

Network Biology Research Labs, Technion, Haifa, Israel

Introduction
Electrical recording and stimulation of brain tissue
in vitro and in vivo is used to gain a better understanding  of  diseases  like  Parkinson’s  or  epilepsy  
and to develop new therapy options. In order to
improve signal-to-noise ratio, stimulation and
sensing properties as well as cell viability, microelectrodes were modified with poly(3,4ethylenedioxythiophene) (PEDOT) and carbon
nanotubes (CNTs).

Methods
Gold microelectrodes were coated by electropolymerization of EDOT in an aqueous solution of
poly(sodium-p-styrenesulfonate) and CNTs. Three
different cell types were cultered on PEDOT-CNT
MEAs and recording as well as stimulation characteristics were examined.

Results
Coated electrodes show extraordinarily low impedance  (<  20  kΩ  for  d = 30 µm) and significantly higher capacitance (4-10 mF/cm2) compared to
the state of the art. Coatings withstand intensive
rinsing with solvents, autoclaving, UV irradiation,
and repeated use in cell culture without delamination.

Most interestingly, we could demonstrate that the
PEDOT-CNT electrodes can also be used as neurotransmitter sensors. Sub-micromolar concentrations of dopamine and other neurotransmitters
could be detected using square wave voltammetry
at PEDOT-CNT electrodes. Selectivity in the
presence of ascorbic acid and uric acid was examined.

Conclusion
In summary, results demonstrate exceptional performance of PEDOT-CNT microelectrodes. Based
on these results we anticipate significant improvements in applications in in vitro neurotechnology as well as in neuroprostheses to become
possible in the future.
Acknowledgement
Funding for this research was in part obtained from the
German Federal Ministry of Education and Research
through grant no.01GQ0834

Cardiomyocytes exhibit excellent viability over
prolonged cultivation duration. Recordings from
dorsal root ganglia cells reproducibly show a reduction of noise enabling the detection of very
small signals. Cortical networks could be cultivated for at least two months proofing excellent biocompatibility. Preliminary results show improved
signal-to-noise ratio and a significant increase in
signal amplitude of recorded action potentials.
Apart from improved recording, PEDOT-CNT
MEAs exhibit significantly high charge transfer
capacitance which enables the stimulation of cells
with extremely low voltages avoiding tissue damage and side reactions
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Online monitoring of neuroinflammation induced by chronic
implanted microelectrode using a fiber-based OCT
Y. Xie1, N. Martini1, C. Hassler2, R. Kirch1, T. Stieglitz2, and U.G. Hofmann1*
1. Neuroelectronic Systems, Department of General Neurosurgery, University Medical Center Freiburg, 79108
Freiburg, Germany;
2. Chair for Biomedical Microtechnology, Department of Microsystems Engineering (IMTEK), University of Freiburg,
79110 Freiburg, Germany
* corresponding author: Ulrich G. Hofmann, email: ulrich.hofmann@klinikum.uni-freiburg.de

Introduction
Microelectrodes are nowadays chronically implanted into brain to acquire neuronal electrophysiological signals and to
deliver therapeutic electrical pulses both in men and animal models. For true clinical use, these indwelling electrodes
have to remain functional over a long period up to years after the implantation. Unfortunately, the neuroinflammation
impairs the neuron-electrode-interface by developing a compact glial encapsulation around the implants as assessed by
post-mortem histology of animal models. It is desirable to implement a method that enables in situ monitoring of the
progression of the foreign tissue reaction to a chronically implanted electrode in brain in vivo.

Methods
Fiber-based spectral domain optical coherence tomography (SDOCT) is employed in this study as the monitoring
modality, featuring an axial resolution of 14 µm in air. The indwelling OCT fiber catheter is 8 mm long, 125 µm in
diameter, connecting to the sampling cable of the SDOCT through FC/FC mating sleeve. Next to the rigid OCT fiber
catheter a flexible polyimide-based microelectrode was implanted. Post-operative OCT measurements were taken at
week 1, 2, 3 and 6. Histological analysis was performed by double-immunostaining for GFAP for astrocytes and Iba1
for microglia.

Results
The OCT signals reveal the immune reaction to the OCT fiber catheter and to the flexible microelectrode. The OCT
signal of the brain tissue around the fiber increased during the first three weeks. The tissue optical attenuation
coefficient altered following implantation and reached a maximum at the week 6 implying that a compact dense tissue
sheath developed around the fiber tip. The flexible microelectrode was clearly visible in the OCT signals. A GFAP
positive cell sheath around the cavity of fiber catheter qualitatively corroborated the OCT signal.

Conclusion
We demonstrated that fiber-based SDOCT is capable of visualizing a tissue foreign body reaction progression in animal
model in vivo.
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Insertion of a cochlear implant electrode with shape memory
properties into the inner ear for nerve-close position
Majdani O1, Lenarz T1, Pawsey N2, Risi F2, Prielozny L1, Rau TS1
1 Dept. of Otolaryngology, Hannover Medical School, Germany, Majdani.Omid@MH-Hannover.DE
2 Cochlear Ltd., Sydney, Australia

Abstract
In residual hearing preservation Cochlear Implant (CI) surgery mostly thin and straight electrodes are used. These are
positioned at the lateral wall of the cochlea. The hearing nerve which is the target of the CI electrode is located in the
central axis of the cochlea. Moving the electrode from the lateral outer wall position forward to the medial wall can enhance the hearing performance of the patients, however existing precurved CI electrodes have a lower residual hearing
preservation rate. We are developing an electrode containing a shape memory inlay to be inserted in the straight shape
into the cochlea, that transforms to a perimodiolar, curved shape at the end of the insertion. We report on the first trial in
human cadaveric temporal bone.

1

Introduction

In the treatment of deafness or severe hearing loss cochlear
implants are used. Through the use of an electrode with
between 12 to 22 contacts in the cochlea, the function of
the sensory cells is partially replaced and the auditory
nerve directly stimulated. The auditory nerve is located in
the central axis of the cochlea (modiolus) . The fluid-filled
cochlea has three lumens which are separated from each
other by membranous structures. The cochlear implant
electrode is usually inserted into the lower lumen, scala
tympani, since it has a membranous covered connection to
the tympanum via the round window membrane. In addition, the scala tympani can be surgically accessed through
the facial recess via a direct access route. When the basilar
membrane, a membranous partition between the scala
tympani and scala media, can be preserved during the insertion of the electrode, the patient's residual hearing can
be preserved in principle. In contrast, damage to intracochlear membranous structures result in subsequent deafness
of the patient.
Patients with severe hearing loss may be reluctant to have
a cochlear implant because of the risk of residual hearing
loss during surgery. The use of a cochlear implant is still
recommended because they can expect significantly better
hearing ability and speech understanding with a cochlear
implant than with a hearing aid.
To improve the preservation rate of the residual hearing or
intracochlear structures, thin and flexible electrodes were
developed by all cochlear implant manufacturers. These
electrodes are positioned intracochlearly on the lateral wall
of the scala tympani and are therefore further away from
the auditory nerve. The result is that the electric current is
more widely spread at the electrode - nerve interface than
for electrodes which are positioned closer to the nerves.
Drawing the electrode nearer to the hearing nerve reduces
power consumption and can produce more frequency - se-

lective stimulation of the nerves. Another advantage of the
positioning of the electrode closer to the axis of the cochlea would be that the electrode can be inserted deeper into
the cochlea. Electrode arrays designed to preserve residual
hearing are typically shorter to reduce the risk of damage
associated with a deeper insertion. A deeper insertion of
the electrode can significantly improve speech understanding with electrical stimulation.
NiTinol is a nickel-titanium alloy and the most famous
representative of the shape memory alloys. The name Nitinol is an acronym for Nickel Titanium Naval Ordnance
Laboratory. NiTinol was developed in 1958 at the Naval
Ordnance Laboratory (USA) by William J. Buehler and
Frederick Wang1, 2. Nitinol is corrosion-resistant and
strong, and pseudo-elastically deformable. Shape memory
alloys are specific metals which can exist in two different
crystal structures. They can "remember" a previous shape
despite subsequent strong deformation. The shape change
based on the temperature-dependent conversion to a mesh
of the two crystal structures.
We try to place the electrode in a perimodiolar position,
without damaging the intracochlear structures through the
use of shape-memory materials.

2

Materials and Methods

For the creation of an active curving electrode, the HybridL electrode manufactured by Cochlear (Cochlear lmtd.,
Sydney, Australia) was selected and modified. This electrode has been successfully used in the original form of
residual hearing preservation. For the design of NiTinol
inlays the average geometry of a human cochlea was
adopted. In a CAD program, the geometry of the NiTinol
inlays has been selected so that upon completion of the insertion of the electrode comes to rest in the perimodiolar
end position.
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The material parameters for the production of inlays were
determined in several steps iteratively. The different material composition has an effect on the austenite - mertensite
phase change temperatures of the material. These parameters describe the temperature, which represent the beginning and conclusion of the thermally induced deformation
of the inlay. The nitinol alloy was chosen so that the transformation started at 27°C and ended at 37° C, so that
achieving the perimodiolar end formation should be
achieved at body temperature. The inlay was first produced
in a slightly longer form; afterwards both ends were cut
with lasers. In order to heat the nitinol wire actively using
electricity two copper wires were soldered to both end of
the inlay. They were then connected with a meter to a
power source. The production of inlays has been performed at the company G. RAU.
The bending behavior of the CI electrode with the introduced NiTinol-inlay differs significantly from the behavior
of the NiTinol wire alone. This is due to the stiffness of the
contacts and wires made of platinum contained within the
electrode as well as the encapsulating silicone.
The Hybrid-L electrode includes a metal stiffener in the
basal portion. This stiffens the proximal portion of the
electrode, thereby facilitating the insertion process. In order not to change the stiffness of the electrode and its outside diameter, the stiffener was removed from the electrode and was replaced by the inlay is made of NiTinol.
The bending behavior of the electrode with the NiTinol
inlay is temperature dependent. For this reason, the temporal bone was mounted after preparation in a specially designed, temperature-controlled water bath at 37°C. The insertion was recorded with a digital video camera. The insertion of the electrode was performed using a surgical microscope.
After insertion of the electrode it was activated with 0.45A
current at 5V for duration of 3 seconds.
For the evaluation of the final position of the electrode
µCT, µ-grinding, and histological evaluation of the specimen was performed.

3

Results

The implementation of the insertion turned out to be problematic. The NiTinoil inlay containing electrode was initially straightened at room temperature in a specially designed tool, and cooled prior to insertion with ice spray.
Nevertheless, the electrode began to curl during the approach to the cochlea, especially after the electrode passed
through the posterior tympanotomy and plunged into the
middle ear. The cooling effect of the spray lasted only a
few seconds due to the low heat capacity of very thin silicone encapsulation. The electrode held its straightened
form easily at room temperature (20 ° C). However, the
temperature in the tympanum was about 37°C.
Because of the premature curling of the electrode the insertion was achieved only after several attempts. The insertion had to be performed relatively quickly compared to a
conventional electrode insertion.

S1078

After insertion and subsequent electrical heating, the electrode was secured in the bone. µCT imaging was performed, which verified the perimodiolar position of the
electrode.

Figure 1: MicroCT images of inserted Hybrid-M in temporal bone specimen. The electrode is in perimodiolar position.

4

Discussion

The indication for cochlear implant surgery has expanded
in the past decade from profound hearing loss to include
patients with some degree of residual hearing. The preservation of the residual hearing in these patients has a decisive role for the acceptance of the cochlear implant surgery. For the residual hearing preserving CI surgery most
of the manufacturers have designed straight and thin electrodes in recent years. They are placed in the cochlea
against the outer wall. Several research groups have tried
to configure the electrode such that it still has a straight
shape during insertion and curves after insertion to reach a
curved, perimodiolar end position.
Kuzma et al3 have developed a concept in which the electrode carrier in passive state is already pre-curved and
stretched for insertion. At the back of the silicone body, a
groove is provided. A thread is attached to the tip of the
electrode and extends in this groove. To straighten the
electrode the thread has to be pulled to. By loosening the
tension on the wire the electrode goes into a perimodiolar
position.
Zhang et al4, 5 suggest that curvature of the electrode can
be achieved through the integration of a thin wire in the
electrode, outside of the center of the electrode. By pulling
the thin wire electrodes which otherwise straight turns into
a curved, perimodiolar position.
Tziviskos et al6 have recommended the introduction of
multiple, thin pillars on the outside of the electrode. Due to
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the position of the thin comb-like columns the otherwise
straight electrode moves in the cochlea toward the center
of the cochlea, i. e. perimodiolar.
To position these electrodes closer to the inner wall of the
cochlea, and thus minimize the distance between the contacts of the electrodes and the auditory nerve, we have introduced a shape memory NiTinol electrode in the electrode carrier. After insertion, the electrode is brought into a
curved shape at body temperature. The additional electrical
activation of the electrode increases the internal temperature of the NiTinol inlay, producing further curling. Thus a
nerve-close, perimodiolar, end position of the electrode
can be achieved. Currently, there is still the problem that
the electrode begins its transformation into a curved shape
before the introduction into the cochlea. This complicates
the insertion of the electrode. The insertion therefore had
to be carried out quickly. High insertion speed is undesirable from the point of view of residual hearingpreservation. Optimisation of the NiTinol-alloy properties
and geometry to permit insertion in a straight form and
achieve curvature of the electrode in the cochlea could be a
solution.

4
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Implantable Electrochemical Biosensor Capsule
A. Stett1, G. Link1, R. von Metzen1, V. Bucher1, M. Stelzle1, A. Pojtinger2, K. Schneider2, D. Mintenbeck3,
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3 HSG-IMIT Institut für Mikro- und Informationstechnik, Villingen-Schwenningen;
4 IMS Institut für Mikroelektronik, Stuttgart
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6 Osypka AG, Rheinfelden
7 Retina Implant AG, Reutlingen

1.

Introduction

4.

Implantable biosensors raise the possibility for continuous
monitoring of clinical biomarkers related to cardiovascular
and metabolic disorders and to get bedside information
about the metabolic state of organs during intensive and
postoperative care. The SMART IMPLANT consortium
develops an energy efficient, highly-integrated implant for
electrochemical measurements in vivo.

2.

Methods

The implant consists of ASICs for power and data management, a sequence microcontroller and a rechargeable
battery, all mounted on a MID board with laser direct
structured connections. A glass sensor chip containing
IrOx, Pt and Ag/AgCl microelectrodes is also integrated
into the substrate. After assembly, the MID board is inserted into a two-piece circular PEEK capsule (diameter 30
mm, heigh7 mm) and sealed by laser welding. Contact of
the sensors to the environment is facilitated by an opening
in the capsule. An inductive interface to an external reader
unit allows wireless power supply and bidirectional data
transmission.

3

Conclusion

Using MEMS and ASIC technology, a novel implantable
electrochemical biosensor system was developed. Miniaturization of the implant comprising high functionality and
a wireless link to the external device has been obtained by
defining economical operation modes, designing energy
efficient electronic circuits and the compact integration of
the board and battery in a small capsule intended for subcutaneous implantation.
Funded by BMBF grants 16SV5979K, 16SV5980,
16SV5982-86.

Results

All components are designed for low power operation and
low power consumption, but still achieving an overall
measurement rate of 1 kHz. Due to efficiency aware design techniques the ASICs feature a very low own power
consumption. The inductive link enables data rates of 100
kbit/s for parametrization of the implant, uplink transmission of sensor measurement data and the realization of a
closed loop power control. The amperometric, potentiometric and impedance sensors allow the measurement of
the oxygen concentration, pH-value and the impedance of
body liquids and tissue in the vicinity of the sensors.
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CorTec GmbH, Freiburg, Germany 3 Multi Channel Systems GmbH, Reutlingen, Germany 4 University Hospital, Freiburg, Germany 5 Bernstein Center Freiburg, Germany
*email: joern.rickert@cortec-neuro.com

Introduction
Present neurotechnological implants are limited in both, precision and use indications, though because they work only
one-way, through stimulation of the brain. Implants, which can, in parallel, measure brain activity (closed loop implants) promises treatment by stimulation on measured demand plus new treatment options like brain-machine interfaces.

Methods
With the Brain-Interchange implant system, we have developed a chronically implantable system for long-term recording and stimulation of the brain. The system allows recording and stimulation on 32 channels, therefore enabling
the recording of detailed information and likewise flexible and precise stimulation. Data processing is done externally,
enabling easy access and fast and safe implementation of different therapeutic concepts.

Results
The system is being developed for human use under the applicable norms and standards for medical device development and quality management according to Iso-13485. Prior versions of the implant have been tested successfully in
the large animal model. As of today, most tests required for human implantation have successfully been done: It is inductively powered and data is transferred via an infrared optical link at a data rate of 1 Mbit/s. The implanted electronics are hermetically sealed in a custom designed ceramic package which permits a sufficient part of the infrared
light  to  pass.  Software  running  on  a  standard  PC  processes  the  data  on  the  range  of  10’s  of  ms  and  allows  for  detailed  
time-dependent stimulation control.

Conclusion
The Brain-Interchange implant system could become a new tool for research on innovative therapies utilizing recording and stimulation of the brain.
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The alfapump System, a new Device for managing Ascites
T. W. Degen, Research & Development, Sequana Medical AG, Switzerland, thomas.degen@sequanamedical.com

Managing ascites in refractory patients
Ascites is the chronic accumulation of excess fluid in
the abdomen and presents a common complication
among patients with advanced liver disease and certain
cancers. If patients become refractory to diuretics, repetitive large volume paracenthesis is often the last
available option presenting a burden for the patient and
blocks valuable ressources at the hospital.

Methods
The alfapump is a subcutaneously implanted batteryoperated pump, designed especially for ascites management. The pump automatically and continually
moves ascites from the abdominal cavity to the bladder, where it is excreted naturally from the body.
The gear pump generates a high flow (150ml / min)
during short intervals. Volume and schedule are programmed by the physician. The patency oft he catheters is monitored by pressure sensors and the motor is
able to generate high power impulses to unblock
jammed gears. The motor is powered by a rechargeable
lithium-ion battery and recharged inductively through
the skin. Performance data is generated and transferred
during charging via GSM to a secure server for monitoring the performance of the system.

To keep the manufacturing simple the casing of the
implantable pump is made out of PEEK. Consequently,
the device is not hermetically sealed and the serviceable lifespan limited to two years.

Results
The alfapump obtained CE in 2011 based on a 60patient study (PIONEER). The results of the study
showed a significant reduction in the need for paracenthesis while improving patients life accordingly. In
2012 the system was approved for patients with ascites
due to cancer.

Conclusion
It is possible to manage refractory ascites in an efficient way using an implantable battery-operated pump.
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Implantable Sensor to Measure Liquor Pressure of a Ventricular
Drainage System
M. Görtz, G. vom Bögel, M. Kraft, Fraunhofer Institute for Microelectronic Circuits and Systems, Duisburg,
Germany, michael.goertz@ims.fraunhofer.de

Introduction
The human brain is filled with cerebrospinal fluid (liquor), which is produced in the ventricles. Normally the production
and resorption are balanced. Patients suffering from normal pressure hydrocephalus produce more liquor as they resorb[1]. This leads to an increase of the intracranial pressure.
This article describes a sensor transponder system to measure pressure in a ventricular drainage system (see Figure 1)
which is connected to the human brain. It focuses on the development of an application specific integrated circuit
(ASIC) with a micro machined pressure sensor as well as the principle of a wireless readout system using a handheld
reader device.

Methods
As shown in Figure 2 the shunt sensor ASIC consists of six main building blocks: HF-front-end, digital part, EEPROM,
biasing & voltage regulation, pressure sensor and readout with A/D-Converter.
The pressure sensor was realized by surface micro-machined capacitive sensor elements.
If sensors do not require continuous activity it is a good choice to use a transponder based approach. For the shunt sensor a low frequency transponder system was developed (Figure 3).

Results
The metal of the housing has a significant influence on the wireless transmission.To overcome the damping caused by
the metal encapsulation, the handheld reader was designed with a high quality factor of the transmitter coil, to optimize
the performance regarding reading distance and lifetime of the reader battery.
The calibration of the nonlinear and temperature dependent output of the shunt sensor is performed in a temperature
controlled pressure chamber. The typical calibration error is better than 0.8 mmHg as depicted in Figure 4.

Conclusion
In corporation with the Christoph Miethke GmbH & Co KG a system was developed for wireless measurements of the
cerebrospinal fluid pressure in the shunt. The system is approved for use as a long-term implant in humans.
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Figure 1: Illustration of the implantable shunt sensor in the drainage system.

Figure 2: Shunt sensor ASIC (9.4 mm * 2.5 mm)

Figure 3: Mobile reader device with antenna handle

Figure 4: Typical calibration error including 1 sigma noise example of a complete in metal encapsulated
shunt sensor

[1]

Adams, R. D.; Fisher, C. M.; Hakim, S.; Ojemann, R. G.; Sweet, W. H. (15 July 1965).
"Symptomatic Occult Hydrocephalus with Normal Cerebrospinal-Fluid Pressure". New
England Journal of Medicine 273 (3): 117–126.
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Development of a fully implantable EMG measurement system: Status
report on the MyoPlant project.
M. Russold1, S. Lewis1, L. Abu-Saleh2, JM. Cardona Audí3, M. Hahn4, M. Schiestl5, R. Ruff3, D. Schroeder2, B. Taghizadeh6, S. Plümer6, KP Hoffmann3, W. Krautschneider2, A. Gail6, T. Meiners7, H. Lanmüller8, O. Aszmann4, H . Dietl1
1
Otto Bock Healthcare Products GmbH, Vienna, Austria, michael.russold@ottobock.com
2
Hamburg University of Technology, Institute of Nanoelectronics, Hamburg, Germany
3
Fraunhofer Institute for Biomedical Engineering (IBMT), St. Ingbert, Germany
4
Christian Doppler Laboratory for Restoration of Extremity Function, Medical University of Vienna, Austria
5
Department of Cognitive Biology, University Vienna, Vienna, Austria
6
German Primate Center, Göttingen, Germany
7
Werner-Wicker-Klinik Bad Wildungen, Germany
8
Center for Medical Physics and Biomedical Engineering, Medical University of Vienna, Austria

Abstract
MyoPlant is a publicly funded research project that developed a fully implantable EMG measurement system. The system consists of a central implant, and single silicone electrodes that are placed on the muscles of choice. Electrodes are
connected by means of subcutaneous cables. While electrodes were tested in rats, the complete system was tested in
sheep and rhesus macaques. Electrodes showed good handling during surgery and were well tolerated by all animals
without adverse reactions. No electrode defects were observed during the runtime of the project. Data from the animal
trials showed that electrodes are well encapsulated after approximately eight weeks. The custom designed chip in the
central implant performed as intended. Data transmission and inductive energy supply worked as designed. The latter
was susceptible to coil misalignment. Electromyographic signals recorded with the system showed very good separation
between electrodes, no cross-talk and no 50Hz noise. Amplitudes were consistent between sessions. Overall, we were
able to demonstrate the technical feasibility of a fully implantable EMG measurement system. The recorded signals
seem well suited to control modern myoelectric arm prostheses with multiple degrees of freedom in the future.

1

Introduction

Use of the electromyogram (EMG) for control of powered
upper limb prostheses was first demonstrated by Reiter as
early as 1948 [1]. Since then, state of the art prostheses
use the surface electromyogram (sEMG) measured at the
skin surface as control signal.
There are several factors limiting the usability of sEMG
for prosthesis control. Summation of muscle activity originating from different muscles underneath the electrode
introduces a considerable amount of crosstalk. Moreover,
it also hinders acquisition of signals from small muscles,
which generate EMG of lower amplitude, or deep muscles, whose signals are filtered by tissue between muscle
and electrode. In addition, surface electrodes also pick up
external noise and the signals are largely affected by
changes in skin impedance (e.g. due to sweating). For positioning on the stump, electrodes are integrated into the
socket, which is also transferring mechanical loads between prosthesis and stump. Despite careful positioning,
this leads to movement and lift-offs of electrodes introducing artefacts to the measured sEMG [2].
In general, two approaches to overcome these limitations
are often found. The first approach tries to compensate for
limitations related to sEMG by application of advanced
signal processing, while the second approach targets the
signal acquisition itself, by implanting electrodes directly

into or onto muscles of interest, thus measuring intramuscular (iEMG) or epimysial EMG (eEMG), respectively.
Signals are transferred either from each electrode directly
or via a central implant. Examples for the different concepts are IMES [3] or the work by McDonnall et al [4].
Here we present the development of the MyoPlant system
which was jointly developed in a project [5,6] funded by
the German Federal ministry of education and research
(Project grant 16SV3695).

2

Materials and Methods

2.1

Implantable Multi-Channel Measurement System

The measurement system presented here is based on a
central implant, which is shown in Fig. 1 (top). It uses a
custom designed microchip [7], a microcontroller (Texas
Instruments MSP430F2xx) and a RF transceiver (Zarlink
ZL70101). Input signals from the electrodes are band-pass
filtered (6-1500 Hz) and subsequently amplified in a two
stage differential amplifier with adjustable gain. The resulting signal is then digitized with 10 bit resolution.
Wireless data transmission from implant to an external
receiver uses the MICS band between 402 and 405 MHz
and energy is inductively coupled into the implant [8].
Packaging was realized by injection moulding the implant
electronics into silicone.
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Figure 2 During sheep experiments, one electrode was implanted on each of the four target muscles. These were choFigure 1 Components of the implantable EMG measuresen as two antagonistic pairs of biceps (yellow) and triceps
ment system. Top: Central implant (size: 38 × 25 × 8
(blue) as well as brachiocephalicus (red) and latissimus
mm) consisting of electronics capsuled in silicone. Botdorsi (green) (adapted from [12]).
tom: Silicone electrode.
The implantable silicone electrode (Fig. 1, bottom) is
based on monopolar stimulation electrodes that have
proven good long term stability [9]. A silicone carrier is
built from two layers of PTFE reinforced silicone sheets
stuck together with silicone. It is carrying two contact
disks that were laser welded to single stranded, coiled,
PTFE isolated cables and tubed in a silicone tube [10].
Electrodes were connected by two multipolar connectors
(NCP-06, Omnetics Connector Corporation) contacting
two electrodes each. Connections were sealed interoperatively with silicone tubing and medical silicone in a custom process.
Hardware and firmware of the implant underwent several
development steps. Hardware changes concentrated on
improving mechanical stability and ease of manufacturing, while firmware changes aimed at better operational
stability und functionality.

2.2

Experimental work

2.2.1

In vitro work

The system and its components were tested under various
conditions. First tests were performed in the lab and included mechanical strain tests of the electrodes, performance of the custom designed microchip and testing of
the transfer characteristics of the energy supply, to name
just a few. The complete system was also tested in an emulated environment, in which body and skin were replaced by meat. In this setup, displacement characteristics
of the energy supply as well as maximum distance of data
transmission and reliability of data transmission at different bit-rates were assessed.

2.2.2

In vivo work

Following the in vitro work, the system and its components were tested in a number of animal studies. Electrodes were implanted into rats [10] in order to measure

impedance over time and to develop a surgical procedure
for insertion of the electrodes. A total of 24 rats were implanted for up to 12 weeks and impedance was measured
at 8 and 12 weeks in a terminal experiment in half of the
rats each.
The full system was implanted into two sheep and a total
of four instances into rhesus macaques.
A total of four electrodes were inserted into the biceps,
triceps, latissimus dorsi and brachiocephalicus muscle in
the right forelimb of two adult sheep (Fig. 2). Electrodes
were placed in pockets formed underneath the epimysium
directly onto the target muscles. Cables to the central implant were routed subcutaneously. The central implant
was placed behind the scapula of the sheep in a subcutaneous pocket. Animals were moved to their holding facility after a recovery period of two weeks during which
wounds had healed properly. Animals were trained by an
experienced animal trainer using positive reinforcement
techniques. The main goal was for the sheep to perform
single steps in a repeatable manner.
All procedures during rat and sheep experiments were
performed in accordance with the ethical approval from
the Medical University Vienna (BMWF-66.009/0309II/3b/2012).

Figure 3 Primate experiments: Implantation sites of electrodes and central implant. The monkey is sitting in front
of a touchscreen that is presenting the start cue (0) or one
of the eight targets (1–8) to achieve reproducible arm
movements.
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In the rhesus macaques one electrode was placed on biceps, triceps, frontal and lateral segments of the deltoid
muscle each (Fig. 3). The central implant and a ground
electrode were placed on the back of the animal. Cables
were routed subcutaneously. Animals were trained to perform a centre-out reaching trial (Fig. 3) to achieve reproducible voluntary contractions of the investigated muscles. Animals continued their daily training routine after a
recovery period of approximately one week.
Animal care and all experimental procedures were conducted in accordance with German laws governing animal
care and were approved by LAVES, Oldenburg (reference
numbers: 33.11.42502-064/07 and 3392 42502-0413/1100).

3

Results

Figure 4 Muscle activity measured during three backwards steps (indicated by red bars) in sheep experiments.

3.1

In vitro results

ments were not always easily possible. Despite the training the animals received, handling remained difficult. Positioning of the energy supply was critical and small lateral displacements between external coil and implant
sometimes resulted in loss of energy to the implant and
subsequent interruption of data connection. All measurements were performed with identical settings. Signal amplitudes were similar from one to the next session.
Agonistic and antagonistic muscles showed a clear task
specific activity (Fig. 4). Signals were similar for different
steps. 50Hz noise was not present in any of the signals
recorded and a clear increase in power spectral density
during muscle activation was observed between 10 Hz
and 400 Hz, as seen in Fig. 5.

The custom designed chip performed near its intended
specifications [7]. Energy supply and data transmission
were optimized to the requirements specified [8]. Data
transmission based on the commercially available chip
proved to be difficult since the highest specified possible
data rate of 400 kBits/s was not reliably implemented. For
the work presented here, data rate was limited to
220 kBits/s in real time connection.

3.2

In vivo results

3.2.1

Electrode characteristics

In the rat experiment, electrode handling was good and
electrodes could be placed precisely without causing undue tissue damage. Recovery after surgery was largely
uneventful. Singular skin irritations were observed, but
were related to the specific setup and the unconnected
wire-end of the electrodes. No electrode or lead breaks
were observed over a period of up to 12 weeks. Impedance decreased in the period observed. The capsule of
connective tissue formed around electrodes after 12
weeks was thinner on the muscle side compared to the
back of the electrode at the epimysium side. More detailed results can be found in [10].

3.2.2

3.2.3

Full implant rhesus macaques

All four surgical procedures were uneventful and electrodes could be placed where planned. Generally routing
of cables was time consuming but easily achieved. In one
instance a cable was cut, resulting in a new electrode being used. Placement of the central implant on the animal’s

System performance in sheep

During implantation electrode handling was found good
and routing the electrode cables over longer distances (up
to 25cm) proved to be possible, thanks to a special surgical tool. Handling of the connectors during surgery, including hermetically sealing it, was well achieved. In one
animal, a small inflammation of the skin near one electrode site was observed. The inflammation could easily be
controlled and subsided after application of local disinfectant spray. The system was otherwise well tolerated
and no further issues were observed. Animal training was
difficult, since sheep are natural herd and flight animals
and not usually used to be handled solitarily. Measure-

Figure 5 Power spectral density observed during the
sheep trial. The blue graph represents the PSD during
phases without muscle activity and the red one the PSD
during contractions of the latissimus dorsi.
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back was also easily possible. Recovery was uneventful in
all animals and the implanted system was well tolerated.
Animals showed no signs of distress afterwards and returned to their daily routine, including regular training,
within a few days.
As observed in the sheep work, positioning of the energy
supply was critical and results improved considerably
once energy supply was placed directly on the animal’s
back, rather than on the primate-chair the animals are using. In one animal artefacts were observed on the transmitted data.
The central implant could be contacted for as long as 4
months. In one animal, revision surgery was performed
and all electrodes were found intact after 15 months.
EMG signals recorded during goal-directed centre-out
reaching showed a good agreement for each movement
direction while presenting clear distinctness between
movements into different directions. Furthermore, a classification approach allows for differentiation between a
subset of the investigated arm movements [11].

4

Conclusion

Overall, we could demonstrate that a fully implantable
system for EMG measurements is feasible. The design of
the electrodes was adapted during the project and the final
electrodes have shown their reliability for more than 18
months. Handling during surgery was well received by
the surgeons involved and no electrode itself was damaged during surgery. A critical component for any future
implant will be the connector between electrodes and central implant. In order to minimize surgery in case of faults
within the single components we believe that connectors
are paramount within the design. Unfortunately, the Omnetics connectors used here would not be suitable for a
commercial product, and choice of fully implantable connectors is very limited.
We have also found that the design of the energy supply
should be a delicate aspect of any implant design. While
energy consumption itself was uncritical, positioning of
the external coil over the implant was very critical with
small displacements already causing loss of data. Small
movements of the animal caused a significant movement
of the skin over the implant and thus a relatively large
displacement of the external coil. This would have to be
considered in the final application as well. Data transmission based on the Zarlink chip was feasible, but not as reliable as hoped for. Other solutions such as amplitude
shift keying or (binary) phase shift keying should be considered in future.
It is also important to note that experimental proof of the
functionality intended is very difficult to achieve. Despite
the very sophisticated animal model used in this work, the
behavioral task reported here did not require from the animals to work against varying force levels. Therefore data
is not suited to demonstrate a correlation between force or
speed of movement and recorded EMG signals. Ongoing
experiments will allow such analyses and first preliminary
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examples look promising. A system with more than four
channels might be difficult to implant in rhesus macaques
due to size restrictions.
The project MyoPlant was ambitious from the very onset,
and some of the challenges were perhaps underestimated
at the beginning. The technical ability of the consortium
though made it possible to overcome these. The work presented here in an overview has helped to demonstrate a
couple of important aspects:
a) The technical challenges present themselves in
small details that need to be solved for a commercial product (e.g. coil displacement and implantable connectors).
b) Experimental proof of the full system requires a
sophisticated test setup that still has some inherent limitations.
c) It is technically feasible to build a fully implantable EMG measurement system.
d) The recorded signals are well suited for future
signal processing aimed at controlling modern
arm prostheses.

5
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Abstract
An intelligent sensor implant for continuous glucose monitoring is presented as intended for use in the human interstitial.
The sensor operates by the principle of affinity viscosimetry, by which glucose concentrations are determined with a microelectromechanical system (MEMS) measuring the glucose-dependent viscosity of a concanavalinA-dextran assay.
Data transmission is performed in the 403MHz band as approved for medical implant communication services (MICS).
The sensor system is encapsulated in silicone to enable a sufficient hermiticity for time spans of weeks and months. In
vitro testing revealed no corrosion of system components for a period of months.

1

Introduction

The number of patients suffering from Diabetes mellitus is
continuously increasing worldwide and in particular in the
industrialized countries [1]. The enhanced blood glucose
level causes a number of secondary diseases that may impose severe health impairments and loss of live quality.
Next to hyperglycemia also hypoglycemia is considered as
threatening by insulin-applying patients. It may be caused
by too high insulin doses and is associated with states of
unconsciousness. Hyperglycemic states thus often tolerated – with consequences as mentioned above.
Today, the monitoring of blood sugar levels is mainly performed by test stripes that allow the amperometric determination of glucose concentrations cg by the enzymatic
reaction of glucose to gluconolacton and H2O2 [2]. Measurements, however, are performed with insufficient frequencies because of the required self-injury.
A more advantageous method would be a continuously
measuring sensor implant that determines cg in regular intervals and that would transmit glucose concentration transients cg(t) to an extracorporeal receiver like a mobile
phone. The interstitial tissue is generally considered as an
appropriate position for such perspective implants, since cg
values are observed to correlate with those in blood [3].
Next to the sensing element, a biosensor implant has to encompass a radio module and antenna for data transmission
as well as a microcontroller (µC) for regulating the measurement program, data transmission and data storage. In
addition, energy has to be supplied to the aforementioned
components and the system has to be shielded hermetically
against body fluid, in particular against the formation of
water precipitations on device surfaces.
The large number of laws and prescriptions to be obeyed
during the development of implants represent a particular
difficulty. Among other aspects, the sterilizability of the
system has to be provided, resulting in severe constraints
with respect to the integration of temperature- or radiation-

sensitive components or with respect to designing the integration flow.
In this work, the components and the technical integration
of a biosensor implant that shall allow for the continuous
monitoring of blood sugar levels in vivo will be presented
[4]. It has been endeavored to rely on technical modules
already established in implantology whenever possible.

1.1

Glucose sensing by affinity assays

The sensoric principle used in the system was not the enzymatic conversion of glucose by GOd or GDH, but its
reversible binding to a chemical receptor, i.e. by using an
affinity assay [5, 6]. The approach appears advantageous,
since it is independent from oxygen concentration, the diffusion of which will be modulated by the unavoidable
body reaction [7]. The covering of the implant in the body
environment was often observed to cause erroneous drifts
of cg data.

Image 1 Principle of affinity viscosimetry based on a microelectromechanical system (MEMS), see [8].
A viscosimetric variant of affinity assays was applied in
the system presented here, i.e. variable glucose concentrations cg are transformed into variations of viscosity . For
this purpose, the competing binding reaction of glucose
and its polymer dextran to the plant lectin Concanavalin A
(ConA, 26.5 kDa, 237 amino acids [9]) is exploited.
Under physiological pH conditions ConA forms tetramers
with four binding sites for glycosyl residues that may
cause a high viscosity in ConA-dextran mixtures due to a
high degree of cross linking between macromolecules [6].
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The viscosity is lowered by the presence of free glucose
causing a de-linking of the macromolecular network by
also occupying the active binding sites of ConA. A microelectromechanical system (MEMS) can be applied to
determine the viscosity of the assay, compare Image 1.
A sensor chip has been designed and fabricated by virtue
of microelectronics technology that makes use of a mechanically bendable beam. The viscosity follows from the
velocity by which the beam can be moved within the assay
[10]. Beam bending is operated in a quasi-electrostatic actuation scheme, i.e. the high-frequency applied is on the
order of 3.2 GHz and far beyond any mechanical resonance frequency. The beam is fabricated from conductive
TiN and configured as a deformable electrode of a capacitor, such that the deformation z transforms in a change of
capacity C.
The capacity is followed by connecting it to a ring oscillator circuit (ROC) and monitoring its resonance frequency f.
The time is determined until the beam reaches a defined
position, where the sensor chip is switched off. The
switching time tsw then is as a measure for viscosity and
glucose concentration cg within the assay.

1.2

Biocompatibility

Appropriate materials were to be selected and a number of
optimizations were to be performed in order to establish
the operability of microchip and sensor system within the
human body. MEMS electrodes were prepared from titanium nitride TiN that is well established in CMOS technologies and was shown to be sufficiently biostable in previous
investigations [11, 12]. Also the surface passivation of microchips from SiON and the flanks of MEMS cavities from
SiO2 showed no measurable degradation or degradation
rates incompatible with a sensor life time of months, both
in vitro and in vivo [13].
The impermeable enclosure of implanted electronics may
be ensured for long lifetimes by metallic cases only [14].
However, for systems that operate in the body for a few
weeks or month only, polymers may also be considered.
Silicone that was shown in previous investigations to fulfill these requirements was selected for the casing of the
implant presented here [15].

2

Methods

2.1

Chip preparation and integration

Preparation of sensor chips was performed in the IHP pilot
line in the framework of multi project wafer (MPW) shuttles [16]. 200 mm CZ Si wafer with 750 µm thickness and
0.5 m resistivity served as starting material. SGB25V
technology was applied, exhibiting a 4-level metallization
(M1-M4) and encompassing 22 lithographic masks and
about 500 process steps [17]. The sensor cavity was fabricated from the back-end-of-line stack, in which Al layers
are covered by Ti/TiN layers from above and below. The
ground plate of the cavity and beam were made of M1 and
M3, respectively, resulting in a distance between both of
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Image 2 Sensor chip with fully embedded BioMEMS [8].
2.5 µm [18]. Image 2 shows a photograph of the sensor
chip with X-shaped beams in the measurement and reference cavity (top and bottom left).
MEMS cavities had to be etched in a post clean room process; sensor chips were populated with stud bumps, separated by an IR laser process [19] and finally bonded to
flexible boards for connecting with the system board.
Sensor chips with flex cables had to be integrated into a
cooling body, which were also fabricated from CZ-Si. This
integration was necessary, since the amount of heat dissipated during one measurement was on the order of a few
10 mJ, which may denature ConA when not properly conveyed. The cooling body had the additional functionality to
hold the affinity assay, in which the MEMS beam was to
follow viscosity variations. It also served as a carrier for
the semipermeable membrane to separate the sensoric fluid
from the interstitial [20]. Probes with sensor chips were
filled with ConA and dextran containing fluid, sealed and
made available to be integrated into the implant.

2.2

Energy supply

The operation scenario of the implant envisions the determination of one cg value every five minutes. With this approach, health-critical deviations from the normal concentration range will become predictable sufficiently early.
288 measurement data will show up every day corresponding to an increase of data point density of about two orders
of magnitude when compared to conventional test stripe
technique. About 26 J will be required per day, when an
energy consumption of 20 mJ per measurement is assumed. Moreover, five data transmission cycles shall be
allowed per day consuming additional 70 mJ [21].
Cardiac pacemaker and defibrillators often make use of LiMnO2 batteries exhibiting energy densities in the range of
1 Wh cm-3. The 3.2 V battery LiS 3150M (Litronik) with
1200 mAh was applied here with a shape of an elongated
D, lateral extensions of 31 27 mm and a height of 5 mm
[22]. It is evident from comparing the data with the dimensionality of the sensor chip (Image 2) that the battery represents the size-determining component of the full system.

2.3

Design of the system board

A printed circuit board (PCB) was designed having the
same D shape as the battery in order to integrate both into
the system in a sandwich configuration. The MSP430 µC
(Texas Instruments) uses a ZL70321 (Microsemi, previously Zarlink) [23] radio as uplink to send and receive data
in the 402-405 MHz MICS band [24]. A voltage regulator
stabilizes the battery voltage and a current-to-frequency
(I/F) converter transforms the analog sensor current into
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the frequency domain, where it can be measured very accurately by the µC. The sensor current is used to charge a
reference capacitor with a very low temperature coefficient. As soon as a preset trip voltage is reached, the capacitor is discharged and the process starts again. The output of the I/F converter is a digital signal with a frequency
dependent on the sensor current.
Following this approach was necessary, because the low
current from the sensor chip cannot be measured directly
with the µC’s analog to digital converter. Amplifying and
converting such low currents to voltages by standard operational amplifiers was not suitable here, because of the
constraints defined by power supply, conversion speed
and resolution, immunity against electrical interference
and temperature effects.
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battery stack. Distance holders were constructed with open
areas to enable a complete space filling of the implant with
silicone, s. Image 4.
Silicone grouting started with processing the sandwich
consisting of PCB, battery and lower distance holder. The
assembly was rinsed with isopropanol, cleaned in a cleaning solution, rinsed with deionized water and dried. The
implants were put in a solution of adhesion promoter to
increase the adhesion of Parylene C on the surfaces. Afterwards, they were rinsed with isopropanol and dried
again. Parylene C was deposited in a Parylene coater (Para
Tech LabTop3000) with an intended thickness of 10 µm.
Subsequently, the sensor and antenna were mounted on the
battery-PCB sandwich together with the upper distance
holder.

Image 3 System board
with microcontroller, radio module and connectors to sensor chip, antenna and programming device; the latter is cut-off
prior to integration along
the perforation line; width
of the device is 27 mm.
The tradeoff between accuracy and measurement time can
be adjusted by varying the observation time of the frequency. A reference timer in the µC is driven with a reference clock. Its operation is gated by a selectable number
of I/F cycles. Therefore, the measurement resolution can
be increased simply by increasing the observation time.
A reference frequency of 8 MHz clocks a counter up to
65535 within 8.2 ms, allowing to achieve a resolution of
16 Bit. Setting a gate time of 1ms will yield a resolution
of 13 bit (8191) accordingly. Gating of the reference timer
is done via a second counter. It counts edges of the input
frequency asynchronously to the system clock. The reference timer is stopped after a preset number of edges and
its value is saved for further processing. This approach
provides several degrees of freedom to optimize the system’s performance, battery life, resolution etc. which
would not be possible with fixed analog amplifier setups.
Additionally, several discrete devices for signal conditioning and an impedance network for the antenna [25] were
installed on the PCB. Next to the parts to be integrated into
the implant the PCB accomodated an additional JTAG
connector for µC programming. This board area is separated by a perforation and might be cut-off after successful
tests of the µC program, see Image 3.

2.4

Configuring the full system

System components were arranged in a stacked configuration. The sensor probe occupies the top-most position allowing the sensor window to directly view into the surrounding tissue. Also the antenna resides on the top-most
level. Distance holders are inserted above and below the
PCB in order to enable the starting integration of the PCB-

Image 4 a Explosion scheme of the sensor implant encompassing the antenna 1, sensor probe 2, flex cable 3,
system board 4 with frontend chip 5 and microcontroller 6,
battery 7 and distance holders 8. b Implant design as integrated in a transparent silicon housing.
Prior to silicone encapsulation the sensor window was protected by Kapton tape. For increasing the adhesion of polydimethylsiloxane (PDMS) on the Parylene C coating a
plasma activation of the upper and the lower surface was
performed in the low pressure plasma system NANO-HFPC (diener electronic). In order to further improve the adhesion, the implant was pretreated with silicone primer
Nusil MED1-161. Specially designed and produced distance holders made of silicone were glued on the surfaces
of the implant to guarantee a defined thickness of the
PDMS coating and subsequently cross-linked at 50°C.
For encapsulation of the whole assembly, the implant was
positioned in a specially designed casting box which was
placed in a vacuum-tight case. The whole assembly was
installed in a vacuum caster ULC 5/01 (SLM Solutions
GmbH) and the casting box was filled with liquid silicone
Nusil MED-6015 by pressure difference technique. The
casting box was removed from the case and tempered at
50 °C for PDMS crosslinking. After releasing the encapsulated implant from the casting box, the protecting Kapton
tape was stripped from the top of the sensor after scratching the edge with a scalpel. For aligning the surface to the
edge region of the sensor silicon body, silicone glue Nusil
MED-1000 was applied near the side of the silicon body
until there are no more sharp edges. Finally, the silicone
glue was cross-linked again at 50°C.
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3

Results

5

A set of implants were integrated, for which a successive
transition from dummy components to operating ones was
performed. The transparency of silicone turned out to be
very useful for corrosion tests, since it allowed an optical
inspection of possible defects. However, neither gas inclusions nor water precipates on device surfaces could be detected in any of the buildup systems. Image 5 shows the
top and bottom side of one of the integrated systems with
fully operational components.

Fully integrated systems were subjected to corrosion tests
by storing them for longer times in isotonous saline. Image
6 shows photographs of an implant that was treated for
more than six months. Only a small brown clouding may
be recognized at the end of the antenna, which was realized, however, directly after the grouting process and may
thus not be considered as a corrosion effect.

Image 6 Sensor implant after 233 days in isotonous saline,
(left) left side (middle) top view and (right) right side.

4

Conclusions

The system integration of an implantable biosensor was
shown, which determines glucose concentrations with a
fully embedded BioMEMS according to the principle of
affinity viscosimetry. Energy supply was provided by a LiMnO2 battery well established in cardio implants as data
were transmitted in the MICS band. The full system was
encapsulated in silicone which allowed to expose only the
sensor window to the surrounding tissue. No corrosions
effect or defunctionalization of sensor components could
be detected after in vitro testing the implants on a time
scale of months.
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Image 5 Silicone-encapsulated glucose monitor implant
from left top-front and right bottom-rear perspectives; dimensions of the device are 38.6 × 49.3 × 15.5 mm [26].
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Introduction
Over the past decade, the controlled modification of neural activity by optical stimuli of specific neurons evolved as one
of the most appealing experimental approaches in neuroscience. In contrast to functional electro-stimulation, optogenetic intervention allows stimulating and inhibiting neural activity in well-defined brain areas. Aside from research activities focusing on the realization, optimization, and cell specific expression of opsins, i.e. photosensitive proteins, miniaturized micro-optical tools represent a recent research topic in biomedical engineering. These so-called optrodes enable
the simultaneous optical stimulation as well as electrical recording of neural signals.

Materials and Methods
Most often, optrodes rely on electrode arrays combined with optical fibers providing light from external light sources to
the neural tissue of interest. Due to the mechanical stiffness of these glass fibers, in vivo experiments with freely behaving animals are possible only with restricted freedom of movement. In contrast to this state of the art, the present study
addresses innovative optrodes based on micro electrode arrays functionally extended by integrating polymeric waveguides and optoelectronic components. Silicon and polymers like polyimide and silicone are used as substrate materials
to realize penetrating probe shafts and flexible, two-dimensional optrodes for intracortical and epicortical in vivo applications, respectively. Bare laser diode and light emitting diode chips are integrated into the electrode arrays. By the direct integration of light sources and optical waveguides highly compact optrodes controlled purely by electrical signals
and optimized for in vivo studies with freely behaving animals become possible.

Results
The paper details both, silicon and polymer based, optrode variants and their respective fabrication and assembly processes. It analyses their long-term stability in view of the applied encapsulation and packaging approaches. Finally it
compares the achieved optical power densities of up to 30 mW/mm2 with state-of-the-art optrodes.
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Introduction
Neural probes for recording neuronal signals have
become a powerful tools of neuroscience. Silicon based
probes fabricated using microelectromechanical system
(MEMS) technologies and shaped into fine, needleshaped shafts protruding from a basis can be designed
to carry a multitude of recording sites along their
shafts, offering the chance to acquire the correspondingly large number of neuronal signals.

Conclusion
The novel MEMS probes were designed specifically
for experiments with mouse and rat model systems and
are available to partners within and beyond the Cluster
of Excellence BRAINLINKS–BRAINTOOLS.

Methods
By integrating active microelectronic switches on the
shafts and amplifiers, analog-to-digital converters, and
multiplexers on the probe bases, electronic depth control (EDC) probes with freely selectable recording configuration can be realized. In this work novel probes
were fabricated using 0.18 µm 6-metal CMOS technology of X-FAB (Erfurt, Germany). Subsequent postprocessing by silicon deep reactive ion etching, metalization with Pt electrodes, passivation with a silicon
oxide/nitride thin film sandwich, and rear wafer thinning produces the probes with their intended specific
geometries.

Results
In this paper the individual components of the systems,
i.e., the switches and reconfiguration concepts enabled
by them, the amplifier and the integration of stimulation lines will be presented. The systems were designed
for minimal cross-talk from the digital control lines to
the analog neural signal lines. EDC probes with lengths
between 2.7 and 10 mm, widths between 15 and 100
µm, and thicknesses down to 50 µm are realized. Probes with active signal amplification for 16, 32, and 128
channels have been designed. The pitch of the electrode arrangement lies between 25 and 50 µm for different probe types. Depending on their widths, the shafts
carry one or two rows of electrodes. Probe bases measure between 0.4×1.5 mm2 und 3.2×3.5 mm2, depending on the cointegrated microelectronic system.
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Smart Devices In Epilepsy Therapy: Animal Research For
Closed-Loop Stimulation Devices
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Introduction
The University of Freiburg BrainLinks-BrainTools Cluster of Excellence targets to develop smart devices for
seizure therapy. Closed-loop stimulation devices offer new chances for patients suffering from pharmacological
refractory epilepsy. Besides stimulation ability these systems clearly require seizure detection or prediction
algorithms.

Methods
Hippocampal injection of kainic acid leads to hippocampal sclerosis and recurrent epileptic seizures. Therewith
this animal model resembles human temporal lobe epilepsy. After an initial status epilepticus, epileptogenesis
takes place until a chronic state with spontaneous seizures occurs. Animals were video-EEG-monitored to gain a
dataset from these seizures. Videos were screened manually and by using automatic detection algorithms for
behavioural seizures. EEG based seizure detection and prediction algorithms were programmed in MATLAB
(The MathWorks, Inc., Natick, MA, USA), applied to the data and compared to each other in respect to detection
rate and online applicability.

Results
14 kainic acid injected animals are treated for evaluation. More than 400 seizures from more than 2500 h of
recordings were used to evaluate seizure detection algorithms for online application. Typical features described in
the literature were able to detect the seizures unfortunately with a delay of half of the seizure’s duration. This is
clearly too late for our goal to abort the seizure by stimulation before secondary generalization. Seizure prediction
methods were therefore adapted to the animal model.

Conclusion
Different detection and prediction algorithms were evaluated using animal models of epilepsy for their
performance in regard to reliability, celerity and power consumption. Detection algorithms have the problem that
the signal changes at the beginning of a seizure are difficult to detect; prediction methods might therefore be more
promising for an early application of the stimuli. This is a first step to evaluate closed-loop stimulation
approaches and therewith the possibilities for future clinical applications.
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Can patients with brain implants undergo MRI?
E. Fuhrer1, O. Gruschke1, M. C. Wapler1, M. Fakhrabadi1, M. Müller1, K. Göbel2, P. LeVan2, T. Stieglitz1, U.
Wallrabe1, J. Hennig2, J. G. Korvink1
1
Department for Microsystems Engineering, University of Freiburg, Germany
2
Department of Radiology, University Medical Center Freiburg
e-Mail: korvink@imtek.uni-freiburg.de
When developing new medical implants, the second or third thought may go towards MR compatibility of the materials.
For this purpose, the ASTM F2503 standard was defined. This was developed with macroscopic, passive devices in mind
and thus defines magnetic forces in factors of weight and temperatures at centimeters away from the implant.
Neuroprobes, however, bring functional micro-technology into the body – directly into the brain. Hence they do not only
affect the most critical part of the body, but they may also react differently to the imaging procedure than traditional
implants.
During an MR scan, the implants are subject to a strong constant magnetic field of up to 3T, a rapidly varying inhomogeneous gradient magnetic field of several 100mT at acoustic frequencies and a strong radio-frequency field in the range
of 100MHz and a kilowatt transmission power. These fields do on the one hand directly act on magnetic materials and do
on the other hand induce eddy currents in conductive materials that are, in the worst case, further amplified by resonances.
As a consequence, the implant may be subject to forces and vibrations or may be heated, possibly only localized at some
microscopic part. Furthermore, there can occur disruptions in critical functionality or even pathological malfunctioning.
This being not enough, the active and passive parts of the implants may cause artifacts in the MR image, leading to
possible misdiagnosis.
In this paper, we discuss how to investigate these issues, how to develop new MR safety standards and MR-safe design
rules for micro-implants and present first measurement results.
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An Augmented Reality Approach for BCI Control of Intelligent Autonomous Robots
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Introduction
Brain-machine interfaces (BMIs) translate brain activity into signals for controlling assistive devices. Current BMIs allow users to control external effectors such as robotics arms, but with limited speed and accuracy. BMI control of complex tasks in real-world environments is particularly challenging for existing BMI systems. To enable complex interaction with the environment, we employed a high-level control scheme where users selected actions that were presented
superimposed on video streams in an augmented reality (AR) approach, and actions were carried out by intelligent autonomous robots.

Methods
High-level commands to control the AR interface were obtained by four-class, single-trial online decoding of electroencephalographic (EEG) signals using artificial neural networks trained on time-frequency EEG features. EEG was recorded during real or imagined movements using a 32-channel dry electrode EEG system in healthy subjects. Actions
that could be selected via the AR interface were target selection, picking up and releasing objects with a robotic arm.

Results
We achieved an average accuracy of 65.5% and 56.5% over subjects with real and imaginary movement, respectively,
and significantly above the chance level. To further increase the autonomy of the robotic devices, we implemented a
dynamic object recognition allowing the robots to explore, detect and discover objects in an autonomous fashion. For
this, the robots were trained to actively interact with the environment, by pushing or moving objects on the table. All
subjects got quickly accustomed to the AR interface and reported a high level of user-friendliness.

Conclusion
Our findings show that an AR approach where options for complex actions are selected by subjects via BMI control and
carried out by intelligent robots is a promising strategy to enhance the performance and user-friendliness of BMI systems. Together with the development of wireless implants to record brain activity, our AR approach may greatly facilitate the translation of BMI technology into clinical application.
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Introduction
Recently, there is increased interest in implants to treat neurological disorders and for brain-machine-interface
applications. Since issues like long-time functionality, biocompatibility and stable and reliable signal quality of such
implants are crucial for human application, the aim of the current project is to assess a new wireless microelectrocorticography (µECoG)-based implant system during acute and chronic experiments in an ovine model (ovis
orientalis aries).

Methods
Neurosurgery was performed to implant three sheep acutely with a laser-fabricated µECoG grid and another three
sheep chronically with the complete wireless implant system consisting of the µECoG grid and a subcutaneous
infrared transmitter powered by induction coupling. The electrode arrays were placed over the sensorimotor cortex
and electrical stimulation with different intensities at different cortical and orofacial sites was applied under
anesthesia. Additional sensory stimulation was applied in the wake state during chronic experiments over several
months. Recorded somatosensory evoked potentials (SEPs) were analyzed and relative spectral magnitude changes
(RSMCs) were estimated. We used the latter to define a spatial specificity index (SSI) for quantifying topographic
distributions of neural responses in different frequency bands.

Results
Changes in stimulation site and intensity elicited clear spatio-temporal modulations of SEPs and RSMCs during both
acute and chronic anesthesia experiments. SSI calculations further showed that the spatial specificity of the RSMCs
was increased for the higher frequency bands. In the wake-state experiments, we were able to obtain patterns of
sensory stimulation-dependent RSMCs which were stable over months.

Conclusion
The observed SEP changes and RSMCs suggest that the both tested µECoG-based implant and the ovine model are
well-suited to elucidate stimulation effects on spatio-temporal patterns of cortical activity in the sensorimotor cortex.
Investigation of other cortical areas, e.g., the auditory or visual cortex, can aid further establishment of this implant
system for clinical human application.
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Retinal Implants: Mechanical Stresses and Loads in the
Orbital Cavity
M. Kokelmann, W.-G. Wrobel
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Introduction
The cables to subretinal implants are constantly in motion due to eye movements. The present clinical
study undertook to observe, analyse, and evaluate the mechanisms of damage which ensue from
such stresses. In order to ensure a malfunction-free implant service life of more than 10 years, with 2
million movements per year, changes in the implant position must dovetail with the implant design.
The tiny silicone cable serves as a link between the power supply and the stimulator and must ensure
reliable operation during movement. The insights gained to help avoid bend radii of < 1mm were
integral for accommodating the implant's design to accelerated movements.

Methods
The position of the silicone cable in the orbital cavity was analysed using CT images. For purposes of
realistic simulation, an experimental setup used to measure mechanical movements was modified. To
ensure true-to-life replication of the surroundings, the test apparatus was adapted to the anatomic
circumstances. This involved curtailing free movement of the silicone cable within the orbital cavity in
view of the cable length of 5 cm.
The high-speed capacity of the test apparatus ensures a simulation of several years of eye
movements during one month.

Results
This study of the implant's cabling, together with a better understanding of the anatomic
circumstances, made it possible to modify the test apparatus in such a way that it provides a realistic
map. The improved method of laying the cable within the patient's orbital cavity, together with
improvements in the sophisticated design of the silicone cable, were validated by the modification
results.

Conclusion
With improved adaptation of the test setup in order to provide true-to-life anatomic replication, it
became possible to demonstrate a service life of > 10 years for these silicone cables. In addition to
their application in retinal implants, they can also serve as a basis for other active implants such as
those in the "Smart Implant" Project.
Acknowledgements: The Research Institute of Ophthalmology at the University of Tübingen (Christoph
Kernstock, Katarina Stingl, Eberhart Zrenner et.al.) provided analysis of clinical data, and NMI
Reutlingen designed the first version of the test apparatus. Smart Implant was funded by BMBF as
part of the SSI project (16SV5983).

Brought to you by | Gazi Universitesi
Authenticated
Download Date | 1/14/16 9:20 AM

Biomed Tech 2014; 59 (s1) © 2014 by Walter de Gruyter • Berlin • Boston. DOI 10.1515/bmt-2014-5014

S1101

Implant for the support of functional recovery in spinal cord
trauma(paraplegia): biodegradability and integration of electrodes
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Introduction
A biocompatible mechanical micro connector system (MMS) for the support of axonal regrowth and functional
recovery was developed and characterised [1,2]. The latest development step was the integration of electrodes for both
measurement and stimulation as described below.
For obvious reasons physicians are not comfortable with the idea of a persistent mechanical object with electrodes in
the spinal cord so the whole device has to be transformed into biodegradable material without losing its key features.

Methods
Biodegradability and integration of electrodes are developed separately. By now a modified deep drawing process for
the replication of vertical high aspect ratio structures with microstructured surfaces in a biodegradable material was
developed using a silicone mold and a highly flexible temperature-pressure-force-profile to achieve optimal results.
Electrodes made of gold and PEDOT were integrated into the biocompatible system production process using sputtering
and electropolymerisation.

Results
Biodegradable devices with overall dimensions of 3000 µm, feature sizes of 20 µm, aspect ratios of over 15, vertical
sidewalls and microstuctured surfaces can be fabricated in a rather cost efficient and reliable way. Depending on the
used polymer degradation times of 2 weeks to 12 months were achieved.
Biocompatible electrodes with a CSC of 717,4 mC/m2 were fabricated.

Conclusion
The fabrication of biodegradable devices and the integration of biocompatible electrodes into polymer production
process were achived. The next step will be the combination of these two developments.

References
[1] N. Brazda, C. Voss, V. Estrada, H. Lodin, N. Weinrich, K. Seide, J.Müller, H.W. Müller: “A mechanical
microconnector system for restoration of tissue continuity and long-term drug application into the injured spinal cord.”
Biomaterials 34 (38), pages 10056-10064 (2013)
[2] C. Voss:  “Mikrosystem  zur  funktionellen  Regeneration  des  Rückenmarks  bei  Hemi- und  Totaltranssektion.”  ISBN  
978-3-8439-0774-3, Dr. Hut Verlag, 2012
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Introduction!
Electrical stimulation is becoming an accepted therapeutic option for quite a number of diseases, ranging from motorneuron diseases like Parkinson’s (DBS) to muscular stimulation in paraplegics (FES) or even learning deficits (tDCS,
tACS). !
In order to further these therapies with respect to individualizing them, un-directed electrical stimulation based on the
static electrode geometries needs to be improved. Our multichannel electrical stimulator is based on a shared charge
balancing electronic circuitry and its modular, single site oriented structure is intended to both direct electric fields according to forward-planned targetting, as well as shape its waveforms over a wide amplitude range. !

Methods!
Electrical field distribution both spatially and temporally is achieved by modeling and simulating the potential caused
by different electrode-stimulator configurations. Required features for safe stimulation have been taken into account as
well as charge balancing and power dissipation limits. The charge balancing is designed based on a dynamic system that
can adjust it self from cycle to cycle depending on the stimulation area.!

Results!
Our system contains a multi-channel bipolar, biphasic stimulator hardware and a controlling software for setting the
process profile. The user is able to select any arbitrary stimulation current in addition to e.g. monopolar, anodic or cathodic first, rectangular waveform and optional delays in between. Computational analysis and simulation has been widely employed to increase the accuracy and controllability of our stimulation system.!

Conclusion!
The functionality of our system has been tested against simple RC-electrode models of tissue. This enables us to set and
investigate the parameters for any desired tissue. We can set our targets, simulate our stimulation process and find the
best configurations and waveforms to finally perform the field steering - no matter on which amplitude scale.!

!!
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Improved functional outcome after implantation of purified canine glia cells in
spinal cord injury
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Abstract
Spinal cord injury (SCI) is a devastating condition that results in neuron loss with variable degrees of paralysis and sensory loss. Cell transplantation-based therapies to promote functional repair after SCI are currently under intense investigation. Olfactory ensheathing cells (OECs) are Schwann like-glial cells of the olfactory system that have been shown to
promote neural repair in vivo. However, the mechanisms underlying these effects have remained as unclear as the question of putative differences in the regenerative capacity of OECs from olfactory bulb (OB-OECs) mucosa (OM-OECs)
and of Schwann cells (SCs) from peripheral nerve. Moreover, previous studies did not deplete contaminating SCs from
OEC preparations. To clarify these open issues, we used purified and SC-free OB-OECs, OM-OECs, and SCs for transplantation into a dorsal hemitransection SCI model of the adult rat. Canine cells were used since multiple evidence suggests that this species may serve as a suitable translational model for human studies. The three cell types were implanted
by microinjection into a dorsal hemitranssection SCI model in the immunosuppressed rat 1 week after lesion induction.
All three cells types resulted in comparable improved locomotor function. Thus, trophic influences of OECs may have a
more dominant influence on their therapeutic benefits in SCI than remyelination. These results will serve as a basis for
cellular development for a translational clinical cell based therapy in dogs.

1

Introduction

Transplantation of olfactory ensheathing cells (OECs) into
experimental models of spinal cord injury (SCI) has
demonstrated improvement in functional outcome [1] and
currently clinical studies using OECs for SCI patients are
ongoing [2]. The precise mechanism for the improved
functional outcome is not clear, but several mechanisms
including induction of axonal regeneration and sprouting,
neuroprotection and remyelination have been suggested
[3]. While most experimental transplantation studies using
OECS derived them from olfactory bulb (OB-OECs), olfactory mucosa-derived OECs (OM-OECs) can be derived
from nasal biopsy and therefore present as a more tractable
and safe source of OECs for potential autologous clinical
use. However, these preparations may contain contaminating Schwann cells that could bias the results of in vivo application. It is well established that the olfactory mucosa
contains trigeminal afferents containing Schwann cells. In
this study, we used highly purified preparations of canine
OB-OECs and OM-OECs that were depleted from contaminating Schwann cells as well as SCs from peroneal nerve
for transplantation into the dorsal hemisected rat spinal
cord. We asked what effect the three cell types had on improving functional outcome in an SCI model. The results
indicated that the three cell types had near equal effect on

improving locomotor function. Thus, OM-OECs that can
be derived from mucosal biopsy with minimal morbidity
could be a tissue source for autologous OEC preparation
for SCI. The results have direct implications for clinical
studies in SCI injured dogs and potentially to human clinical cell transplantation studies.

#

*

*

*

*

*

*
* p< 0.01

Days post transplantation

Image 1: Improved locomotor function after transplantation of canine glia cells.
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B

study. Behavioral outcomes and examples of specific
BBB locomotor scores were recorded using digital video.
Experimental groups included the described three glia cell
groups plus an additional sham control group. Intact animals (n=6) were tested for control. Preoperative testing
began 2 days prior to injury and was performed at 4 days
and weekly for 4 weeks after surgery. Values displayed are
means ± SEM

C

Image 2: Regenerated axons 28 days after spinal cord
hemitransection followed by comparative canine glia implantation. A shows result after canine SC transplantation,
B after canine OB-OECS and C after canine OM-OECs
transplantation. Scale bar in C=500 nm and pertains to AC.

2.

Methods

2.1

Preparation of donor cells

Olfactory bulb (OB), olfactory mucosa (OM) and peroneal
nerve were collected from adult dogs. Schwann cell depletion of OEC preparations as well as purification of OECs
peroneal SCs was done as previously described [4].

2.2

Hemitransection of the adult rat spinal cord and cell implantation

Adult (n=24) female Sprague Dawley (SD) rats (180200g) were subjected to the hemitransection of the spinal
cord at level Th9 prior to receiving cell transplants or negative control injections with medium. This surgery resulted
in paraparesis of the hind limbs in all animal subjected to
the procedure. One week after spinal cord transection, canine OECs from Bulb or mucosa, Schwann cells or control
DMEM (Gibco BRG) were injected into the lesion site by
stereotactic microinjection with 0.5 µl of cell suspension
cranially and caudally transplanted at depths of 0.7 and 0.5
mm respectively for a total of 1µl of cell suspension or
30,000 donor cells. All animals received daily injections
(i.p.) of cyclosporine A (15 mg/kg) beginning 1 day before
cell transplantation and continued throughout the survival
period.

2.3

S1104

Behavioral assessment after spinal
cord injury

Locomotor function was performed by a using the Basso,
Beattie, and Bresnahan (BBB) locomotor rating scale [5].
The scale used for measuring hind limb function from a
score of 0, indicating no spontaneous movement, to a
maximum score of 21, with an increasing score indicating
the use of individual joints, coordinated joint movement,
coordinated limb movement, weight-bearing, and other
functions. Rats were first gently adapted to the open field
used for the test. After a rat walked continuously in the
open field, two independent and blinded investigators performed the open-field test at least once a week from day 1
post-SCI to 4 weeks post-surgery on all animals in the

2.4

Electron microscopy

Four weeks after transplantation rats were deeply anesthetized and spinal cords were excised. The removed spinal
cords were then stored overnight in fixative, followed by
post-fixation with 1% osmium, dehydrated, and embedded in Epox-812 using standard plastic embedding protocols. Semithin sections were collected from each experimental group of plastic embedded tissue and counterstained.

3.

Results

3.1

Improved Locomotor Activity

To further investigate the functional outcome after lesion
induction and cell transplantation open-field locomotor
testing by Basso–Beattie–Bresnahan (BBB) was carried
out on the canine SC, canine OB-OECs and canine OMOECS and compared to the sham control.
All animals showed a gradual improvement in hindlimb
locomotor function during the 4 week recovery period and
canine glia cell transplantation resulted in a significant
improvement in open-field locomotor activity experimental cell transplant groups (Image 1). Statistical analysis indicated that the BBB scores in the cell transplantation groups were significantly higher than those in the
control group (medium alone). Open-field locomotor
scores for OB-OECs, OM-OECs and Schwann cell transplanted groups were tested 1 week before and 3 days, 1, 2,
3 and 4 weeks after transplantation (Image 1). Intact animals (n=6) scored 21 on the BBB test. All experimental
animals exhibited a gradual improvement in hindlimb locomotor function during the 4-week recovery period.
At 4 weeks post-hemitransection BBB scores were 16.5 ±
0.5 in the control group, 19.5 ± 1.0 in the SC group 20.0 ±
0.5 in the OB-OEC group and 18.5± 0.5 in the OM-OEC
group (P < 0.01). Interestingly, 4 days post transplantation, in the BBB score in the OB-OEC and control groups
was as expected at 10.5 ± 2.0 and 9.0 ± 1,5 respectively,
but in the OM-OECs groups the score did not decrease as
low as the other groups and was at 15.5 ± 1.5
The OM-OECs transplant group recovered to near 15 at
day 4 on the BBB score and displayed consistent weightbearing plantar stepping behavior indicating a neuroprotective effect. At day 4 in contrast to the OM-OECs, the
OB-OECs and the media control group revealed low score
with strong recovery in the OB-OECs group at day 7.
Starting at day 7 the media control group showed lowed
functional recovery. Statistical analysis indicated that the
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BBB scores of OM-OECs transplantation were higher
than the OB-OECs until day 14 then all cell transplanted
animal recovered above a score of 18. Although a trend
was observed, a difference between the OB-OEC, OMOEC and Schwann cell-transplanted groups at 4 weeks
did not reach statistical significance with superior recovery between the cell transplanted groups but recovery in
these groups was significant increased to the media control group. The greatest improvement was observed in
OM-OECs rats 4 days after transaction with prevention of
functional loss.

3.2
Ultrastructural characteristics of regenerated axons following cell transplantation
Consistent with the functional outcome, evidence of regenerated axons extending across hemitransected spinal
cord lesions could be observed. Sections of lesioned spinal cords revealed in the electron microscopy the presence
of many axons adjacent to large cell body as characteristic
for glia cells in all cell transplant groups (Image 2 a-c).
Regenerated axons in SC and both OEC transplanted lesions were typically clustered in small bundles of 3–8 axons with a large surrounding extracellular space and with
large cytoplasmic and nuclear regions.

4

Conclusion

There is a transient increase in locomotor function after
transplantation of canine OM-OECs and SCs compared to
medium control and OB-OECs. Together with an increased in vivo remyelinating capacity of SCs compared to
OECs (Radtke unpublished) and in vitro data of an increased migratory capacity of OB-OECs compared to OMOECs and SCs [6], this underscores the idea of differential
cell-type specific effects. The further characterization of
these cell type-specific properties may provide a basis for
tailoring specific cellular transplants for specific injury
types. In the present study, there was only a transient increase in locomotor function after implantation of OMOECs and SCs. Although the concrete nature of this phenomenon remains to be established, it is likely that trophic
support of the transplants may account for this. Since there
were no differences in axon number later on, it can at least
be stated, that this early support did not result in stable
morphological differences such as altered numbers of axons.
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Abstract
A number of important advances have been made using transplanted cells to provide therapeutic
and reparative effects e.g. in experimental models of spinal cord injury (SCI), stroke or peripheral
nerve injury. These studies have focused on transplanting cells to confer neuroprotection, stimulate
regeneration, increase structural repair, enhance neovascularization and replace lost cells. Direct
implantation and intravenous infusion of mesenchymal/stromal stem cells (MSCs) derived from
bone marrow or adipose tissue has been demonstrated to produce beneficial effects after spinal cord
injury and stroke. Clinical studies indicate safety with this approach in stroke and spinal cord injury
patients. Several groups including ours have demonstrated improvement in regeneration after application of MSCs for regeneration, but mechanisms are not fully clear.

1 Introduction: Challenges to develop
clinical approaches for stem cell
based therapies
1.1

Selecting appropriate cell type

Challenges to develop clinical approaches include selecting the appropriate cell type and delivery
method for the appropriate neurological disease. Cells
which are transplanted in clinical and experimental settings include: embryonic stem cells - a promising cell
source due to their totipotency and clonal efficiency – and
a number of adult and stromal cells from bone marrow or
adipose tissue [1]. In order to facilitate translation into
clinical practice, it is a convenient way to establish a protocol for immediate cell transfer without the need for cellular expansion. As an alternative cell source to bone marrow derived stromal cells, adipose tissue derived stromal
cells (ASCs) are harvested by established protocols with a
minimal invasive procedure.

1.2

Isolation of adult mesenchymal stromal cells

In order to facilitate translation into clinical practice, a
convenient way to establish a protocol for immediate cell
transfer without the need for cellular expansion is a prerequisite. An alternative cell source to bone marrow derived stromal cells, are adipose derive stem cells (ASCs)
which can be minimal invasively harvested by conventional liposuction presenting an easy accessible source for
ASCs in large quantities with limited donor site morbidity

and discomfort. About 400,000 liposuction procedures are
done in US every year and in each procedure up to 3000
ml of lipoaspirate tissue can be harvested, which is a heterogeneous mixture of cells. However, the ASCs scan be
purified as autologous cell source from the lipoaspirate
which is a rich source of proliferative and multipotent
cells [2]. 1 g of adipose tissue yields approximately 5 x
103 stem cells, which is 500-fold greater than the number
of stromal cells in 1 g of bone marrow [2].

1.3

Growth factors for tissue regeneration

ASCs are producing a variety of produce cytokines, chemokines and growth factors which is advantageous with regard to exogenous growth factor application
for tissue regeneration. Although exogenous application
of BDNF, GDNF, NGF, EGF, and bFGF have been reported to limit the extent of ischemic lesion volume after
infarction [3], local application of growth factors resulted
often in unsatisfying results [4]. Problems might include
protein stability as well as ineffective delivery. Gene therapeutic approaches have been explored experimentally for
delivery of trophic factors with beneficial effects in neurodegenerative diseases and nerve repair. While neurodegenerative diseases often profit by stable gene expression or extrachromosomal replication, transient gene expression might be appropriate for injury response [5]. Accordingly, often lentiviral vectors are employed like in the
approaches of Biju et al. who suggested transfer of glialderived neurotrophic factor cDNA as therapeutic strategies for Huntington’s disease and Parkinson’s disease [6].
It has to be taken into concern, however, that stable integration into the host genome might lead to unwanted acti-
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Methods

2.1

Cell Isolation and characterization of
ASCs

ASCs were isolated from fat tissue of adult rats following
standard protocols and characterized by FACS analysis
for detection of characteristic stem cell markers. Their
phenotype was confirmed by osteogenic, adipogenic and
glial differentiation. Morphology and further immunocytochemical markers of ASCs were determined.

2.2

Induction of MSCs to neurospheres

For induction of ASCs to floating spheric cells
like neurospheres, ASCs were suspended in 20 ml Neural
Progenitor basal medium (NPBM) supplemented with
2mM l-glutamine, 10ng/ml epidermal growth factor
(EGF), 10ng/ml basic fibroblast growth factor (bFGF) and
plated on 100mm non-treated dish.

3

Results

3.1

Differentiation protocols

The differentiation state of the stem cells in the
injury site for optimal therapy also needs to be established. Even though, the differentiated state of the stem
cells could aid regeneration, as specialized cells might
possess molecular programs that direct the cells in their
regenerative functions, it has been shown that likewise a
differentiation of the stem cells accelerate post-transplant
cell death, which may be due to increased expression of
major histocompatibility complexes and reduced proliferation rates in comparison to stem cells. The state of differentiation of the stem cells prior to implantation may
also modify their effect on the physiology of their neighboring cells. We and other could demonstrate differentiation capacity of ASC and with regard to application into
the central or peripheral nervous system transdifferentiation into a glial or neuronal cell lineage was demonstrated.
Different protocols have been used to transdifferentiate
both murine and human ASCs into neuronal or glial cell
lines and various techniques have been described and a
standardization would be advisable. ASCs can undergo

after adequate induction differentiation. As sign of transdifferentiation into neural progenitors, Nestin is expressed
(Image 1). Further differentiation can lead to Schwann
cell-like or neuronal phenotypes.

Image 1: Nestin expression in combination with DAPI
nuclear counterstaining ACS as indication of transdifferentiation into a neuronal lineage.

3.2

Route of application and mechanisms

Although initial hypotheses presumed that the
beneficial effects of intravenous MSC infusion were due to
direct interactions between MSCs in damaged tissue, recent evidence has pointed towards more indirect effects
resulting from soluble factors released into the blood
stream. After intravenous infusion, MSCs lodge in the
lungs where they survive with a half-life of a couple of
days. It is well established that MSCs express a number of
trophic factors that could contribute to functional recovery.
Recent work indicates that MSCs express the multi-potent
anti-inflammatory protein referred to as tumor necrosis
factor-α induced gene protein 6 (Tnfaip6 or TSG-6).
Blocking TSG-6 production by siRNA-mediated gene silencing significantly reduces the beneficial actions of MSC
infusion in a myocardial infarction model and inflammatory models [9]. Direct and indirect actions of intravenous
MSC delivery for regeneration after injury or disease have
to be investigated for detailed mechanism of observed effects.

Size of ASCs
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vation or inactivation of other genes thus bearing the risk
of tumorigenesis. Epichromosomal amplification systems
or use of adeno-associated virus diminish this risk.
Ex vivo transfer of vector systems for transient
gene expression are less prone to health risks, promising
results have been achieved for example after adenoviral
gene transfer of bone morphogenetic protein (BMP) 7 in
sciatic nerve injuries in the rat model [7]. BMPs have
been shown activity in neurogenesis and are potent inducers of nerve repair [8]. In this context, stable and continous secrete of growth factors by ASC in a paracrine
way after transplantation for tissue repair is desirable.
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Image 2: Demonstration of size of average ASCS sizes
depending on cell passages indicating a significant variability.
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3.3

Safety issues
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[7]

Tsai MJ, Pan HA, Liou DY, Weng CF, Hoffer
BJ, Cheng H: Adenoviral gene transfer of bone
morphogenetic protein-7 enhances functional re
covery after sciatic nerve injury in rats: Gene
Therapy, 2010.

[8]

Thus, many safety issues has to be resolved for
the use of ASCs in clinical settings including appropriate
validation of cell types, characterization and optimization
of procedures should enable ASCs to be efficient in cell
therapy applications.

Chen J, Leong SY, Schachner M. Differential
expression of cell fate determinants in neurons
and glial cells of adult mouse spinal cord after
compression injury: European Journal of Neuro
science, 2005.
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Altman AM, Devarajan E, Liu W, Arlinghaus
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genesis, 2009.

ASCs are highly heterogenic cell population containing subpopulations of stem cells and committed progenitor cells [10] and results vary from laboratory to laboratory as their properties also depend on patient’s age,
body mass index and the harvesting site.
ASC show high variability regarding the expression levels
of characteristic cell surface markers and cell size (Image
2) and amount of differentiated cells after induction. Although there are numerous advantages of ASCs, they have
also been shown to secrete tumor-inducing factors [11].

4

Conclusion
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Abstract
A crucial step in cochlear implantation is the insertion of the electrode array of a cochlear implant into the helically
shaped inner ear. As spirally preformed electrode arrays exist the question raised whether whose curling behaviour could
be adapted to the individual anatomy of a patient’s inner ear in order to reduce the risk of insertion trauma. A special
simulation tool (SimCInsert) was developed in Matlab to model a manually performed standard insertion technique and
compare it to an optimized insertion process. A new rating scale called “trauma risk” was introduced and used to estimate the risk of intracochlear trauma. Initial results indicate that patient individual optimization of the insertion process
is advantageous over the uniformly performed AOS insertion technique. Consideration of the curling behaviour of preformed electrode arrays involves a considerable optimization potential for cochlear implant treatment and might help to
reduce the risk of loss of residual hearing.

1

Introduction

A crucial step in cochlear implantation is the accurate insertion of the electrode array (EA) of a cochlear implant
(CI) into the helically shaped scala tympani. Scala tympani
is one of three compartments of the cochlea (inner ear) and
is bordered on one side by a fragile membranous structure,
called basilar membrane. On top of the basilar membrane
the Organ of Corti is located which includes the hair cells
and forms the receptor for sound waves in the inner ear.
Therefore, integrity of the basilar membrane after electrode insertion is essential for residual hearing preservation
and thus for electric acoustic stimulation (EAS). EAS in
turn is known to provide better hearing results than only
electrical stimulation [1,10] and is therefore one of the
most important objectives in CI treatment.
For electrical stimulation of the auditory nerve the environmental sounds are recorded and converted into electrical signals by the CI system. Stimuli correlated electrical
signals are finally transferred to the intracochlear electrode
array (also called electrode carrier). This is a thin elongated silicone body with up to 22 embedded platinum contact
electrodes (figure 1).
In general, there are two types of CI electrode arrays:
straight and preformed ones. The most popular model in
the latter group is the Contour Advance (CA) electrode
(Cochlear Ltd., Sydney, Australia), which was originally
designed for intracochlear placement next to the modiolus
[9]. The modiolus is the central axis of the cochlea and
contains the neural tissue which should be stimulated by
the CI. Therefore, close proximity of the electrode contacts
to inner wall of the cochlea is beneficial for electric stimulation [4]. That is why the silicone body of the CA electrode is moulded in a spiral shape. To ensure insertion into
the inner ear it is kept straight prior to insertion by a thin
platinum wire (stylet).

Together with the electrode array the Advance Off-Stylet
(AOS) technique was developed to provide an easy to handle and gentle insertion technique [9]. As a first step of this
procedure, the CA electrode is inserted approx. 8.5 mm
into the inner ear with stylet in place. A white marker indicates the correct insertion depth for the surgeon when the
marker reaches the level of the cochleostomy. In a second
step the position of the stylet is fixed using small forceps
or tweezers, while the electrode array is advanced off the
stylet and moved deeper into the cochlea. Three additional
marker rings at the end of the silicone body limit final insertion depth.
In the past, an automated insertion tool for the CA electrode was developed by our group [5,7]. Using two independently programmable linear drives, forwarding of the
electrode array and extraction of the stylet can be controlled with high accuracy. In contrast to the manually controlled insertion the tool offers the possibility to adjust the
electrode’s curling behaviour to the specific helical geometry of the scala tympani. Therefore, we posed the following
hypothesis:
Individual adaption of the curling behaviour of a preformed CI electrode array to the spiral shape of the
scala tympani can improve the insertion in terms of
reduced risk of insertion trauma.
Reduced risk of insertion trauma requires reduced interaction and contact forces between the implant and the surrounding anatomical structures as lower insertion forces
again reduce the risk of basilar membrane rupture and increases the likelihood of residual hearing preservation. In
an earlier study [8] we already investigated the curling behaviour of the CA electrode array. Now, as a second step,
the electrode insertion was modelled using a custom-made
simulation tool and preliminary results are presented.
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2

Methods

2.1

Determination of the curling behavior

The curling behaviour of the commercially available CA
electrode array was determined using an experimental approach and image-processing algorithms as described in
[8]. The stylet of each electrode array was extracted using
a micrometer screw in steps of 0.1 mm to 0.25 mm and after each step the resulting shape was digitally documented
using a reflected-light microscope. A semi-automatic image processing procedure was used to determine the complete curvature of the electrode array by identifying the 22
platinum contacts of the electrode as well as the tip of the
silicone body. As an interim result coordinates of points
were available which describe the shape of the electrode
carrier as a function of stylet extraction. In a second step, a
mathematical function, consisting of a logarithmic spiral
and up to three straight segments, was fitted through the
point sets. Hence, the actual shape of the electrode array
depending on the amount of stylet removal was finally
modelled using connected line segments [8].

2.2

Modelling the electrode array

For a meaningful simulation of the intracochlear curling
behaviour it is not sufficient to know only the shape of the
electrode array in term of a polyline. Rather its spatial dimensions are relevant to model the interaction of the implant with the surrounding anatomical structures. Therefore, a second polyline was drawn with a constant distance
of 0.15 mm to the measured central path. The same applied
for the outer contour of the electrode array with a decreasing distance between 0.65 mm and 0.45 mm to meet the
tapered shape of the silicone body. Correctness of this approach to visualize the geometry of the electrode array was
checked by overlaying the original images with the drawn
contours (see figure 1).
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pani as the basilar membrane is not visible. In each cochlea
the size of the basal turn was measured as described by
ESCUDÉ et al. [2] in order to have a single parameter which
characterizes anatomical variability. Results were sorted
regarding “distance A”. Based on this ranking the smallest
(CS), a medium sized (CM) and the largest (CL) cochlea
were chosen to cover individual anatomical variability in
the subsequent investigation.
As the passive mechanism of the CA electrode array only
allows curling in one plane also modelling of the insertion
behaviour was considered as a two-dimensional (2D) problem. Thus, the 3D volume data of the three selected cochlea needed to be transferred into 2D data. For this issue a
custom-made measurement tool was provided by A. Hussong (Institute of Mechatronic Systems, Leibniz University
Hannover). The software was developed using C++ in
Visual Studio (Microsoft Corporation, Redmond, WA,
USA) and VTK (Kitware Inc., Clifton Park, NY) and already used in [5]. After loading a segmented cochlea (STL
file) a rotation axis through the modiolus could be manually defined, which was used to calculate a cutting plane.
This cutting plane was rotated in steps of 5° and in each
resulting sectional view two points were manually picked
to define the inner and outer contour of the cochlea (figure
2). Finally, the resulting 3D point cloud was projected into
a plane to receive a 2D cochlea model.

Figure 2 A rotatable cutting plane was used to slice a 3D
model of a segmented inner ear and to manually mark
points describing the inner and outer contour.

Figure 1 Overlay of the modelled electrode carrier of the
Contour Advance and the original image showing good
conformity. The contour is drawn in blue, the fitted polyline in green and the softip is highlighted in light blue.

2.3

Modelling the inner ear

Segmented cochleae of 23 human temporal bone specimens were available from older studies. Due to the use of
flat-panel based volume computed tomography the threedimensional (3D) models of the human inner ear cover the
whole spiral canal of the cochlea and not only scala tym-

2.4

Modelling the intracochlear curling
behaviour

2.4.1

SimCInsert

The central tool for the presented investigation is the custom-made software “SimCInsert” which was developed
using Matlab (R2008b, MathWorks, Natick, MA, USA).
The corresponding graphical user interface is shown in
figure 3 showing loaded contour data of a cochlea and the
model of the CA electrode array as described in section
2.2. Buttons enable the user to adjust the orientation and
the position of the electrode array with respect to the stationary visualized inner ear. Translation in negative xdirection, for example, is used to simulate forwarding the
implant deeper into the cochlea whereas a slider is used to
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control stylet extraction and with it the shape of the electrode array. In this way, SimCInsert provides a quite simple way to simulate the conventional AOS technique but
also allows manual optimization of the insertion process.

2.4.2

Manually performed AOS technique

The AOS insertion technique, recommended by the CI
manufacturer Cochlear Ltd., was starting point of the investigation and serves as a reference for the subsequent
optimization process. Only the second phase with stylet
extraction was taken into consideration.
However, AOS insertion technique as described in the
manual for the CA electrode is an idealized approach. In
reality each implant shows a slightly different shape at the
beginning [8] and it was assumed that the surgeon intuitively adapts the insertion process using visual information
through the operation microscope and haptic feedback.
Observations in the OR confirmed that there is a slight
compensation movement when passing the “banana
shaped” electrode array through the cochleostomy or the
round window access. This was represented by a slight rotation in the xy-plane within the simulation environment.
In the following the simulation of the manually performed
AOS insertion technique is abbreviated by “manAOS”.

Figure 3 Graphical user interface (GUI) of the simulation
tool SimCInsert showing the model of the inner ear (pink)
as well as the model of the CA electrode array (blue). Via
rotation and translation in x and y direction the position
of the EA in relation to the fixed inner ear model could be
adjusted. Using the slider at the bottom of the GUI the
amount of stylet extraction is selectable resulting in the
visualization of the corresponding shape of the EA based
on the measurement from [8].

2.4.3

Manually optimization of the insertion
process

Additionally the insertion of the CA electrode array was
manually optimized and adapted to the three different sizes
of the cochlea, representing three individual “patients”.
Using rotation and translation within SimCInsert the actual
shape of the electrode array was placed at the best inside
the cochlea with minimum overlap between the contour of
the EA and the contours of the inner ear. This optimization
procedure was repeated for each configuration of the electrode array (which means for all steps of stylet removal).
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According to the mentioned hypothesis, the aim of the optimization was to adapt the curvature of the EA at any time
of the insertion process as good as possible to the anatomy
of the inner ear. This is equivalent to a reduction of contact
forces and thereby of insertion trauma. Boundary conditions were a monotonic increase of implant feed and avoiding of abrupt changes in the insertion parameters. Thereby
a harmonious and continuous insertion process should be
ensured, which later could be realized using for example
the automated insertion tool and its programmable linear
drives [5, 7]. To reference the optimized insertion later in
the document, the abbreviation “optIns” is used.

2.5

Trauma risk

Main disadvantage of the simplified modelling approach is
the lack of computational structural mechanics. Thus, deformation of the EA as a result of direct contact with the
cochlea can not be simulated and correctly visualized. The
simple superimposed visualization of the implants shape
and the cochlear anatomy leads to penetrations of both
contours without any geometrical interaction and deformation. To compensate this shortcoming of SimCInsert a
subjective rating scale was introduced for the final evaluation of the insertion process. Although subjective methods
are generally considered to be less reliable than objective
measurement methods, in this case there is the advantage
that the user can compensate the lack of deformation simulation by its mechanical expertise. In this way, resulting
deformations of the EA due to contact with the inner wall
of the cochlea can be however taken into consideration
when assessing the risk of intracochlear trauma.
In the style of ESHRAGHI et al. [3] a rating scale called
“trauma risk” was introduced. Trauma risk ranges from
grade 0 (no contact between EA and cochlea) to grade IV
(extensive contour infraction). The classification was chosen so that it is assumed that trauma risk of grade 0 and I
has no negative influence on residual hearing preservation.
Beginning with grade II the risk of iatrogenic deafness increases, which is very likely at grade IV. However, the introduced rating scale “trauma risk” is not a criterion for
post-experimental evaluation as is the “trauma grade” by
ESHRAGHI et al. [3]. Instead it is a method to estimate the
risk of insertion trauma in advance (prospective). Using
this uniform rating scale the simulation of both manAOS as
well as optIns was evaluated.

3

Results

Initially results are available for one CA electrode array
(CA01) for which both manAOS and optIns in three different cochleae (CS, CM, CL) were modelled. Trauma risk
was evaluated using the introduced rating scale for each
measured configuration of the electrode array and plotted
against stylet extraction s. Figure 4 and 5 show the results
for CA01 separated for the small (CS), medium sized
(CM) and large cochlea (CL). As can be seen in figure 5
the position of the implant inside the cochlea was optimized to fit the inner wall of the cochlea. Especially at in-
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creasing stylet extraction a higher conformity of the implants shape and the spiral turn of the cochlea can be
achieved compared to the consistent implementation of the
AOS insertion technique (see figure 4). Of course, in reality the electrode array normally will not “break through”
the bony walls of the inner ear as visualized using SimCInsert. This stems from the already mentioned lack of structural mechanical analysis. Instead the contact forces between implant and cochlear wall will cause deformations
of the elastic electrode array. However, the amount of consequent elastic deformation is correlated to the amount of
contour defraction or overlap, therefore also the latter is
useful to qualitatively analyse the risk of insertion trauma.

planar problem as the cochlea has a 3D spiral shape. This
discrepancy to the 2D curling of the Contour Advance
electrode causes additional contact forces which can not be
incorporated into a 2D simulation.
Finally, the simulation based results need to be verified
experimentally. A first step could be insertion studies with
force measurement [6, 7] to compare manAOS and
optIns using human temporal bone specimens.
If the demonstrated benefits of patient individual optimization of the electrode insertion can be confirmed in further
experimental studies, the automated insertion tool [5, 6, 7]
allows the realization of the preoperatively planned and
optimized insertion procedure intraoperatively with high
accuracy.

5

Figure 4 Top: Modelled intracochlear curling behaviour of
a CA electrode array inside a medium sized cochlea (CM).
Bottom: Progress of trauma risk against stylet extraction
for the second phase of the manually performed AOS insertion technique (manAOS).

Figure 5 Top: Optimized intracochlear curling and electrode insertion (optIns) with respect to the individual
shape of the cochlea (CM). Bottom: Compared to figure 4
risk of trauma can be reduced remarkably.

4

Conclusion

The presented study showed that patient individual optimization of the insertion process is advantageous over the
uniformly performed AOS insertion technique. Consideration of the curling behaviour of preformed electrode arrays, such as for example the Contour Advance electrode,
involves a considerable optimization potential for cochlear
implant treatment and might help to reduce the risk of loss
of residual hearing. However, additional electrode arrays
need to be included into further investigations to confirm
these initial results.
As SimCInsert was developed to provide an easy tool for a
first investigation of the enunciated hypothesis it has some
restrictions. To overcome the missing visualization of the
mechanical interaction of the electrode array with the
cochlear wall finite element analysis (FEA) should be integrated. Additionally, it seems to be useful to consider the
insertion process in three dimensions and not only as a
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Introduction
The good wear resistance of highly cross-linked polyethylene (HX-PE) allows the use of larger femoral head sizes. The
cross-linking process is associated with a loss of mechanical properties which compromise the use of thin HX-PE liner
in terms of high stress situations.
The aim of the study was to assess the effect of steep acetabular cup angle on the wear propagation of HX-PE liner. Furthermore, a finite element analysis (FEA) was performed in order to calculate the stress within the HX-PE material in
case of steep cup position.

Methods
Wear testing was performed with a hip simulator according to ISO 14242 for 2.5 million cycles. HX-PE acetabular liners (thickness: 3.8 mm) were positioned according to ISO 14242 (30° cup inclination) and in steep position (60°). For
the FEA models a total hip replacement system was created at 30° and 60° cup position. The stresses within the HX-PE
liners were analysed at physiological load conditions.

Results
The wear rates of the HX-PE liners at 30° and 60° cup inclination showed wear rates of 3.15 ± 0.32 mg and 1.92 ±
1.00 mg per million cycles, respectively. The FEA revealed a clear increase of stresses at the HX-PE liner with respect
to steep cup position with von Mises stress of 8.78 MPa, compared to 30° position (5.70 MPa).

Conclusion
With a steep cup position a smaller contact surface between femoral head and acetabular liner was achieved which resulted in a lower wear rate of the HX-PE. However, the results of the FEA demonstrate that a steep cup position causes
critical stresses within the polyethylene liner. Although an increase of wear could not be detected in a steeper acetabular
cup position the use of thin HX-PE liner is not recommended due to higher stresses within the material leading to possible implant failure in clinical application.
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Introduction
It is known that external biophysical stimulation via application of electric currents enhances bone healing [1].
To investigate the effects of electromagnetic stimulation an in vitro setup using the bipolar induction screw
system ASNIS-IIIs (Stryker GmbH, Germany) was developed [2]. Because of strong thermal effects due to the
application of a magnetic coil, a novel test setup was used. The stimulation chamber is based on electric
stimulation, only. The aim of the present study was to verify the comparability of the test setups for comparison
of electromagnetic and electrical stimulation on human osteoblasts (hOB).

Methods
Primary hOB were embedded in an agarose matrix and stimulated three times a day for 45 minutes over three
days. The effect of electromagnetic stimulation (magnetic flux density: 3-5 mT) was examined by using the
ASNIS-IIIs screw system and compared to the impact of electric stimulation (electrical voltage: 660 mV,
frequency: 20 Hz) on hOB using our new stimulation chamber setup. Subsequently, metabolic cell activity and
cell viability were examined by using WST-1 and live/dead staining, respectively. Additionally, the expression
of pro-collagen type 1 was determined.

Results
We could demonstrate that both the electromagnetic and electric stimulation result in an increased metabolic cell
activity (31% and 25%) compared to unstimulated osteoblasts. Supportively, there were more viable cells found
in both stimulation setups. In addition, the synthesis rate of pro-collagen type 1 was increased after
electromagnetic and also after electric stimulation.

Conclusion
Our findings indicate that the effect of the electromagnetic stimulation using ASNIS-IIIs and of the electric
stimulation applied by our stimulation chamber have a comparable influence on hOB regarding their metabolic
activity, cell viability as well as the expression of pro-collagen type 1. In conclusion, the use of the stimulation
chamber might simplify further in vitro investigations on the optimization of stimulation parameters.
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Establishment of biofilm dispersing methods for bacterial
quantification
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Introduction
Since biofilms are not growing equally dense and can be porous, the complete visualization and accurate quantification
of adherent bacteria on implant surfaces remain an insufficiently solved problem in research. In our study we follow different approaches to develop new methods regarding biofilm quantification in vitro and ex vivo, which includes gentle
but complete removal and separation of bacteria. Although the literature describes different supposedly suitable models,
mostly using ultrasonification or vigorous agitation, our initial experiments identified some general limitations of these
methods. For verification of successful detachment determination of colony forming units (cfu) and/or microscopic
techniques are used. Limits are constituted by selective cultivability of many bacterial strains. Therefore, the outcome of
cfu and microscopic quantification can differ considerably.

Methods
An in vitro cultured bacterial suspension was applied to a surface. Thereafter, attempts to remove the initial bacterial
layer were made by implementing distinct techniques like using different mechanical stimuli, enzymes or oil, thermal
interplay, different periods of incubation time, etc.
The remaining bacteria were quantified by live/dead staining and microscopic analysis with confocal laser scanning microscopy. Additionally, the number of viable detached bacteria was dissected by determination of colony forming units
(cfu) to verify the assumption that bacteria are removed alive and entirely.
Moreover, this method will be applied to complex multi-species-biofilms.

Results
Current in vitro studies with the aim of biofilm removal and characterization show that best results are obtained by
combining an enzymatic and mechanical treatment. Thereby up to 97% of the adherent bacteria of different strains
could be removed gently and unimpaired.

Conclusion
This new method has the potential to remove even complex multi-species-biofilms for their subsequent quantification
and characterization. Consequently better therapeutic approaches are conceivable.
This approach can also be used for biofilm analysis of our oral in vivo implantation model in rats.
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The influence of electrical stimulation on the initial attachment and
biofilm formation of Streptococcus gordonii
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Introduction
The number of inserted dental implants has tremendously increased within the recent years. One of the main causes for
premature implant loss is bacterial colonization of the abiotic implant surfaces. Theses microbial communities, referred
to as biofilms, are difficult to overcome by standard antibiotic treatment. Therefore, new strategies have been developed
to prevent and fight biofilm infections. Here, we present an approach to inhibit biofilm formation by applying an alternating electric field to a bacterial suspension.

Methods
Electrical stimulation was applied to a bacterial suspension of the biofilm-former Streptococcus gordonii in 6-well cell
culture plates. For that purpose, the culture plate lid was equipped with two platinum electrodes per well, which were
immersed in the growth medium during the experiment. The bacterial suspension was sine-wave stimulated with an
electrical potential of 1.0-10.0V and frequencies varying between 1.0-4.2Hz for 24 hours using a function generator.
Afterwards, attached biofilms were live/dead stained (BacLight, Life Technologies) and analysed by confocal laser
scanning microscopy (CLSM). For the microscopic examination of the biofilm morphology, scanning electron microscopy (SEM) was used; for macroscopic assessment, the biofilms were stained with crystal violet. As an additional viability test, supernatant were plated on solid culture media, incubated for 24 hours and the colony forming units (CFU)
were determined.

Results
CLSM examination revealed that only single bacterial colonies were present between the electrodes at the bottom of the
stimulated wells; crystal violet staining confirmed theses findings. Furthermore, no bacterial growth was detected in the
corresponding supernatants. The unstimulated controls showed the formation of confluent, vital biofilms.

Conclusion
The application of sine-wave stimulation on Streptococcus gordonii planktonic cultures had an inhibitory effect on the
initial attachment and biofilm formation. Future experiments aim at the development of piezo-electric implant coating
capable of inhibiting microbial adherence to these functionalized surfaces.
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Introduction
Multispecies biofilm infections are the main cause for dental implant loss. To prevent inflammation induced by bacteria, biofilm-inhibiting implant surfaces are mandatory to avoid bacterial colonization. Appropriate in vitro biofilm models to investigate functionalized surfaces are still missing. It is the aim of this study to create a reproducible and stable
multispecies biofilm model composed of four highly relevant oral pathogenic bacterial species and compare the artificial biofilm system with samples from the oral flora.

Methods
For the development of a four species biofilm model, the bacterial species Streptococcus oralis, Actinomyces naeslundii, Veillonella dispar and Porphyromonas gingivalis were cultivated in rich medium over night. The four bacteria
were co-cultivated for 48h under anaerobic conditions, starting at an optical density (OD600 nm) of 0.01. Biofilm samples were treated with propidium-monoazide. This photo-reactive dye abolishes amplification of free DNA originating
from dead cells. By means of subsequent qRT-PCR, structurally intact (live) cells were quantified and changes in the
species composition over time of cultivation were determined. Furthermore, biofilm morpholgy was analyzed by confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM).

Results
An in vitro biofilm model consisting of the bacterial species Streptococcus oralis, Actinomyces naeslundii, Veillonella
dispar and Porphyromonas gingivalis was successfully built up. Appropriate culture conditions were established to
propagate a vital multispecies biofilm over a period of least 48h under anaerobic conditions without overgrowth or displacement of individual species.

Conclusion
We could demonstrate that a stable cultivation of multispecies biofilms is possible. Future experiments aim at optimizing the long term growth conditions also as extending the biofilm model by additional oral species. Therefore, the microbial diversity of oral-derived native biofilms will be analysed after in vitro cultivation using Illumina sequencing.
Based on these results, further species will be chosen to be included in the multispecies biofilm model.
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Introduction
Over the past years a transversal intrafascicular thin-film electrode (TIME) was developed to treat phantom limb pain.
The TIME consists of an 11 µm thick polyimide-platinum-polyimide stack. The 16 stimulation and two ground electrode
contacts have an additional layer of 800 nm sputtered iridium oxide on top of the platinum layer. The TIME is connected
to a ceramic interconnector and helically wound MP35N wires. For the electrical interconnection to the stimulator an
Omnetics connector is used.
The TIME was implanted transcutaneously into the median and ulnar nerve of an arm amputee for 30 days. Various tests
with stimulation and recording of impedances have been performed during the clinical trial. For stimulation only 5 contacts have been used. This study reports on the technical performance of the electrodes.

Methods
During the clinical trials the impedances of the stimulation contacts have been checked in certain intervals via measuring
the voltage with a constant pulse width and charge, i. e. current controlled pulse.
After explantation the TIME’s were visually investigated via optical light microscopy and SEM. Electrode sites were
compared to a non-implanted electrode.

Results
All stimulation contacts worked properly until the explantation. Impedances rised from 24 kΩ ± 6 kΩ to 48 kΩ ± 5 kΩ.
Cracks in the metallization were observed in two stimulation contacts, one in the middle and one near the edge of the
metallization. In one of these electrodes an area of 34 µm2 showed signs of delamination (total area 5000 µm2). The
surface structure of the iridium oxide remained unchanged. Both, unused and explanted electrodes showed the typical
rough  “wormlike”  structure  of  sputtered  iridium  oxide  films.

Conclusion
After stimulation for 30 days no signs of corrosion could be detected and all stimulation contacts were functioning. As
cracks could be observed, the mechanisms for crack formation have to be further analysed.
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Introduction
An assistive device has been designed for safe and independent mobility of the visually impaired.The information of the
environment was obtained by laser scan and then displayed to haptic senses through the vibration motors.For safety in
the navigation task such as collision avoidance, it is important to know when information should be provided to the
handicapped at latest for him to react in time.A series of experiments were done to study the reaction time to vibrotactile signals.

Methods
A C# program generated the vibrotactile  stimuli  and  captured  the  participants’  responses.    Four  vibration motors were
integrated in a simple belt and placed on different positions which represented disparate directions. Once a certain
stimulus was detected, the subjects had to press a corresponding key on a standard computer keyboard as soon as possible. Simple and four-choice reaction experiments were designed to evaluate the influence of choice alternative, gender,
left/ right handness and locations. To simulate more complicated environment, complex reaction task and experiments
with interference signals have been done.

Results
Some statistical analysis was performed on the data. For the effect of choice alternative, the reasults confirm that the
reaction time in simple reaction tasks is faster than in four-choice reaction tasks. Gender, left/right handness and location had no significant influences on the reaction time. The complexity of responses impacted reaction time significantly. According to the results of the interference tests, distractions increased reaction time and reduced accuracy of
responses.

Conclusion
The findings of this study provide a reference range of the reactiontime to vibrotactile stimuli for engineers, so as to
develop a more effective and safe assistive navigation device adjustable to the distraction level from the environment.
By observing and analysing how vibrotactile signals impact the operators, it is concluded that simple directional information is preferrable in practical applications.
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kohlerf@imtek.de

Introduction
Interfacing the brain to record or stimulate neural activities challenges engineers in manifold ways. It requires not only
developing the complex implantable system itself, but also inventing suitable implantation procedures along with necessary tools which facilitate the surgical intervention. All this has to happen in a close mutual dialogue with neurosurgeons.
For a brain-computer interface (BCI) for chronical application which utilizes hardwired multi-channel (>32) electrocorticogram (ECoG) electrode arrays, the question of where to place implant and electrode and how to provide a reliable
connection is of great importance - especially if the skull has to be penetrated interjacent.

Methods
To identify a suitable location for the implant, information on cranial bone thicknesses was accumulated based on digital
skull models and literature data. A test implantation in a preserved human cadaver skull was executed at the anatomical
institute in Freiburg. Based on resultant experiences, different concepts for cranial bone feedthroughs were designed,
prototypes were constructed and eventually evaluated by a survey conducted amongst clinicians involved in neurosurgical
procedures. Additionally, mechanical properties of promising concepts were evaluated by finite-element modelling
(FEM).

Results
A pocket (depth ca. 4 mm) for the implant itself was found to be best located directly above the mastoid cavity at the os
temporale/parietale transection. A feedthrough system consisting of a lead guiding bottom part (material: silicone rubber,
shore-A hardness 30) and a fixating top plug (hard plastic, e.g. PEEK) was favoured by neuroseurgeons albeit with increased dimensions compared to the prototypes (diameter ≥ 20 mm) for intraoperative handling reasons. FEM simulations
predicted no material induced failure for the designed concepts during application, not even under cyclic load.

Conclusion
A suitable implant location above the ear could be found for our BCI along with a promising two-part skull feedthrough
concept. Valuable information provided by neurosurgeons could be incorporated into upcoming designs to meet the requirements of usability (ISO 9241) in medical device development.
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Introduction
Hypertension affects 25 % of the German population. While most patients can rely on pharmaceutical treatments, 5
to 13 % of them are medically refractory and do not benefit from drug therapy sufficently. In previous work we showed
that modulation of afferent signals rising from pressure sensors of the aortic arch, terminating in the brain stem (especially the Nucleus tractus solitarii), can activate the baroreflex and decrease blood pressure. Selective stimulation of
these vagal nerve fibers always resulted in fast and nearly side effect free drop of blood pressure. In this study we investigate whether the blood pressure recovers to its pre-stimulation value once the stimulation is paused. Prolonged decrease of bloodpressure during interstimulation periods may pave the way for an energy-efficient technique of solely
intermittend selective vagal nerve stimulation as an antihypertensive treatment.

Methods
In three Wistar rats, multipolar cuff electrodes comprising eight tripoles on their circumference were implanted
around the left vagal nerve. Blood pressure, heart activity (ECG) and respiration rate were monitored while electrical
stimulation was performed across the given tripoles.

Results
Besides the already known effect of immediate drop of bloodpressure during stimulation a secondary, slow and transient effect of blood pressure decrease was found to be triggered by a certain combination of parameters of the stimulation amplitude, frequency and duration. If these parameters were used, the post stimulus bloodpressure recovered very
slowly to a value just below the initial magnitude. Repetetive stimulation with the given parameters therefore caused a
sustained lowered bloodpressure even with long inter-stimulus-intervals.

Conclusion
Selective vagal nerve stimulation not only lowers the bloodpressure during the actual phase of stimulation in rats,
but the bloodpressure also stays below its initial value during interstimulus periods. Intermittend selective vagal nerve
stimulation might therefore hold the key to an energy-efficient non-medical antihypertensive treatment.
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Abstract
Peripheral vessels, in particular in femoro-popliteal regions, pose a challenge for vascular implants because of severe
loading and deformation. Radiological findings of stent fractures in clinical practice illustrate the importance of fatigue
testing with relevant deformation.
Due to implantation of the tested stents in silicon tubes, a prestretching of those tubes is necessary to prevent the stented
tube from kinking during axial compression. Therefore axial compression is estimated by linear formula and measured
statically and dynamically while modifying prestretching and travel distance of the linear drive. Results show that linear
formula is a good tool for first estimation, which has to be proved by measurements. Measurements show that it is sufficient to quantify axial compression statically. There is a linear relationship between prestretching and axial compression.

1

Introduction

Nitinol stents in peripheral vasculature like the femoropopliteal arteries undergo - in addition to cyclic radial deformation - several deformations due to walking or stairclimbing. These deformations may be summarized to axial
compression, bending and torsion.
When walking, bending of the stented arteries results in a
radius of 20 - 45 mm and a bending angle of about 48° 70° [1 - 4]. For unstented femoral arteries, the torsion varies from -5 °/cm to 7 °/cm, whereas it is still unclear
whether and how much the twisting of the artery is transferred to the stent [3, 5]. Anderson et al. [1] reported an
axial compression of stented arteries of 7 - 14 % during hip
and knee flexion (90°).
Radiological findings in clinical practice provide evidence
of partially serious strut fracture up to 65 % [6], which is
discussed to cause restenosis. Thus, fatigue testing of
stents with these relevant deformations is required for
product approval of stents.
For the fatigue testing of arterial stents during axial compression, bending and torsion, a multi-axial tester was developed (Image 1) [7].

37°C water

bending

torsion

axial compression

Image 1 schema of multi-axial tester for testing stents during axial compression, bending and torsion [7]

The testing instrument permits it stents to be subject to an
accelerated lifetime simulation at up to twelve parallel test
stations at once. The loads are transferred to the stents via
silicone tubes. To prevent the tubes from kinking, the tubes
are axially prestretched before the stents are implanted.
Due to differences in axial stiffness of stented and nonstented silicone tubes the travel distance of the linear drive
for application of axial compression has to be estimated
experimentally and is dependent on the initial prestretching
of the tube.

2

Methods

Linear formula is developed for computation of the relationship between axial compression, prestretching and
travel distance.
u0 =

 γ
1
∆ − l2 1 +
α
 β

β=

(EA)
(EA)*

γ=

 
ε 
 

l1
l2

travel distance of linear drive

∆

internal play

ε

axial stent compression

l1

tube dalength without stent

l2
(EA)

0<α<1

u0

stent length
extensional stiffness of silicon tube

(EA)* extensional stiffness of silicon tube with stent

The results of linear evaluation are compared with nonlinear finite-element analysis (FEA) (ABAQUS Version 6.8EF1 (SIMULIA, Dassault Systèmes, USA)).
For experimental estimation, the stents are implanted into
prestretched (ui) silicone tubes at the outmost and the central test station (PP1, PP7) to evaluate adequate deformation at different positions. Axial compression is realized by
different travel distances of the linear drive (u0). It is important to comply with ui ≥ u0 to prevent the tube with the
implanted stent from kinking. Axial compression is quanitifed by measurement of stent elongation in static conditions by digital caliper and in dynamic conditions (2.2 Hz)
by calibrated high-speed camera recordings (CamRecord
CR600x2, Optronis). Axial stent compression is evaluated
graphically.
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Results

Axiale Stentkompression [%]

As expected, axial stent compression increases with increasing travel distance of the linear drive (u0) for constant
initial prestretching (ui) (Image 2). There is no difference
between the test stations PP1 and PP7.
PP7

16

PP1

14

u0=24 mm

4

u0=20 mm

For the adjustment of a multi-axial stent tester it is important to choose appropriate parameters for realization of
axial stent compression. A high value for prestretching
allow a wide range of travel distance of the linear drive on
the one hand, but on the other hand, the technical parameter of prestretching influence the stent, because of the decrease in tube diameter with increasing prestretching.
Therefore it is important to choose the prestretching parameter as small as possible to achieve the required axial
stent compression.
The described results show that there are no differences
between the static and the dynamic measurements, so that
the effort of high-speed analysis is not necessary.
With the linear formula, it is possible to estimate values
for prestretching and travel distance, with regards to a
lower axial compression of about 2 %.
Furthermore, the axial compression is not dependent of
the test station. Thus all stents are exposed to the same
loading conditions which is compellent for fatique testing
of stents in up to twelve parallel test stations.
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Image 2 static measured axial compression at PP 1 and 7
Comparison of linear formula and nonlinear FEA demonstrates lower axial compression in linear case, where nonlinearities, like material behavior are neglected (Image 3).
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axial compression of stent [%]

The slopes of the curves increase with decreasing prestretching. There is no measurable difference between the
static and the dynamic determined axial compression. Axial compression as a result of nonlinear finite-element
analysis has sharper increase then measurements.
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Image 3 estimation of axial compression, determinded by
linear formular and nonlinear fea
Results of static and dynamic measurement of axial compression demonstrate a nearly linear correlation between
travel distance and axial compression (Image 4). The
slopes of the curves increase with decreasing prestretching.
There is no measurable difference between the static and
the dynamic determined axial compression. Axial compression as a result of nonlinear finite-element analysis has
sharper increase then measurements.
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Image 4 axial compression obtained by static and dynamic
measurements and nonlinear finite-element analysis
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Abstract
The application of permanent metallic stents reveals therapeutic limitations, which biodegradable polymeric stents offer
the potential to overcome. Regarding the inferior mechanical properties of polymers compared to metals, the stent design
is of paramount importance. In this finite element analysis (FEA) the effect of different slot widths of a slotted tube stent
design on stress and strain, as well as on the elastic recoil and collapse pressure, is determined. An experimental investigation of manufactured stents serves as a verification of the FEA. Both investigations show a reduction in elastic recoil
and collapse pressure with increasing slot width. In future work, the substantial differences between numerical and experimental results have to be addressed by implementation of an improved material model.

1

Introduction

Biodegradable polymeric stents offer a great potential to
overcome the limitations of permanent bare-metal or drugeluting metallic stents, such as delayed endothelialisation
or stent thrombosis. With regard to the inferior mechanical
properties of polymers compared to metallic materials, the
stent design is of high importance for the biomechanical
performance of the stent. In this study the influence of the
slot width of a slotted tube stent design on the occurring
stresses and strains, the elastic recoil and the stent collapse
pressure is investigated by a 3D finite element analysis.
For the verification of the numerical results stents were
manufactured and tested in an experimental setup.

2

Methods

stent collapse. For the expansion of the stent a radial displacement boundary condition was applied to the balloon,
and a general surface to surface contact was established
between the balloon and the inner surface of the stent. For
the different slot widths the maximum stresses and strains
in the stent during expansion were compared. In the second step the balloon displacement was reversed so the
stent could recoil freely. For the determination of the stent
collapse pressure (load case 3) an incrementally increasing
pressure was applied onto the outer surface of the vessel. A
general surface to surface contact was introduced between
the vessel and the stent.
The material properties for the stent were determined in
uniaxial tensile tests and idealized as linear-elastic, plastic
with isotropic hardening and Von Mises yield criterion.

To investigate expansion, elastic recoil and radial strength
of a coronary stent (slotted tube, nominal diameter:
3.0 mm) made of a PLLA-based polymer blend, a finite
element analysis was performed. Three variations of the
coronary stent design CORMERIC (University of Rostock) [1] with different slot widths were analysed. Additionally, the stents were manufactured and examined in
experimental analyses. Experimental outcome was compared to the numerical results.

2.1

Finite element analysis

For the nonlinear static finite element analyses threedimensional CAD models of a section with three stent
segments with different slot widths (s1  =  0.09 mm,
s2  =  3/2  s1, s3  =  2  s1) were generated and imported into the
PATRAN pre-processor (MSC Software Corporation).
Additionally a balloon for stent expansion and a vessel to
apply the pressure for radial strength analysis were modelled. Figure 1 shows the generated finite element model.
Stent and vessel were meshed with 8-node-continuum elements; the balloon was idealized as a shell and consisted
of 4-node-shell elements. Three load cases were simulated:
stent expansion (from 1.4 to 3.0 mm), elastic recoil and

Figure 1 Finite element model of the stent with balloon
and vessel (left); detail with the marked slot width s (right)

2.2

Experimental analysis

For the experimental examination stents were manufactured from dip-coated tubes (inner diameter  =  1.4 mm, wall
thickness  =150 µm) in a laser cutting process using a CO2laser. Stents with three different slot widths were generated
by altering laser power. Three stents of each group were
tested. Figure 2 shows a sample stent prototype.
The stents were mounted on standard balloon catheters
(3.0  x  13 mm) and positioned in a test chamber with temperature controlled water (37°C). The expansion of the
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stents to the nominal diameter of 3.0 mm and the subsequent deflation of the balloon were carried out by a computer controlled pump. Simultaneously, a biaxial laser
scanning system measured the outer diameter of the stent
system to determine the deployment curves and the elastic
recoil.

Elastic recoil [%]
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Figure 4 Elastic recoil from experimental and numerical
analyses for different slot widths

Figure 2 Stent prototype in the unexpanded (top) and expanded state (bottom)
For the measurement of the collapse pressure the stent was
inserted in a polyurethane tube to simulate the vessel and
positioned in the same test set-up. The hydraulic pressure
in the test chamber was incrementally increased until the
stent could no longer withstand the outer pressure. That
pressure was recorded as the collapse pressure.

3

Results

Figure 3 shows the distribution of Von Mises equivalent
stress (SMises) and equivalent plastic strain (PEEQ) at maximum balloon inflation for variation s2, where it is observable that the maxima occur in the radii at the ends of the
slots. The maximum values for the Von Mises equivalent
stress and equivalent plastic strain decrease with increasing
slot width (Table 1). The tensile strength of 198.8 MPa and
the elongation at break of 1.7 were not exceeded in any
model.

Figure 3 Distribution of Von Mises equivalent stress (left)
and equivalent plastic strain (right) after deployment
Table 1 Maximum values for Von Mises equivalent stress
and equivalent plastic strain during deployment
Model variation
s1
s2
s3

Max. SMises [MPa]
128.9
105.0
104.1

Max. PEEQ [-]
1.48
1.25
1.24

Both the numerical and experimental data show that elastic
recoil becomes smaller with increasing slot width (Figure 4). Also, collapse pressure of the stent decreases with
higher slot width (Figure 5).

Collapse pressure [bar]

2.0

Experimental
Numerical

1.5
1.0
0.5
0.0

1.53 1.09
s1

1.38 1.04

1.15 0.96

s2

s3

Slot width

Figure 5 Collapse pressure from experimental and numerical analyses for different slot widths

4

Conclusion

An increase in slot width of the investigated slotted tube
stent design causes a reduction of Von Mises equivalent
stress and equivalent plastic strain. The numerical analyses, as well as the experimental tests, showed that an increase in slot width results in a decreasing elastic recoil,
but also in a reduction of collapse pressure. Hence, for
stent design optimisation a compromise between these two
parameters has to be achieved.
A comparison between numerical and experimental results
shows substantial differences concerning elastic recoil and
collapse pressure. This is particularly caused by the insufficient material model. It is assumed that an adequate material model for polymers should consider important polymer-specific characteristics, such as the non-isochoric
plastic deformation of polymers, the different behaviour in
tension and compression, which is not covered by the Von
Mises yield criterion, as well as the anisotropic hardening. [2] Future research will therefore give special attention to the determination of an adequate material definition, including comprehensive materials testing.

4
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INTRODUCTION
Total Hip Arthroplasty (THA) is a successful mechanical
reconstruction of diseased hip joints. One of the main constituents is
the femoral stem-type component. Mechanical failure of the
cemented metallic femoral stem-type hip components still remains as
a major problem [1]. Stress shielding depends on the design of the
intramedullar reconstruction and mainly on the material of the stem,
which influences the mechanism of load transfer from implant to the
surrounding bone[2]. The more rigid the stem, the less load it
transfers proximally to the bone so the greater the stress shielding of
the proximal femur. Therefore the usage of a femoral stem with low
stiffness such that of a titanium alloy will transfer more load to the
femur proximally , thereby resulting in the reduction in the stressshielding of the femur. [3]. But the usage of a less stiff stem alone
would not be sufficient to achieve implant longevity. But the design
parameters play a very important role.

Fig 1: Skeletal Femoral Component

Also stems have a proximal collar to increase longitudinal stresses in
the femur, where the stem is pressed directly onto the top of the
sectioned femur. [4]. During Hip Arthroplasty, the main arterial
supply to the cortex is cut off and occupies the medullar space. The
decreased blood supply will cause the bone to resorb and this would
result in the reduction of the bone mineral density in the proximal
cortex [5].This paper deals with a design of a skeletal hip implant
comparison of masses and analysis of various hip stem designs with
varying cross- sections such as the trapezoidal, pentagonal,
hexagonal, heptagonal and octagonal with and materials such as 316L
stainless steel and Ti–6Al–4V[6-10]. The optimization of the cross –
section was performed for the hip implant design which had less
weight and a better load bearing capacity.

Fig 2: Hexagon

Design of the Acetabular Component
The Acetabular Component replaces the reamed out portion of the
acetabulum of the pelvis to aid in the articulation with the femoral
head of the implant. It comprises of the acetabular cup as shown in
Fig.3 (which acts as a metal backing) and the acetabular liner as
shown Fig.4 (which aids in the articulation with the femoral head).

MATERIALS AND METHODS
The skeletal hip implant was designed with various cross sections
using SOLIDWORKS and FEA was performed using COSMOS.
316L Stainless Steel and Ti-6Al -4V were used for the femoral
component and acetabular cup of the hip implant is and Ultra High
Molecular Weight Polyethylene (UHMWPE) for the acetabular liner.

Design of the Femoral Component
The femoral component of the stem replaces the reamed out portion
of the femoral canal comprising of the femoral stem and the head.
The proximal region of the femoral stem is designed with a tapered
neck and a skeletal body or shaft. The distal region of the stem is
tapered. It has a hexagonal base and the neck cross- section, because
it gives better distribution of stresses. A solid model of the femoral
stem was designed. The skeletal hip stem as shown in Fig. 1 was
designed with a variation in the length of skeletal body that was about
132mm.Models were designed with various cross-sections such as
the trapezium, pentagon, hexagon(Fig.2), heptagon and octagon, with
same geometrical specifications. The individual mass of all the
designs with varying cross-sections were evaluated.

Fig -3 2D design of the Acetabular Cup

1
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Fig 4- 2D Design of the Acetabular liner
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RESULTS
The following are the 3-D models of the Hip implant

Stress in N/m^2

12000
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6000

Chart 1- Comparison of the FEA of load bearing capacity of the
skeletal component with hexagonal cross-section, between the
Stainless steel alloy shown in blue and the Titanium alloy shown
in red.

Fig 5: Skeletal femoral component

DISCUSSION
The mass of the Skeletal Femoral Component was evaluated using
the stainless steel alloy and titanium alloy. The skeletal design with
hexagonal cross-section using stainless steel alloy had weight of
about 208g and using Titanium alloy had a mass of about 117.42g. A
considerable weight reduction of 35% was obtained. The comparative
FEA shows the load bearing capacity of the titanium alloy was much
better than that of the stainless steel alloy. Thus the skeletal design
with the titanium alloy would provide a better bone-implant interface
and offer a reduction in stress shielding on the femur then the
stainless steel alloy. Thus the role of biomaterials plays a major role
in the optimization of the design of the implants.

Fig 6 – 3D model of the Acetabular Cup
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Abstract
The Knee joint reconstruction using CT images has
been in existence since the development of image
processing techniques. The reconstruction using
MIMICS tool has been tried out in this paper. However,
in most of the reconstruction techniques, the natural
bones are reconstructed but there comes difficulties in
reconstructing soft tissues. So, both soft tissues and the
bones cannot be reconstructed using the same
algorithm. A new methodology of building soft tissues
using SOLIDWORKS modeling is introduced and the
marriage of MIMICS modeling and SOLIDWORKS
discussed in this paper. The bones, ie., Femur, Tibia,
are reconstructed and the Menisci is build using 3D
Modeling.
Keywords: 3D Reconstruction, Modeling, Customized Soft
Tissue Modeling, Kinematics

1 Introduction
3 Dimensional (3D) Reconstruction of a
Normal Knee joint is the prime task in this study.
There are various software available for 3D
reconstruction These softwares enables the
surgeon or the radiologist to control and correct
the segmentation of CT-scans and MRI-scans. For
instance, image artifacts coming from metal
implants can easily be removed. The object(s) to
be visualized and/or produced can be defined
exactly by medical staff. No technical knowledge
is needed for creating on screen 3D visualizations
of medical objects. It is used for general purpose
segmentation program for gray value images. It
can process any number of 2D image slices and

the rectangular images are also allowed. With
MIMICS the time to construct 3D CAD or FEA
models is significantly reduced. All over the
world, Mimics software is used to prepare
computerized data for building exact models by
Rapid Prototyping techniques. MIMICS has a
direct link to biomechanical analysis and design,
anthropology and technical CT environments
MIMICS has proven its value. The only restriction
is the physical memory of your computer..
2 Materials and Methods
The reconstruction of knee was done using CT
images. Here the CT images were reconstructed
into a 3D model and then the surfaces of the bone
were taken as the reference for constructing the
knee joint surface. This was done with the help of
MIMICS tool. Based on the outcomes of the
above two process, the conceptual design process
was begun. The design process was initiated from
the basic sketch and then the models were
developed from the base profiles[1-3]. For the
designing process, SOLIDWORKS modeling tool
was used.
2.1 Obtaining the Computerized Tomogram
(CT) data of on normal knee joint:
The normal knee joint models were constructed
from data obtained from CT image of a normal
subject. A CT image data of normal left sided
knee joint from 19 years old female subject was
obtained from Philips’ Brilliance 6 machine. The
CT scan was performed in slices in a plane
perpendicular to the subject’s long axis. The
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interval between the slices was in the order of
3mm. The images were obtained in DICOM
(Digital Imaging and Communication in
Medicine) format. There are about 69 images
obtained which were in an orderly format were
place inside a DICOM folder.
2.2 Importing the DICOM images of knee joint:
These images were imported into MIMICS
software from the DICOM images folder where
the image was already placed in an order.

S1133

Using this MIMICS software, the CT
image data was segmented to select the required
tissue type. After the images were piled up in
MIMICS,

there

is

technique

called

“Thresholding” was the first action to be
performed to create a segmentation mask. It is
used to segment the required tissue type by
specifying the upper and lower tissue-density
thresholds to limit the grey scale levels in those
images. There is an inbuilt operation for
segmenting the grey scale levels predefined by
bones, muscles and other soft tissues. Here bone
levels were selected to segment those images to
get only the bony areas. So all pixels with a gray
value in that range will be highlighted in a mask
and the bony areas were brighter than the other
soft tissue areas in all those DICOM images. As
this function operates in all three dimensions,
single structures can quickly be segmented from

Figure 1 DICOM image displayed in three planes –
Frontal, transverse and sagittal views after importing into

the whole data set.

MIMICS workspace.

2.4 3D Rendering and Exporting the Model
The software is also used to the view
three-dimensional images of the desired structure.
MIMICS provides a flexible interface for quickly
calculating a 3D model of the region of interest.
Once the segmentation was over, there is an
inbuilt function to calculate 3D model from those
CT DICOM images to render a 3D model. The 3D
model comprises the bones femur and tibia i.e. the
knee joint which was obtained from rendering.
Figure.2 Segementation & Thresholding of the images

The 3D model was exported in Stereo lithography
(STL) format for further experimental tasks.

2.3 Segmentation
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2.5 Menisci Reconstruction
The 3D knee joint model obtained from
the MIMICS does not have the soft tissues. So to
make a complete knee joint it is mandatory to
have the menisci in between the femur and tibia.
So a picture of menisci and the tibial model from
MIMICS, was imported into SolidWorks 2008
software[5-6]. The menisci picture was position
b)

exactly above the tibial model and adjusted so that
both can be of same size. Now, using a spline
drawing tool from SolidWorks 2008 was selected

Figure 6:Menisci Reconstruction A) Source Image taken for
drawing the menisci. B) Reconstructed Menisici using
SolidWorks.

and the shape of the menisci was traced. The
spline was extruded to 10 mm. The menisci were
not given any material property because rigid

3 Results
3.1: The Final Nomal Knee joint Model

body kinematics considers all objects to be rigid.

The final normal knee joint model was
assembled using

SolidWorks. The final model

consists of the models of Femur, Tibia in STL
format and the menisci in the SolidWorks. The
menisci was place in between the femur and tibia
models.

a)
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4. Conclusion
The complete 3D knee joint model was
made with the help of CT images, MIMICS and
SolidWorks 2008 software. This obtained model
was used for further experiments in movement
simulation

and

kinematics

were

done

for

identifying the degrees of freedom and range of
motion available in the reconstructed joint. Thus
the same methodology can be adopted for
obtaining

finer

structures

used

in surgical

implants.
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Abstract
Failures of osteosynthesis plates constitute serious complications. In order to prevent the break of plates it is necessary to
analyse their critical stress distribution. In this paper a Finite-Element-Analysis (FEA) is presented for a 6-hole tibia
shaft plate. By changing the location of the screws 2 and 5 it was intended to find their optimal position, thus possibly
reducing the occurring stresses.
Stresses within the implant were analysed using the FEA with the aim to identify the critical areas. For this purpose a
bending test was conducted using the FE-Software ANSYS Workbench. A validation of the FEA was performed on a
testing machine. To optimize the position of the screws a parameter model was established and the screws 2 and 5 were
moved each by 8 mm in both directions.
FEA showed that a vertical displacement of 8,3 mm resulted in a maximum stress of 237,36 MPa in the implant. The
highest stresses were identified in the plate near the screw holes close to the fracture. Maximum stresses in the screws
were found in screw 3 and 4 (185 MPa), located in the transition head/shank. The validation of the FEA showed maximum deviations of 5,09%, occurring in the area of plastic deformation. Variation of the positions for screw 2 and 5
showed no significant reduction of the maximum stresses in the implant. Load transfer happens primarily by the screws
3 and 4 (84%), the screws 2 and 5 transfer 10% and the outer screws 1 and 6 6% of the load.
FEA has been shown to be suitable for the provision of reliable parameters regarding the stresses of implants. The results lead to a reduction to 4 screws, which could save costs and reduce operation time. However the mechanical properties of the osteosynthesis plate will be similar and sufficient.

1

Introduction

The treatment of bone fractures with metal plates and
screws is an alternative to the conventional immobilization
without medical intervention. The predominant materials
which are used for these so called osteosynthesis implants
are implantation steels as well as titanium and medically
approved titanium alloys. Osteosynthesis implants require
a high standard of the materials employed. They have to
withstand the very aggressive body fluids, they have to
cope with a great variety of mechanical strains and they
have to be resistant against metal fatigue phenomena [1].
Depending on the age of the patient osteosynthesis implants may stay in the human body for several decades.
Due to these adverse environmental conditions an implant
could fail and cause serious complications for the patient.
The probability of the failure of a bone plate varies very
much and depends on several factors such as the type of
fracture, the patient and the condition of the bone. A review of the up-to-date literature shows a failure probability
of 1% in the 1970-ies [1], more than 15,3% of proximal
fractures of the upper arm [2], up to 36,8% of attended
femoral neck fractures [3]. Optimized implants which will
contribute to a lower failure risk, can help to lower the
costs of the health system in times of rising manpowerexpenses and an ageing population. This paper analyses
the optimal position of the screws of a six-hole tibia shaft
plate in order to reduce the failure of the implant using the
Finite-Element-Method (FEM). For this purpose an FEAnalysis is performed and validated. The validation is

done by examination of the test set-up (Image 1), using a
quasi-static material testing machine. Based on the findings follows the optimization of the position of the screws
using a parameter model.
The purpose of the validation is to strengthen the confidence using the FE-Analysis for medical issues by verifying the accuracy of the computation results. The FEMethod, although only rarely applied in the medical engineering technology (for example compared to the car industry), has growth potential. The following are some of
the reasons for the reluctance to use the FE-Method in the
medical engineering technology:
Low confidence
High costs of the first FE-Workplace
Need for highly qualified personnel
In addition it can be assumed that the costs for the software
and for the qualified personnel will be ten times higher
than costs for the hardware. Consequently an appropriate
use of the workplace is important for cost efficiency. The
paper tries to refute some of the stated reservations in order to establish the FEM in the field of medical engineering.
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2

Methods

2.1

Test Bench Modelling

The simulated test bench consists of a block made of aluminum (left), an artificial bone (right) with cortical and
spongeous parts, the implant attached to both and a test
mandrel. The bone plate and the osteosynthesis screws are
products from the litos/ company (Fa. litos/ GmbH,
Ahrensburg). A vertical movement of the mandrel generates a bending force due to the lever arm effect of the artificial bone, which takes effect on the bone plate (Image 1).

3500 MPa. The material of the artificial bone consisted of
cortical and spongeous bone parts. For both components a
linear-elastic and isotropic material parameter was specified. The elasticity modulus of the cortical bone was 16000
MPa with a Poison´s ratio of 0,3. The elasticity modulus of
the spongeous bone was defined as 137 MPa and a Poisson´s ratio of 0,3 [4].

2.1.3 Contact Modelling
The analysed implant has a multidirectional angular stable
connection between the bone plate and screw. Due to the
employment of different kinds of titanium, a deformable
thread of the screw head and a deformable lip at the plate,
a blocking process is achieved, resulting, in a shape-, material- and load- related connection. This connection was
taken as a bond contact. In addition there is the predominant bond contact between the bone and the aluminium
block as well as the artificial bone. The spongeous and cortical bone is also connected through a bond contact.
Contacts involving friction are located between the test
mandrel and the artificial bone, between the bone plate and
the artificial bone as well as between the implant and the
aluminum block.
These contacts are assessed as free of friction (µ=0) based
on the results of previous sensitivity studies.

2.1.4
Image 1 Test bench for the FEA of the bone plate in the
initial state. The test bench consists of an aluminum block
(left), the implant, an artificial bone (cortical bone (green)
and spongeous bone (brown)) as well as the test mandrel.

2.1.1

Geometry Modelling

In the course of the design of the model the geometry of
the screws was simplified in order to make the discretisation easier. The screw head with threads was modelled as a
cone. The shaft of the bone screws was approximated as a
cylinder without threads. This was done by adjusting the
diameter of the cylinder to the load bearing area of the
screw at the base of the thread of the screw.

2.1.2

Material Modelling

The resting block as well as the mandrel are made of aluminum with isotropic, linear-elastic material properties, an
elasticity modulus of 71000 MPa and a Poisson´s ratio of
0,33. The bone plate is made of pure titanium grade 1 with
an elasticity modulus of 105 GPa and a Poisson´s ratio of
0,38. The screw is made of pure titanium grade 4 with an
elasticity modulus of 108 GPa and a Poisson´s ratio of
0,32. The material model was designed bilinear because of
the anticipated plastic deformation. As a result the yield
limit RP0,2% of the plate was 180 MPa and of the screws
390 MPa. The modulus of tangent was calculated to be
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Boundary Conditions

The bottom of the aluminum block was mounted on a firm
base. At the top of the test mandrel a displacement in vertical direction (z-direction) of 8,3 mm was applied. In addition the upper side was limited to move in z-direction
only to simulate the fixation of the mandrel in the test machine.

2.1.5

Discretisation

The discretisation of the test mandrel was done by hexahedral elements (Solid 186), the rest of the model was discretised with tetrahedral elements (Solid 187). The bone plate
was discretised with an element value of 1 mm. In the area
of the screw holes close to the bone fracture, the element
value was reduced to 0,2 mm because most of the stress
peaks were expected there. The bone screws were also discretised with an element value of 1mm. In total the FEModel consists of 922270 elements and 1286894 nodes.
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Method of Testing

directed analysis was carried out by shifting the test mandrel, loaded with a value of 150 N.

The test mandrel was moved in a quasi-static manner by
8,3 mm and the load response of the test mandrel in the
vertical direction was recorded. Thereupon followed the
establishment of a force-deflexion graph for the validation
of the Finite-Element-Analysis by conducting a real test of
the implant, using a bending test adjusted to the simulation.

2.2

Optimization of the Screw Hole Position using Parametervariation

This paper attempts to answer the question whether the
movement of the position of the screws 2 and 5 in a sixhole tibia shaft plate could reduce the stresses in order to
minimise the danger of failure of the implant. For this purpose the screws are numbered staring at the left of the plate
(Image 2)

3

Results

3.1

Validation of the FE-Analysis

The validation showed a maximum deviation of 5,09% between the FE-Simulation and the mechanical test. The biggest deviations were found in the plastic range of the material. A comparison of the linear-elastic area of the mechanical test and the FE-Analysis demonstrates that the real test
values are calculated very accurately.
Comparison of FEA and Mechanical Testing
Reaction Force FEA

Reaction Force Mechanical Testing
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Image 3 Comparison of FE-Analysis and mechanical testing

Image 2 For the analysis of the optimal position of the
screws a movement of the screws 2 and 5 (counting from
the left) by 8 mm in each direction was performed.

2.2.1

Parametervariation

Due to the bone surgical parameters, only the position of
the screws 2 and 5 could be varied. The screw holes 1 and
6 as well as 3 and 4 could not be altered because of the
type of fracture and because of the area of application of
the implant.
The movement of the variable screw holes was conducted
symmetrically. A movement of 8 mm in each direction
was possible. Calculations were conducted every 0,2 mm
so that the absolute shift of 16 mm resulted in a total of 80
different versions of the implant.

2.2.2

Analysis Method

For the evaluation of the distribution of the stresses in the
implant the stress gradient along the longitudinal axis was
assessed as well as the stress distribution of the individual
holes. The shift of the screw positions could lead to a
change in the rigidity of the test set-up. Therefore a force-

The linear range of both analyses show by a shifting of the
test mandrel of approximately 0,9 mm a force reaction of
90 N in vertical direction of the test mandrel. A shift of the
test mandrel by 0,5 mm leads to a force reaction of approximately   50   N.   Noticeable   is   the   “bulging”   in   the   linearelastic area. After the variation of several parameters it appears, that the position of the plate on the aluminum block
and   its   “ideal   sharp   edge”   may   be   the   cause   for   it.   The  
plastic range of the deformation commences during the
simulation at 150 N and a shift of 1,5 mm. During the validation the force reaction is 145 N. A maximum force reaction of 372, 01 N appears at a shift of the test mandrel by
8,3 mm during the simulation and of 354 N during the validation. It is the area of the largest discrepancy between
simulation and reality (Image 3). This allows the conclusion that there is a very high conformity of the FEA and
the mechanical test in the linear-elastic range and an acceptable conformity in the plastic range. The high conformity in the linear-elastic area can be explained as a result of the exact modelling of the implant material in this
area. Only the plastic range design approaches need to be
done. Because of this there are deviations in the plastic area between the two force-deflexion graphs. If there are
demands for an even more accurate simulation in the plastic area, preference should be given to the multilinear material modelling. Finally it can be said that the validation of
the FE-Simulation reflects the reality adequately accurate,
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so that an optimization of the screw positions can be
achieved.

3.2

Optimization of the Screw Hole Position

The movement of the position of the screw holes 2 and 5
demonstrated that the maximum stresses in the plate could
not be reduced. The largest stresses were approximately
180 MPa and occurred around the screw holes 3 and 4,
which are closest to the fracture. They are critical for a failure of the implant.
Equivalent Stress (von Mises) - Screw 2 and 5
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Image 4 Equivalent stress (von Mises) of Screw 2 (black)
and 5 (red) as a function of the screw position
0 to -8 mm: Movement outwards, 0 to 8 mm: Movement
inwards
At a movement in the direction of the fracture the stresses
of the screw holes 2 and 5 increase from the base values
(31,12 and 35,24 MPa) to 81,53 and 93,63 MPa. In case of
screw 5 this is an increase of +165%.Therefore more load
is transferred by the screws 2 and 5. From the reduction of
the stress upon and outward movement follow that the infusion of the load from the bone via the screw onto the implant has decreased. As the transferred load remains unchanged (load controlled analysis), the stress on other
screws has to increase. The optimization of the parameter
demonstrated that a movement of the screw 2 and 5 in the
direction of the fracture leads to a reduction of the stress
on the most outer screws but a greater stress on the screws
in the middle. Consequently the gradient of the load infusion decreases and a broader load infusion into the biological structures is achieved. The stress of the outer screws 1
and 6 was already verily low at 10% at the initial configuration. The bulk of the load is transferred by the middle
screws and those closest to the fracture.

4

racies of the FE-Simulation, manufactures of medical
products will be able to change their method of developing
new products significantly. Developments can be accelerated and costs can be reduced. Manufacturers are able to
use the FEM for the accreditation of products, they can
launch them quicker, reduce the number of prototypes and
design the implants more appropriate to the loads. This reduces costs and secures market shares. It has been shown
that the FEM produces adequately exact results and provides insights into the load transmission which otherwise
would not be possible. The optimization of the screw positions has shown that the reduction of the maximum stresses in the implant by moving the screws 2 and 5 cannot be
achieved. Furthermore it could be demonstrated that the
screws closest to the fracture transmit 84% of the load, the
screws in the middle 10% and the outer screws only 6%.
Such an extreme distribution of the load had not been appreciated in the osteosynthesis before. A movement of the
screws 2 and 5 in the direction of the fracture reduces the
load of the outer screws even further. The gradient of the
load infusion drops and a broader infusion of the load into
the bone is achieved. This leads to the conclusion that a
reduction of the number of screws in the osteosynthesis
plate may produce the same mechanical properties, which
would lead to shorter operating times, a reduction of the
damage of the soft tissues and a saving of costs. However,
it has to be pointed out that, depending on the type of the
fracture and the quality of the bone, a fixation with more
screws may be of advantage. In future the design of implants can benefit from the demonstrated advantages and
lead to significant benefits for patients, operators and manufactures.

5
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Conclusions

The validation of the FE-Simulation has shown that, with
an appropriate density of discretisation, it can serve as an
advantageous alternative to the common approaches. The
FEM is therefore very suitable for the osteosynthesis technology. On the background of adequate to very good accu-
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Abstract
The Artificial Accommodation System is a mechatroic lens implant that shall restore the ability of the human eye to focus at objects located at different distances from the viewer. The implant contains optical, mechanical and electronic
components. The available volume is limited and the aspired lifetime is long. Therefore, the system integration of the
lens implant is a complex and challenging task. In this paper different subtasks of the integration are identified that can
be handled relatively independently. Then, solutions for these subtasks are presented.

1

Introduction

When patients suffer from cataract, the opaque natural lens
is removed and replaced by an artificial intraocular lens
(IOL). These lenses consist of a polymer lens with a diameter of about 5 or 6 mm and the haptics that fixate the implant inside the capsular bag of the eye [1]. Haptics can
either be separate elements formed as C-haptics or casted
together with the lens forming plate-haptics. The refractive
power of IOLs is limited to one object distance. The adaption to different focal lengths called accommodation gets
lost. An ambitious approach to restore the accommodation
ability of the human eye is the development of the Artificial Accommodation System [2, 3]. It will be implanted
into the capsular bag (image 1) using standard cataract
surgery methods. The mechatronic system can vary its refractive power in accordance with the actual accommodation demand. Therefore, different subsystems have to be
integrated: the active optical element includes several
lenses displaced relatively to each other by an actuator [4].
Examples are a three-lens system called triple-optics and a
two-lens system called Alvarez-Humphrey-lens [5, 6]. The
accommodation demand is acquired by a sensor system. A
communication system enables data exchange between the
implants of both eyes as well as with the ophthalmologist
[7]. Furthermore, a control unit and a power supply system
are integrated [8]. Energy is transferred inductively and
stored in a battery. All components are electronically interconnected. The entire system is encapsulated.

Image 1 Position of Artificial Accommodation System
within the capsular bag of the human eye (left), components of the mechatronic implant (right).

2

Methods

1.1

Requirements for system integration

The geometry of the implant is defined by the volume
within the capsular bag after the removal of the natural
lens. The optical area with the diameter of 5 mm has to be
placed within the optical path of the eye. All non-optical
components have to fit into the ring-shaped volume
around the optical area. Starting with a working hypothesis of a cylindrical implant of 10 mm outer diameter, a
construction space of 235 mm³ is available for all nonoptical components. Now, first implantation studies show,
that this volume has to be further reduced to an outer diameter of maximum 9 mm and a lens-shaped outer form.
Thereby, the volume left for the encapsulated internal
components is reduced to 60 to 70 mm³ [9]. The optical
transmissivity of at least 80% has to be guarantied in the
visible spectrum as well as infrared to allow treatment of
posterior capsular opacity [10]. The required accommodation width is 3 dpt. It shall be realized with an accuracy of
0.25 dpt. The requested lifetime of the system is 30 years.
An autonomous operation shall be possible for at least 24
hours without reloading. The system must withstand all
mechanical forces applied during production, transport,
implantation and operation [11]. As a matter of course, all
standardized requirements of an active implant demanded
in medical specifications must be met. This includes in
particular biocompatibility and reliability. The encapsulation must prevent the contact of internal components with
body fluids to maintain the biocompatibility of the system
and to inhibit corrosion and consequent failure. Some of
the components are sensitive to elevated temperature [12].
Therefore, the encapsulation process can only be performed at temperatures below 70°C. The low dissipation
power of the operating implant must be transmitted out of
the system passing the encapsulation. Furthermore, the
individual components must not influence each other. Inductive coupling, e.g., must not interfere with the functionality of other subsystems and the encapsulation has to
be permeable to electromagnetic waves. In image 2 an
overview of the main requirements for the system integration of the lens implant is given.
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Image 2 Main requirements for the system integration of
the Artificial Accommodation System.
For the integration of a microsystem the special technological challenges of microsystem technology have to be
considered [13]. The Artificial Accommodation System is
very complex and contains microelectronic, microoptical
and micromechanical components. A safe, reliable and
energy efficient interaction of the subsystems has to be
realized. Thereby, the main challenges of system integration are
- the limited volume for the very complex system
- the hermeticity of the encapsulation to realize the
long lifetime of the implant.
As shown in table 1, the requirements of volume and reliability interfere with each other.
Reliability, hermeticity
Redundant system components
No mutual interference of
subsystems
High water permeation resistance

Volume
Smallest possible components
Very high packing density
Walls as thin as possible

Table 1 Conflicts between reliability/hermeticity and
volume.

1.2

Subtasks of system integration

To structure the complex task of system integration, single subtasks are defined that can be handled relatively independently [14]. The four major subtasks derived from
the requirements of the implant are presented in image 3.
In this paper concepts to fulfil these subtasks are being
investigated. In order to define each respectively most
suitable concept, again, the later integration into the overall concept of system integration has to be regarded.
The ‘encapsulation of the system’ must ensure the protection of the body from internal, possibly not biocompatible
components. Furthermore, the contact of the internal
components with body fluids has to be prevented to inhibit corrosion and loss of system functionality over the entire lifetime. Additionally, the encapsulation has to shield
the internal components from external forces. The challenge is to design this encapsulation reliably but as thin as
possible.
The subtask ‘electrically conductive connection of the
components’ is responsible for internal signal and energy
transmission and the realization of interfaces between the
different electronic components as well as the energy
supply. The challenge is to construe electronic compo-
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nents and PCB as small as possible and still to guarantee
reliability of the components and interconnections.
Another subtask is the ‘mechanical placement and fixation of internal components’. This is of special importance for the sensor system. Photosensors that acquire
the width of the pupil must be placed within the optical
path of the eye [15]. In case that two axis magnetic sensors are used to measure the vergence angle with the help
of the earth magnetic field [16] a horizontal positioning is
preferred. The fixation of optical and partly movable mechanical components has to be very precise. Carrier elements must withstand the counteracting forces of the lens
movement.
The ‘placement and fixation of the implant within the
eye’ determines its position within the optical path and
therefore the achievable quality of vision. A long-term
fixation within the capsular bag is necessary to keep the
implant in place.

Image 3 Major subtasks of the system integration of a
mechatronic lens implant.

3

Results

The subtasks of the system integration have to be investigated and solved separately but concurrently since they
influence each other. In image 4 an overview of the different investigated solutions for each subtask is presented.
The ‘encapsulation of the system’ can be realized either
by a surrounding glass housing or by transparent polymer
casting. The advantage of glass is its hermeticity. The internal components can be long-term protected from body
fluids and a gas-filled cavity can be realized inside the
implant as an environment of low refractive index for the
optical system. Furthermore, the rigid housing can absorb
forces. The challenge is to assemble the parts of the housing hermetically at low temperatures. Therefore, laser
bonding, laser soldering, solderjet bumping and adhesive
bonding with additional coating were investigated
[17, 18, 19, 20]. Samples for testing were manufactured
using ultrasonic grinding [21]. Therefore, a stamp vibrating with ultrasound frequencies is moved into the glass
together with an emulsion containing abrasive grain. To
join the individual glass parts by laser soldering, first the
cavities are inserted into a wafer. The bottom and top wafer are coated with solder and joined using a serial laser
process. Afterwards, the housings are singularized. For
the produced samples sufficiently thin walls of the glass
housing could not be realized [18]. An alternative joining
process is solderjet bumping. Small solder bumps are
melted by a laser and shot onto the joint. The first samples
of glass housings were not sufficiently hermetic [19]. Furthermore, the electromagnetic permittivity was too low.
Adhesive bonding is not hermetic. Therefore, additional
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Image 4 Overview of the different investigated solutions for each subtask of the system integration of the Artificial
Accommodation System.
proach - the separation of functionalities - is pursued using
coatings of glass and titanium were sputtered onto the
thin flexprints (image 6) that fulfill the requirements of
joint (image 5). First tests show that half of the Ti-coated
miniaturization and complexity best. The electronic comhousings passed helium leakage tests for microsystems
according to MIL-STD-883G (also applied for implants in ponents of the different subsystems like sensors, microconDIN 45502-2-3). The robustness of glass housings in case troller, voltage converters or transceivers will be implemented as bare dies. Therefore, wire bonding and flip chip
of failure can be increased by internal casting [6].
mounting will be used for the assembly. Preferably, application-specific integrated circuits (ASICs) will be used for
the further integration of various functionalities into one
chip. Planar parts like antennas for inductive power transfer or for communication can be printed onto the flexprint
in form of conductive paths and be formed as satellites of
the board [22]. Separate components outside the mounting
Image 5 Single glass parts produced with US-grinding area of the flexprint like actuator or battery can be electri(left), adhesive bonding (middle), glass housing with Ti cally contacted via small tails. Alternatively, printing of
sputtered onto the adhesive bond (right).
conductive paths over different components can be used to
contact these parts [23].
Casting the outer implant ring in polymers known from
IOL-production like silicones or acrylic polymers allows
for better implantability due to higher flexibility. Polymer
casting is also thinner than glass housing but cannot provide hermeticity. The components have to be shielded
from intruding fluids by additional coating. This can be
realized e.g. with parylene or diamond-like carbon.
For the fulfillment of the subtask ‘electrically conductive
Image 6 Bending of thin flexprint adapter (left), sample
connection of the components’ one approach is to use the
coil for power transmission into the lens implant (right).
interconnect device additionally to fulfil other subtasks
like the encapsulation of the implant. Investigated subThe flexprint and the according assembly techniques can
strates used in form of 3D housings are high density interalso be used for partly fulfillment of the subtask ‘mechaniconnect PCBs (HDI), low temperature cofired ceramics
cal placement and fixation of internal components’. Com(LTCC) and molded interconnect devices (MID). The inponents are positioned by folding and bending of the flexvestigation of the respective integration concepts using
print. But for the final fixation a stiff support is necessary.
these substrates, however, shows clearly that there are maThis can be the encapsulation element or relatively stiff
jor disadvantages like too thick walls that are not compensubcomponents. The positioning of optical components
sated by the synergy effects [22]. Thus, the second apcan be realized using the encapsulating component. Immo-
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bile lens parts can be integrated into the glass housing or
the casting respectively or adhesively bonded to it. The
fixation of the moving lens part is a subtask of the actuation system. In order to attach the actuation system inside
the implant repelling the introduced forces, special fixation
elements can be integrated into the glass housing. To
which extent a polymer casting can serve as support for the
actuator has to be tested for the different solutions of this
subsystem.
Since the entire capsular bag is filled by the Artificial Accommodation System, its outer geometry can be used to
fulfill the subtask of ‘placement and fixation of the implant
within the eye’. The first stiff PMMA IOLs were designed
that way [24]. First implantation studies with dummies of
the Artificial Accommodation System, however, show that
additional haptics are necessary for the fixation of the implant within the optical path (image 7). These haptics can
be casted monolithically as part of the polymer encapsulation or can be additionally mounted to the glass housing.

Image 7 Dummy lens implant with attached haptics for
implantation studies.

3

Conclusion

In this paper the four major subtasks of the system integration for an Artificial Accommodation System were identified. The favorite solution for the subtask of ‘encapsulation
of the system’ is a glass housing. Polymer casting in combination with protective coating is a suitable option, too.
The subtask of ‘electrically conductive connection of the
components’ will be fulfilled by a flexprint PCB. The electronic components will be mounted onto the flexprint in
form of SMD components and bare dies. Different ways to
fulfil the subtask of ‘mechanical placement and fixation of
internal components’ using the flexprint and the encapsulation were presented. For the subtask of ‘placement and fixation of the implant within the eye’ the outer geometry of
the implant can be used, eventually in combination with
additional haptics. Now, the single solutions of the system
integration subtasks can be merged to a comprehensive
system integration concept [6].

4
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Changes on a platinum electrode surface during acoustic stimulation
of a cochlear implant – in vitro approach
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Abstract
Implantation is the method of choice for the treatment of individuals with congenital or acquired deafness. Impedance
telemetry measurements are routinely performed to evaluate implant function. Changes in impedance can be an indication of intracochlear changes. In literature, increases in impedance have been associated with high-resolution stimulation
strategies and platinum dissolution. In vitro experiments were performed to investigate in greater detail the electrochemical processes during the stimulation of cochlear implant electrode arrays. The platinum concentration of the stimulation
medium was determined as part of this procedure. Inductively coupled plasma optical emission spectroscopy (ICP-OES)
was used to verify an increase in the level of dissolved platinum in the electrolyte as stimulation proceeded, although no
alterations of the electrode surface were detectable by scanning electron microscopy.

1

Introduction

Cochlear implants (CIs) have become established as the
method of choice for the treatment of individuals with
congenital or acquired deafness [10]. Technical advances
over time have resulted in stimulation rates being increased from 2,000 pulses per second (PPS) to a presentday level of 50,000 PPS, which in turn has led to the development of new speech-processing strategies [3, 7, 8].
High stimulation rates and the new speech-processing
strategies have given rise to noise suppression and thus
improved speech understanding [3, 9, 15]. The introduction of telemetry measures allowed for testing of the cochlear implants’ function and stimulation without the need
for patient cooperation [8]. By means of impedance telemetry measurements, defined as the equivalent of the electrical resistance between two CI electrodes, it is possible to
make a rough assessment of the implant’s functional integrity. The inability to obtain impedance values may indicate
electrode failure [4]. However, an increase in impedance
may also be caused by intracochlear inflammatory processes, connective-tissue formation or residues on the electrode surface [1, 6, 13]. Neuburger et al. (2009) surmise
that there are technical reasons for spontaneous impedance
increases, in particular changes on the electrode surface
caused by stimulation [12]. Furthermore, in work on explanted electrodes, Durisin et al. (2011) were able to
demonstrate corrosion of individual platinum electrodes.
The corroded electrodes exhibited high impedance levels
corresponding to preoperative measurements [4]. Corrosion of platinum under the influence of electrical stimulation – as a function of stimulation parameters, types of dissolution and their components – has been investigated in
the past, resulting in the definition of a corridor for safe
electrical stimulation [11, 14].
The aim of our in vitro study was to investigate alterations
on the electrode surface during acoustic stimulation of the

implant under in vitro conditions. Special attention was
paid to microscopic changes to the electrode and the issue
of platinum corrosion.

2

Methods

2.1

Experimental setup

In this study, standard platinum cochlear implant electrodes were stimulated using an implant emulator commonly used for training and research purposes (CI24RE,
Cochlear Ltd.). The internal circuitry is identical to that of
the CI24RE Implant In a Box (IIB).

Figure 1 Scheme of the test setup for stimulation
The ‘Freedom SP’ speech processor used for generating
the stimulation signal was programmed with ‘Custom
Sound 1.3’ software (Table 1). The dynamic range was set
to the minimum allowed value, with the sensitivity of the
microphone adjusted to the maximum permitted level in
order to ensure long-term stimulation.
The test setup was chosen specifically in order to stimulate an electrode in the electrode array using a predefined,
constant stimulation signal. To verify this signal, the parameter settings were tested with the aid of an oscillo-
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scope. The pulse width and amplitude of the signal corresponded to the signal obtained from a CI recipient.
Reference electrode
Pulse width in µs
Repetition frequency in Hz
T level
C level
Stimulation voltage in V
Electrolyte
Electrolyte temperature in °C
Number of simultaneously
stimulated electrodes

Common ground
9.6
3,500
250
251
± 8.75
NaCl 0.9%
37
1

Table 1 Test parameters for test series V34 and V51
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trometer (CIROS VISION EOP, SPECTRO Analytical
Instruments GmbH) allows for high-sensitivity element
analysis. To evaluate this analysis, the characteristic spectral line of platinum, which has a wavelength of
λ = 214.423 nm, was applied.

3

Results

Following the experiment, the stimulated electrode was
examined under the scanning electrode microscope for visible changes. Figures 3 and 4 show the surface of the electrode from test V34 after 216 hours of stimulation.
No visible changes indicating platinum dissolution could
be detected. The surface showed no characteristic features
of corrosion.

At the start of the experiment, an impedance measurement
was performed using the software to test the signal chain.
This was repeated at regular intervals. The test series consisted of two electrodes from the array (V34, V51) being
stimulated successively, with the same set of parameters
used (Table 1).

2.2

Optical investigations

The initial state of the surface of the electrode to be
stimulated was documented prior to the experiment using
light microscopy and scanning electron microscopy
(SEM). Figure 2 shows the optical microscope image
(MZ8, Leica Mikrosysteme Vertrieb GmbH) of the electrode (V34) embedded in a silicone tube prior to stimulation.

Figure 3 SEM image of the electrode surface following stimulation (RBSD mode)

500 µm
Figure 2 Light microscope image of the electrode prior
to stimulation

Figure 4 SEM image of the electrode surface following stimulation (RBSD mode)

The SEM investigations were performed using an
LEO1455VP microscope (Carl Zeiss AG). The study was
performed at a low vacuum range using a high voltage of
20 kV and a beam current of 30 µA.

The ICP-OES results are shown in Diagram 1. After stimulation periods of 24 and 96 hours using the stimulation
parameters listed in Table 1, no dissolved platinum could
be detected in the electrolyte used for test V34. The third
measurement after 192 hours produced a platinum concentration of 0.004 mg/l, which increased to 0.006 mg/l
after 216 hours. Test V51 showed a platinum concentration of 0.007 mg/l after seven hours of stimulation, which
increased to 0.010 mg/l after a stimulation period of 200
hours. Both tests revealed an increase of dissolved platinum in the stimulation medium.

2.3.

Measurement of platinum levels in the
electrolyte

In order to determine the platinum concentration, the electrolyte used was analysed both during stimulation and at
the end of the test by means of inductively coupled plasma optical emission spectroscopy (ICP-OES). The spec-
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bring further clarification. This includes the use of an artificial perilymph and the variation of the stimulation parameters.
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Diagram 1 Development of platinum concentration in
the electrolyte over the course of the experiment
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Discussion

Telemetry as an objective method for impedance measurement has become an established tool for testing cochlear implant function [8]. High impedances are generally associated with an increase in terminal voltage, which leads
to strong current flow and ensures that a greater charge is
transmitted. Neuburger et al. were able to identify a patient
population with extremely high impedances but no signs of
inflammation, and reproduced this phenomenon using
high-resolution stimulation in patients who received implants made by other manufacturers. They postulated that
high voltages are necessary to provide the required charge
at very small pulse widths. Thus, if impedances are very
high, the diaphasic stimulus cannot – despite built-in safety
measures – be provided with absolute symmetry [12].
Durisin et al. were able to show that processes leading to
platinum corrosion occur during CI stimulation. Using
SEM on an explanted electrode with high impedances,
they were able to identify both platinum corrosion and a
solid cellular layer at the electrode surface [4]. It should be
noted that, despite the widespread use of high-resolution
stimulation strategies, only a small population of CI recipients is affected by recurrent impedance increases [12].
The most important outcome of our work was that we were
able to show increasing platinum concentration in the solution after 192 and 216 hours of stimulation, indicating platinum corrosion. Assuming that the implant was acoustically stimulated, the corrosion can be explained in terms of
the stimulation itself, the solution or both factors combined. McHardy et al. (1980), who performed extensive in
vitro studies to investigate platinum dissolution, was able
to show that this depends on charge density in the case of
anodic first pulses, and primarily on pulse duration in the
case of cathodic first pulses [11]. Robblee et al. (1980)
succeeded in verifying the positive effect of proteins in
their work [14]. It should also be mentioned that no visibly
changes at the electrode surface were detected.
The tests carried out thus far do not allow for precise isolation of the factors leading to platinum corrosion. This
would entail a more in-depth analysis of the influence of
the electrolyte and the stimulation parameters. An optimised in vitro model, which should reflect the in vivo situation as realistically as possible, is necessary in order to

All the work carried out for this study was funded by the
German Research Foundation (DFG).
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Silicone-alginate-composite for cell based therapies: a novel silicone
based implant material for immobilization of drug releasing cells
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Abstract
The characteristics of a silicone-alginate-composite are presented here. The composite consists of an interpenetrating network
with an alginate phase forming joined pores within a silicone scaffold. Depending on the alginate content, the pore size is
between 150 and 300 µm and water-soluble molecules are able to diffuse through the composite. Water contact angle
measurements revealed a hydrophilic surface and composites containing high molecular weight alginate showed no cytotoxic
effect at all. L929 cells were immobilized within the composite. The cells were able to survive and proliferate over a time
period of 25 days.
The silicone-alginate-composite is therefore suited to be used as an implant material, in which drug releasing cells can be
immobilized to continuously release biologically active substances.

1

Introduction

The insertion of implants bears the risk of foreign body
reactions like inflammation or fibrosis. To prevent this as well
as the degeneration of cells like nerve cells and to enhance the
signal transmission between the cells and an electrode,
integration of drug delivery systems might be advantageous.
For that purpose, the drugs should be locally delivered to the
target tissue for weeks or months e.g. directly from the implant
material. However, the matrix of drug eluting materials is
capable to load just a limited amount of drugs and to release it
over a restricted period. As an alternative, cell based drug
delivery systems might be used, in which cells provide a
sustained delivery of drugs [1].

and thus, the failure of the implant. A suitable biocompatible
matrix material is alginate. This hydrogel is already used to
immobilize cells like islets of Langerhans, mesenchymal stem
cells or chondrocytes in microcapsules [2][3][4]. In context of
drug delivery systems, Hütten et al. could demonstrate, that
brain-derived neurotrophic factor (BDNF) producing fibroblasts encapsulated in a high molecular weight alginate
survived for up to 30 days continuously releasing the drug [5].
But the coating of implants with a cell containing alginate
matrix is challenging, as the alginate cannot be chemically
bonded to the supporting implant material without damaging
the cells. Due to the lack of a stable fixation, those coatings are
sensitive to strain.
A novel composite consisting an interpenetrating network
(IPN) out of silicone and alginate may overcome these
problems [6]. It is a flexible material (Image 1) in which the
alginate network is mechanically anchored in the silicone. The
aim of this study was to reveal the potential of the siliconealginate-composite as a biocompatible matrix for cell based
drug delivery systems.

2
2.1

Image 1 Elastic silicone-alginate-composite with connected
pores (detail SEM image) within the composite.
In such systems, biocompatible encapsulation matrices are
required to prevent inadvertent cell migration, uncontrolled cell
proliferation and to avoid an immune response of the recipient

Methods
Sample preparation

The silicone-alginate-composites were prepared as follows:
first, the two prepolymer components of a Polydimethylsiloxane (PDMS) silicone (MED-6015, Nusil) were
mixed in the ratio 10:1 (Part A : Part B). Afterwards, a 6% low
molecular weight alginate solution (Manugel BJD, Kelco)
containing 0.9% NaCl was added until the desired percentage
of alginate content was reached. The compositions were mixed
at 3500 rpm for 30 s and subsequently cured at 80°C. For
crosslinking the alginate a 20 mmol BaCl2 solution with
0.9% NaCl was used.
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2.2

Pore sizes and water contact angle
measurement

The pore sizes of the composite in dependence on the alginate
content were determined by scanning electron microscopy
(EVO MA 10, Zeiss). Composite samples with different
amounts of alginate solution were prepared. After curing the
silicone phase the composites were rinsed in distilled water to
flush the liquid alginate phase in order to receive the porous
silicone scaffold. The pore sizes of 20 randomly selected pores
of each sample were measured from the images.
Water contact angle measurements were carried out at cross
sections of composites with different alginate content. For that
purpose, the composite materials with not yet crosslinked
alginate were cut into pieces and subsequently dipped into
BaCl2 solution for 30 s to gel the alginate. After carefully
dabbing the crosslinking solution from the samples, the water
contact angle of a 2 µl water drop (Rotisolv water, Carl Roth)
on the sample cross sections was measured (OCA 20,
Dataphysics). Three samples per composite were measured at
three different positions each.

2.3

Cytotoxicity test

To assess the biocompatibility of the novel composite material,
an in vitro cytotoxicity test according to EN ISO 10993-12 was
carried out. For this, material samples were incubated in L929
culture medium (DMEM, Gibco, supplememted with
10% FCS and 1% Pen/Strep) at 37°C for 24 h. After that time,
the supernatant was used as growth medium for L929 cells in
microtiter plates (18 inoculated wells per material sample). The
influence of potentially released substances from the material
samples on growth, proliferation and metabolism of the cells
were determined by WST-1 and BrdU. Formazan formation
and BrdU incorporation were measured spectrophotometrically. Culture medium, which was also incubated 24 h but
without material samples, was used as control (100% viability).
Evaluated materials consisted of 75% alginate and 25%
silicone. While one sample contained the low molecular weight
(lmw) alginate solution used to prepare the composites, this
alginate was washed out with PBS and was replaced by a 1:1
mixture of 0.65% high molecular weight (hmw) alginate (with
0.9% NaCl) from the brown algae L. nigrescens and
L. trabeculata in the second sample. Before use, the alginate of
both samples was crosslinked with BaCl2 solution for
10 minutes. The samples were subsequently washed in
phosphate buffered saline (PBS) three times.

2.4

Long term evaluation of fibroblasts
immobilized within the composite

For long term evaluation of cells immobilized in the alginate
phase of the composite material, silicone-alginate-composites
with an alginate content of 79% were prepared. After curing the
silicone, the composites were cut into pieces of 5 x 5 mm2 and
a thickness of either 1, 2 or 3 mm. The low molecular weight
alginate was gently replaced by a 0.65% high molecular weight
alginate solution as described above for the biocompatibility
assay, which additionally contained 1·105 homogeneously
distributed L929 fibroblast cells. To immobilize the cells, the
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alginate phase of the samples containing the cells was gelled in
BaCl2 solution for 10 minutes. After washing the samples in
PBS they were each incubated in a well of a 24 well suspension
culture plate at 37°C in L929 culture medium for up to 25 days.
At day 0, 1, 3, 5, 7, 15, and 25 each three samples of every
sample thickness were taken and the cells within the
composites were live/dead-stained with fluorescein diacetate
and propidium iodide.

3
3.1

Results
Formation of an interpenetrating network
with corresponding pore sizes

When mixing the components of the composite, the alginate
and the silicone formed an interpenetrating network (IPN), the
higher the amount of alginate solution the more
interconnected [6]. The silicone builds the scaffold of the
network. The alginate, which at low content is distributed as
small droplets within the silicone, formed bigger, joined
droplets with increasing alginate content. At a content of 60%
alginate, the droplets formed pores of average 13.2 µm in
diameter (Table 1). Increasing the alginate content by 5% led to
an abrupt rise of the pore size by the tenfold to average
141.9 µm.
Table 1 Pore sizes and water contact angles of PDMS and
composites with different alginate content.
Material
PDMS
60.0%
65.0%
70.0%
72.5%
75.0%
77.5%
80.0%

Pore size θ [µm]
0
13.2 ± 4.9
141.9 ± 22.8
178.9 ± 42.4
221.7 ± 41.1
225.9 ± 44.9
241.0 ± 45.9
245.8 ± 47.6

Water contact angle [°]
117.3 ± 1.0
135.0 ± 3.4
104.8 ± 19.3
74.6 ± 18.9
63.8 ± 13.2
54.8 ± 10.3
48.2 ± 8.6
44.0 ± 11.1

The fusion of the alginate droplets to an alginate network
started at 70% content. Further increase of alginate content led
to a continuous increase of pore size, but the ratio of alginate
content to pore size decreased. The pore size at an alginate
content of 72.5% was on average 221.7 µm and increased to
245.8 µm at 80% alginate content, which was the maximum
amount of alginate to achieve for the composites. Here, the
alginate network formed a very porous structure within the
silicone (Image 1) that is diffusible for water soluble molecules.

3.2

Biocompatibility of the silicone-alginatecomposite

The hydrophobicity of an implant’s surface plays an important
role in the foreign body reaction of the immune system. To
avoid unspecific protein adhesion and irreversible protein
absorption that may enhance e.g. the formation of tight collagen
fibers to encyst the implant, one approach is to provide a
preferably hydrophilic surface to the body [7].
The silicone-alginate-composite’s hydrophilicity was examined
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Image 2 Water contact angles of pure PDMS (a) and of a
silicone-alginate-composite with 80% alginate content (b).
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Low molecular weight alginates, which are not specifically
purified, contain a number of substances like endotoxins, which
are harmful to cells [9]. As the PDMS used to prepare the
composites is clinically permitted up to 29 days, it can be
assumed that the contaminations of the alginate led to the
detected cellular intolerance. These substances are lacking in
purified high molecular alginates from L. nigrescens and
L. trabeculata. The results of this cytotoxicity test confirmed
their high biocompatibility indicated earlier [10]. The siliconecomposite with 75% high molecular weight alginate was
therefore considered to be biocompatible.

by water contact angle measurements (Table 1). Composites
with an alginate content of 60% had a contact angle of θ=135°,
which was larger than that of pure PDMS (average θ=117°,
Image 2a). The addition of alginate to the silicone increased the
surface roughness, which first leads to an increased
hydrophobicity [8].

Image 3 Cytotoxicity of composites with low molecular
weight (lmw) and high molecular weight (hmw) alginate.
With increasing alginate content, the water contact angle
decreased due to the rise of the hydrophilic influence of the
alginate. Composites with an alginate content of 70% had an
average contact angle of approximately θ=75° and were
considered to be hydrophilic [8]. An alginate content of 75%
reduced the contact angle to approximately θ=55°, whereas a
composite with 80% alginate content had a very hydrophilic
surface with a contact angle of θ=44° on average (Image 2b).
To further examine the biocompatibility of the siliconealginate-material, an in vitro cytotoxicity test according to EN
ISO 10993-12 was carried out. There was a significant
difference between the composites in dependence on the
molecular weight of the alginate (Image 3).
The composite with the high molecular weight (hmw) alginate
showed no cytotoxic effect. Both the WST-1 and the BrdU test
revealed close to 100% viability.
The composite material with low molecular weight (lmw)
alginate showed slight cytotoxicity. Although the cellular
metabolism was reduced as indicated by the WST-1 formazan
formation (69%, compared to the control), the cells were still
able to grow and proliferate (average of 80% for BrdU
incorporation). Thus, this composite is not actively cell-killing.

Image 4 Immobilized L292 cells within the silicone-composite
at day 0 (a), 3 (b), 7 (c), 15 (d) and 25 (e-f).

3.3

Survival of cells within the composite

150 homogenously distributed L929 fibroblast cells per mm 3
sample were inserted into the composites (Image 4a).
During the immobilization process more than half of the cells
died so that the initial number of living cells was reduced to
67-86 cells/mm3 (Image 5).
Within the first days, the cells which survived proliferated
quickly and formed small multicellular spheroids within the
composites (Image 4b-c). Cell growth and proliferation
continued the following days. However, due to nutrient
limitations inside the spheroids the percentage of living cells
decreased with increasing spheroid diameter. At day 15 and 25
the number of cells was estimated as the spheroid sizes were
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too big to be able to count single cells (Image 4d-f). The base
for estimation was an assumed exponential growth [11] and the
counted number of L929 spheroids inside the composites. The
growth rate was calculated to be 0.3966.
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of high molecular weight alginate. The alginate pores were big
enough to allow good nutrient transfer to the cells immobilized
inside the composite for a maximal sample thickness of 2 mm.
Due to the anchoring of the alginate in the silicone by the
interpenetrating network, the composites may overcome the
fixation problems of cell matrices to implant materials.
The composite is a suitable material to be used e.g. as a coating
for implant materials, where immobilized cells may
continuously release biologically active substances.

5
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Image 5 Long term survival of L929 cells immobilized in
composite samples of different thicknesses.
At day 15 the cell numbers increased to around
22,000 cells/mm3 in samples of 1 mm thickness, around
10,000 cells/mm3 in 2 mm and around 12,000 cells/mm3 in
samples of 3 mm thickness. About 60-80% of all cells within
the composite samples were alive (Image 5). Generally, the
cells in composites of 1 mm thickness had the highest survival
rate as in theses samples the best nutrient transfer with the
surrounding medium occurred. The cells immobilized in
composites of 2 and 3 mm thickness particularly survived in
the boundary areas of the samples. Thus, the percentage of
living cells decreased with time inside the composites due to
nutrient limitations. At day 25 more cells in composites of
3 mm thickness were observed than in the other samples. Here,
the viable spheroids were also mainly located at the boundary
area. However, after 25 days in all composite samples a
percentage of about 40% living cells could be detected.

4

Conclusion

Silicone-alginate-composites consist of an interpenetrating
network of alginate within the silicone matrix. Depending on
the alginate content, the alginate network forms pores of
150-300 µm size, leading to a high diffusivity for water-soluble
molecules like nutrients.
Furthermore, the formation of the alginate network strongly
decreases the hydrophobicity of the silicone to water contact
angles less than 75°. The silicone’s hydrophilization might
reduce foreign body reactions when implanted [7].
Biocompatibility was also examined by an in vitro cytotoxicity
test: composites out of silicone and high molecular weight
alginate revealed no cytotoxicity at all and are therefore suitable
for medical applications.
The long term evaluation of immobilized cells within the
composite showed that L929 fibroblast cells were able to
survive over 25 days within a silicone-composite that consisted
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Abstract
This paper presents a proof-of-concept study to control an educational neuroprosthetic robotic hand using brain electrical
signals. The slightly modified version of our previous brain-machine interface (BMI) was linked to the recently designed
cost-effective robotic hand by sending realtime commands to the robot and simultaneously to the simulated hand in a virtual reality environment. The system was validated experimentally using electroencephalograph (EEG) signals. Signals
were recorded from seven positions over the motor cortex while the subjects performed a cue-based imagination of hand
grasp and relaxation, and received biofeedback. We improved signal processing algorithms to extract the needed information to classify the control command in a simulated study. Single classiffier (all features + one classifier) and ensemble classifiers (one classifier per channel + voting) techniques were compared using Matthew’s  correlation  coefficient
(MCC) factor in addition to the popular classification accuracy. The primary results show that the simulated online accuracy was significantly higher for the ensemble SVM, 71.24%, than for the simple SVM, 66.56% t(9) = 4.78, p < 0.001
over all subjects.

1

Introduction

A direct brain-controlled hand prosthesis or orthosis is the goal of a number of studies to enable patients
with stroke or tetraplegia to restore grasp function [1] [2]
or gain communication with the completely paralyzed and
locked-in patients [3] [10].
Such a brain machine interface (BMI) must fulfill
several conditions [12]. The BMI system needs to receive
direct input from the brain by continuously decoding
brain signals from the user in real-time to make decisions
based on the information extracted from each segment of
data. The main computational elements for hand prosthesis control are the modality used to capture the brain signals, the mental tasks used to control the prosthesis,
which features are extracted for that purpose and the signal processing used [4].
Electroencephalography (EEG) is a noninvasive
recording modality with high temporal resolution, and
could potentially be used to control an external device
such as a tendon-based anthropomorphic robotic hand [5]
[9]. Decoded information from EEG can be translated to a
control command, which can be sent to an external device, resulting in a physical action on a real or virtual object [7]. The result of this control signal can be observed
by the subject as biofeedback [4]. The entire scenario
should rely on   the   subject’s   intention   or   a   time   locked  
paradigm [3].
The design of neural-machine interfaces for prosthesis, however, is limited in academia due to the shortage
of affordable robotic hand availability and the overall accuracy of the system. Commercial hands are able to
mimic the human hand with a good resolution but they are

bulky, large and expensive. In some cases months of
training are required to enable the patient to control the
prosthesis accurately [1].
Our research group has designed an inexpensive
hand prosthesis tool for BMI purposes. Its range of motion is similar to that of the human hand and its speed is
comparable to current prostheses [5]. The focus of the
current study was to establish the robust hardware connection between the imaginary-based BMI and the already developed anthropomorphic robotic hand while also
investigating a new and reliable machine learning approach for this setup.
In this paper we present a proof-of-concept study to
control a custom-built robotic hand parallel to a simulated
hand by receiving commands from a BMI system.

2

Materials and Methods

2.1

Robotic hand configuration

The initial work, shown in Figure 1, was focused
on the electromechanical design and control. Thus the
preliminary test bed was designed to perform initial
measurements of the control algorithms. The entire hand
was bolted onto a solid base to prevent shifting of the
hand   during   ﬂexion. The robotic hand implemented an
N+1 flexible link actuation system that allowed independent control of each of the 20 degrees of freedom. The system was controlled using an ATmega2560 microcontroller (SmartProjects Italy), which allowed control from either a haptic glove or a computer [5]. The average time to
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fully flex a robotic finger was recorded at 0.64 s. This
translates to an average flexion speed of 2.8 rad/s. Although this is only a fraction of the speed capable of the
human hand, it is comparable to current robotic hands and
prostheses [5] [13].

Figure 1 The anthropomorphic robotic hand was designed
to be cost-effective, fully dexterous, and lightweight. The
entire hand was bolted onto a solid base to prevent shifting
of  the  hand  during  ﬂexion.

2.2

Simulated online BMI

In order to elaborate and test our BMI algorithms
we simulated an online brain computer interface in a
MATLAB graphical interface connected to the robotic
hand and with the option of connecting to a g.USBamp
(Guger Technologies, Graz, Austria). The connection
with the robotic hand was established using a direct SSC32 connection and a serial object from MATLAB and Real-Time Windows Target for Windows XP. An initialization command was sent to the robot hand to set its status
to fully open before the start of the experiment. Written
m-file functions tested the connection and set the joint
angle by sending the predefined speed and direction values to servomotors (GWS, Taiwan) with maximum speed
360°/1.28 s.

2.2.1

Experimental setup – virtual hand

Ten healthy volunteer subjects (Five male, Five
female, mean age: 27.6) participated in the experiments of
this study. All subjects except S5 were right handed. The
subjects were naïve without any previous experience for
BMI experiments. Monopolar EEG signals were recorded
by means of a g.USBamp at the sampling rate of 256
(samples/s) from positions F3, F4, Fz, C3, C4, Cz, and Pz
by Ag/AgCl scalp electrodes mounted according to the
10-20 system and then were low-pass filtered with a cutoff of 45 Hz using Butterworth filter order 10. During the
experiments  impedances  were  kept  below  5  kΩ.  Each  epoch of 3840 points comprised 26 Hanning-windowed,
512-point data windows with 75% overlap. An electrode
was placed above the left eyebrow line to record the eye
blinks. An adaptive filter-based eye blink correction was
applied [6]. All channels were recorded with the reference
electrode located on the right earlobe and a ground elec-
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trode at the left earlobe. A resting period of about 5 minutes was enforced between each run.
In this BMI paradigm a simple scenario was designed to address two states of brain activity, relaxation
and imagination of hand grasp. EEG data was continuously collected and then segmented based on the synchronization flag.
At the start of a trial, a blank screen was shown to
the subject for 1s. The subject then observed an opened
hand on the screen indicating the onset of the relaxation
phase. In this period the subject should not perform any
speciﬁc  mental  task  but  to  try  keeping  the  hand  open  for  5
s. Following the relaxation phase, as displayed in Figure
2, the hand re-opened again (in case it was partially
closed before), a ball began to fall and by reaching the
virtual palm the second phase of the trial started. This
transient phase was fixed and consisted of four images
displayed every 0.5 second (total of 2 s). This phase cued
the subject to begin imagining a grasp motion. At 7 s after
onset of the trial, an active feedback phase was started.
The entire feedback phase lasted 12 s. In the last 5 s, the
user was asked to imagine a hand grasp action by grasping the ball (i.e., closing phase). The period of the trial
between the time when the red ball appeared on the screen
and the end of grasp imagination was treated as the
“grasp” class during the recording experiments; meaning
that a single binary classifier was trained to distinguish
between the relaxed and movement classes.

Figure 2 Experimental set up for virtual hand grasp and
open control. Ten subjects participated in online sessions.
Each trial lasted 12s and consisted of 5s idle state, 2s
preparation for imagination followed by 5s of imagination
of hand grasp [6].

2.2.2

Experimental setup – the robotic hand

In this section we investigated the feasibility of exploiting the BMI system to operate the prosthetic hand. In
our experimental setup actual use of the robot hand was
the physical ramification of the virtual hand. The anthropomorphic robotic hand only requires high-level commands from the user and is able to handle more complex
tasks autonomously. The system reads the recorded data in
a simulated online paradigm and the implemented algorithm classifies each segment of the data and sends the corresponding  command  to  the  robotic  hand  for  either  “hold”  
or   “grasp”   states. In the current configuration a separate
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Signal processing

The computational aspects of the study are presented in the following. The main goal is to train a binary
classifier using the segmented brain signals. The body of
the computational part of system consists of extracting the
feature vector from each recorded EEG channel (F3, F4,
Fz, C3, C4, Cz and Pz) and import them to an ensemble
classifier, including 7 classifiers for each EEG channel.
The decision making step is done at the end to send a
command of either 0 (hold) or 1 (grasp) to the hand. Each
command causes both the simulated and the prosthetic
hand to flex or extend a tenth of its range. This means that
the hand will become completely closed after ten consecutive grasp commands.

Estimated Parametric Bispectrum

Estimated Parametric Bispectrum

30

30

25

25

20

20

f2

2.3

In order to construct a feature set based on the higher order
spectrum, six characteristics were extracted from each
EEG trial: maximum and minimum values of bicoherence,
average power and the distance from the center (maximum
frequency coherence) along with kurtosis and skewness
values. These six bispectrum estimates were extracted
from each of the 7 EEG channels (= 42 features) along
with 4 broad-band parameters from the power spectrum
(theta, alpha, beta, gamma bands, × 7 = 28).

f2

command was sent to each finger leading to one step
“grasp”,  or  “hold”  actions.
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2.3.1

Feature extraction based on power band and
higher order statistics (HOS)
Considering the nonlinear and nongausian behavior
of brain signals, we hypothesize that the features extracted from higher order spectrum (N>2) are able to distinguish between the two states of the brain which are of
our interest in this application.
The higher-order spectrum as an extension of the
Fourier spectrum uses higher moments for spectral estimates. By eliminating the effects of Gaussian random
processes, HOS is able to reveal non-Gaussian and
nonlinear characteristics in complex patterns such as EEG
time series [8]. The system was evaluated using a combined feature space (power band and HOS features).
8
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The new feature space has a lower dimension and
thus reduces the computational cost and at the same time
improves the classification accuracy by ignoring the irrelevant features. Here the final feature subset was selected
based on mRMR algorithm in an offline study [14]. The
mRMR technique searches for the most independent features by minimizing the mutual information between the
features and also finds the most informative feature which
leads to a higher classification accuracy. HOS features
were mostly selected as the first or the second-most important features in each channel.
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Figure 4 Estimated parametric bispectrum demonstrates
the higher order dependency in different brain states in the
current dataset. Units on x- and y-axis are frequency (Hz).
Colors show the magnitude of bispectrum in 𝑉 /𝐻𝑧 ,
white areas between the isolines show interpolated values.
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Ensemble Classifications

A   way   to   reduce   the   inﬂuence   of   signal   variability  
in 10000
the classification problem is to use an ensemble of
classiﬁers  approach [15]. The simplest way to combine different classifiers in a process of decision making is voting.
In this method a predefined set of classifiers is trained using a subset of the dataset. In our application for hand
prosthesis control, each classifier is trained using the features extracted from an EEG channel. Figure 5 depicts the
block diagram of the proposed method.
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Figure 3 (Top) Grand mean waveform at the C3 electrode
locations. (Bottom)Time-Frequency analysis based on
ERSP during relaxation and imagination phases. Plotted
using EEGLab toolbox in MATLAB.
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Figure 5 The proposed strategy for ensemble classification
employed on this BMI application, called concatenation.
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For this application after selecting the features we employed a kernel-based support vector machine (SVM) classifier in order to deal with the non-linearity of the new feature space (N=2 × 7). The final decision is made based on
the highest number of classifiers which predicts the specific class. As an alternative we compared the results in an
offline study for fusion and concatenation strategies for
decision making.

3

Results and Discussion

In order to evaluate our current BMI system we
used the Matthew’s   correlation   coefficient   which is a
measure of the quality of binary classification and ranges
from –1   ≤   MCC   ≤   1.   The   best   possible   prediction   is  
achieved when the MCC value is equal to 1. Random prediction results would be expected by MCC = 0. Here, TP,
TN, FP and FN are true positive, true negative, false positive, and false negative values.
    𝑀𝐶𝐶 =

(𝑇𝑃 ∗ 𝑇𝑁 − 𝐹𝑃 ∗ 𝐹𝑁)
(𝑇𝑃 + 𝐹𝑃)(𝑇𝑁 + 𝐹𝑁)(𝑇𝑃 + 𝐹𝑁)(𝑇𝑁 + 𝐹𝑃)

Matthew’s  correlation  coefficient  

The voting algorithm on average improved the TP
and TN values and, consequently, the MCC factor and led
to higher ITRs. Figure 6 demonstrates the MCC values.
Ensemble classification has higher MCC values in all subjects with smaller inter-subject variation (mean = 0.467,
var = 0.0042) in comparison to single SVM (mean = 0.29,
var = 0.0089). This result suggests our proposed method
is more robust.
Ensemble SVM
Single SVM

0.6

0.5

0.4

0.3

0.2

0.1

S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

Figure 6 Averaged MCC values for the current dataset
calculated for ten subjects using two different classification techniques.
Using current technology one already communicates in a different manner with both the surrounding
physical world and any virtual environment. In this paper
we introduced a practical BMI system for hand prosthesis
control. The system was evaluated using a combined feature space (power band and HOS features). Here the final
feature subset was selected based on the mRMR algorithm in an offline study. It can be argued that HOS features along with common power band features are appropriate candidates for designing BMI systems. For classifi-
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cation purposes an ensemble classifier was proposed. By
applying this method the combination of the robot and the
BMI system achieved a higher information transfer rate
(ITR) and MCC. For a few subjects (S2, S4 and S5) the
classifier tends to be biased towards a class. In general,
the classifier has low variance in different runs, which
demonstrates the robustness of the entire system. The results suggest that the proposed system may be feasible for
real life applications. The affordable system may help
amputees and paralyzed people in the near future.

4
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Results
Potassium phosphate coated magnesium discs
compared to untreated or magnesium hydroxide
coated implants reduced the initial hydrogen
accumulation in- vitro as well as in a mouse model.
These discs also showed good cell compatibility
with mouse fibroblasts. The calcium and
phosphorus layer also accumulated on the surface
of all implants investigated. No inflammatory
response was observed around phosphate coated
discs after implantation in the mouse model.

Conclusion
Potassium phosphate coatings on magnesium
surfaces reduce the initial high rate of hydrogen
generation and improve the biocompatibility of
such implants.

material;

Introduction
Magnesium has promising mechanical properties as
a degradable implant material for temporary
applications. A major hurdle towards clinical
applications is the rapid initial degradation rate
leading to hydrogen gas accumulation. At later time
points a corrosion layer on magnesium surface
containing magnesium hydroxide and organic
compounds is formed. After the formation of such
a corrosion layer, the degradation rate of
magnesium is reduced and with it also the
hydrogen production. Therefore, present study aims
at testing of pre-coated magnesium with
phosphorus or magnesium hydroxide prior to its
application to alleviate the initial rapid degradation
rate.

Methods
Magnesium alloy samples as discs were coated
with magnesium hydroxide or with potassium
phosphate. The presence of the coating was
confirmed microscopically and by energy
dispersive x-ray spectroscopy (EDX), X-ray
diffraction analysis (XRD) and scanning electron
microscopy (SEM).
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Implant associated microbial infections are highly resistant to conventional antibiotic treatments . There is a
need of novel implant materials that anatgonise bacterial colonization and reliable test systems to detect such
infections at an early stage. Major criteria for novel
biomaterials are the compliance to the requirements for
biocompatibility and mechanical stability. To this end,
animal models have been established to test the interactions of the implant with tissues. Inflammatory responses to biomaterials includes the recruitment of
immune cells such as macrophages or neutrophils.
These cells produce typical inflammation associated
products like reactive oxygen species (ROS) and proteases. For the evaluation of novel prospective implant
materials, non invasive in vivo imaging of such products could be employed advantageously to monitor the
extent and the kinetics of inflammation. Implants with
and without heat killed (HK) bacteria were used to represent biocompatible and inflammatory or infected implants respectively. Reactive oxygen species was imaged using a chemical sensor produced from cyanines,
which on oxidation by reactive oxygen species becomes fluorescent in vivo [1]. An alternative strategy
investigated was to target proteases like cathepsins

produced by immune cells using a protease activatable
fluorophore. In addition, neutrophil accumulation was
imaged by adoptive transfer of isolated neutrophils
from luciferase positive mouse [2]. Differential increase in production of ROS and cathepsins was observed in response to HK bacteria which was 1.5 fold
higher to the implant without bacteria. While, neutrophils migrated to the site of implant with HK bacteria
with 2.5 fold intensity as compared to implant. In conclusion, imaging of adoptively transferred neutrophils
showed larger differences and precise quantification
and therefore, seems to be the promising strategy to
monitor inflammation

References
1.

2.

Selvam, S., et al., Minimally invasive, longitudinal
monitoring of biomaterial-associated inflammation
by fluorescence imaging. Biomaterials, 2011.
32(31): p. 7785-92.
Pulverer, J.E., et al., Temporal and spatial
resolution of type I and III interferon responses in
vivo. J Virol, 2010. 84(17): p. 8626-38.

Brought to you by | Gazi Universitesi
Authenticated
Download Date | 1/14/16 9:20 AM

Biomed Tech 2014; 59 (s1) © 2014 by Walter de Gruyter • Berlin • Boston. DOI 10.1515/bmt-2014-5014

S1158

An enhanced 3D Model of the human middle ear
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Introduction
An anatomically correct 3D model of the auditory ossicles is the crucial first step in reconstruction of physiologically
optimised middle ear prostheses. For this purpose different methods has been described to generate a proper model for
simulation of the ossicluar chain including inner structures of the ossicles, the blood vessel system and the cartilaginous
areas (Anson and Winch, 1974; Hamberger et al., 1963; Nager and Nager, 1953).

Methods
A human temporal bone from a 56 year old man was embedded in epoxy resin (SpeciFix 20 Kit, Struers A/S, Rodoyre,
Denmark). Afterwards it was examined by micro computer tomography (Scanco Medical µCT80) and mikrogrinding.
151 layers were ground and 20.996 histological images were taken with a digital camera (AxioCam MRc, Zeiss) attached to a microscope (SteREO Discovery.V20, Zeiss).
Single auditory ossicles from another adult were also examined by micro computer tomography.
The three dimensional designing of the three different models were realized with the CAD program Rhinoceros® 5 (64bit; McNeel).

Results
The microCT of the ossicles from the embedded temporal bone recognizes only the bigger blood vessels and cartilage
areas inside the ossicles.
By analysing the microCT of the single ossicles more inner structures are visible, but blood vessels and cartilage are not
differentiated.
Only the microgrinding model reveals all inner structures and allows visually differentiation of all tissue components in
and around the ossicles.

Conclusion
For displaying the inner structures of the ossicles in a model, microgrinding is the preferable choice, because it makes
finer structures visible which cannot be rendered with micro computer tomography due to the quantum noise of the epoxy resin by using an embedded specimen. Scanning single bones displays the inner structures, but differentiating of the
tissue components is not possible and all fixation points to the tympanic wall are lost.
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Control concept of an bionic knee prosthesis
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Introduction
Developing control concepts for embedded control units in bionic devices can be a challenge due to a wide range of requirements and environment conditions. An important factor in the early development phase. Scope of this presentation
is an active powered bionic knee, designed with focus on energy and cost efficiency and its control system. With the
growth of vascular diseases, such devices will be of increased importance to preserve quality of living.

Methods
One main characteristic of the control system for the knee is its modular design and the re-use of control concepts from
other industries. As in the first implementation phase variability is more important than minimal size, all components
are connected via rather simple interfaces so they can be developed and tested independently. The platform includes an
FPGA-based control core, which provides the needed design flexibility as also high computing performance and determinism. Data flow structure as also motion parameters can be modified in the running system. Sensing of the gait process and environment influence is done by an inertial measurement unit.

Results
First tests with a prototype under different operation points demonstrate the ability of generating the needed torque and
velocity within a limited amount of weight. Evaluation of the inertial sensor unit shows the ability to recognize the current state in the gait cycle. Due to the open, observable data paths in the control system it is possible to trace and modify
relevant signals as also exchange single modules with simulated data.

Conclusion
The presented concept has shown its suitability for controlling a bionic knee in a gait laboratory. Further work has to be
done for the reliable selecting of adequate motion profile dependant on real environment conditions. With the completion of the algorithm development, the system can be optimized for maximum integration density.
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Evaluation of Osseointegration of Titanium Alloyed Implants: A
Comparison of Micro-computed Tomography and Histomorphometry
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Introduction
Two-dimensional (2D) histmorphometry has been proven to be a reliable method to provide both qualitative and quantitative information to evaluate osseointegration of implants. Although, it is time consuming, destructive, cost-intensive
and the results based only on one or a few implant sections. Micro-computed tomography (µCT) yields threedimensional (3D) informations in short time but the evaluation of bone-implant-contact is the subject of controversial
discussion. The study compared the results of bone-implant contact (BIC) evaluated by µCT as well as 2D histomorphometry.

Methods
In total, 19 costom-made conical titanium alloyed (Ti6Al4V) implants were inserted in the distal tibia of 13 SpragueDawley rats. Different surface configurations were examined: Ti6Al4V implants with plasma-polymerized allylamine
(PPAAm) coating (n=5) and plasma-polymerized ethylenediamine (PPEDA) coating (n=7) versus uncoated (n=6). After
six weeks postoperatively, tibiae were explanted and BIC was determined first by µCT (3D) and afterwards by histmorphometry (2D).

Results
Uncoated Ti6Al4V implants showed lowest BIC (± SD) in histomorphometry (29.7 ± 25.8 %) and µCT
(49.9 ± 10,9 %). PPAAm coated implants showed a slight, non-significant increase in BIC (histomorphometry: 44.9 ± 20.0 %; µCT: 51.9 ± 11.5 %) and implants with PPEDA coating revealed a clear but not significant increase
in BIC (histomorphometry: 54.1 ± 17.6 %; µCT: 63.2 ± 9.4 %). Mean BIC calculated by µCT is significant higher for
all surface modifactions compared to BIC detected by histomorphometry. Furthermore, there is an obvious decrease in
standard deviation (SD) when BIC is evaluated by µCT. Overall, high correlation coefficient of 0.717 (p < 0.001) was
found between 3D and 2D quantification of BIC.

Conclusion
µCT is a nondestructive and precise procedure to gain 3D imaging of the whole implant geometry. Although µCT has
limitations in case of metallic specimens (streak artifacts), it is a valuable technique to evaluate osseointegration of titanium implants.

Keywords
osseointegration; micro-CT; histomorphometry; animal experiment
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A novel concept for active electrical stimulation of the osseointegration of an uncemented total hip stem
C. Ebner, Y. Su, U. Zimmermann, U. v. Rienen, R. Bader
Department of Orthopaedics, University Medicine Rostock, Rostock, Germany
Institute of General Electrics, University of Rostock, Rostock, Germany
catherine.ebner@med.uni-rostock.de

Introduction
Surface modifications (bioactive coatings) were developed extensively in order to stimulate bone ongrowth and therefore increase the secondary stability of total hip stems due to an increase of the survival time. So far, there are no solutions which stimulate the ongrowth of bone cells actively using electromagnetic fields. The objective of this study was
to develop a concept for active electrical stimulation of the osseointegration of an uncemented total hip stem.

Methods
An electrode integrated in a commercially available straight total hip stem (Ti6Al4V) was designed. Therefore the implant was modified by a notch into its anterior side. The depth was defined to 1.5 mm. The width of 3 mm was determined to allow adequate isolation (isolation material: ZiO2) behaviour between the first electrode (Ti6Al4V wire) and
the second electrode (implant body). The two electrodes were connected to the power supply by two cables.
The implant was tested in a porcine femur by measuring the electrical potential on different points in a specific pattern
5 mm in depth of the femur. The electrodes were supplied with an alternating voltage (6V, 20Hz).

Results
A homogenous distribution of the electrical field on the implant surface was achieved. The highest potential was detected within the bone marrow with 800 mV. Measurements 5 mm in depth was detected between 250 and 400 mV.

Conclusion
Electrical stimulation shows a high potential for stimulating osseointegration of the total hip stem. Additional numerical
studies will focus on the optimization of number and size of the first electrodes at the hip stem. Furthermore, a telemetry unit for power supply will be integrated in the total hip stem.
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Surgery-integrated and simulation-assisted shape design and
placement of patella implants
Denkena, B.; Böß, V.; Uhlich, F.
Institute of Production Engineering and Machine Tools, Leibniz Universität Hannover, Germany, uhlich@ifw.unihannover.de

Introduction
Computer-assisted customization of patella implants and its placement could reduce complaints and revision surgeries
by considering the patient’s individual anatomy and preserving the original movement. The capturing of the modified
joint has to take place during surgery and requires the design and manufacturing of the implants to take place during
surgery as well. The presented methods are essential steps toward the realization of customized patella implants.

Methods
The movement of the patella is captured during the surgery using passive markers fixed on the patella and a surgical
navigation software. A software framework is developed to simulate a knee model and its movement.

Results
The obtained dynamic data describes the  patella’s  original  trajectory  and  is  used  to  move  a  digital  model  of  the  joint.  
The simulation is capable of modifying the patella shape and placement. By analyzing the intersection of the involved
joint parts in every single step, conclusions towards the fitness of a certain shape and placement can be drawn. The
evaluation considers both the deflection compared to the original trajectory and the contact area. The calculated shape is
used to automatically modify the manufacturing process.

Conclusion
The described method to design a suitable individual implant provides reasonable results when using a simplified knee
model.
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Figure 1: The Developed software showing a knee model
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Concept, design and construction of an active supporting foot prosthesis
J. Schönherr, M. Müller, B.Glasmacher
Institute for Multiphase Processes, Leibniz University Hannover

Abstract
Numerous foot prostheses are currently on the market for persons with an amputations at the lower extremity. The common prosthesis is passive, causing many clinical problems, including non-symmetric gait patterns, poorer shock absorption, and higher gait metabolism. This has lead to gradually more attention being paid to the incorporation of active elements  in  prosthetics  since  the  1990’s.  However,  most  of  these  devices  are  still  on  research  level.  Those  which  were  made  
market ready still have disadvantages such as, high weights, low battery capacity or an insufficient energetically support
of the gait. In this paper an active foot prosthetic model was developed using a wide requirement catalogue. Following
the recent literature the concept implements the idea of a series elastic actuator (SEA) and a second parallel-arranged
spring. The series spring reduces the peak output and absorbs shocks from the actuator. The prosthetic model is built on
a market available passive foot prosthesis, which obtains good elastic properties. The implemention of a parallel spring
stores energy during the stance-phase and supports the push off. The maximum range of motion (20° plantar-flection and
13° dorsal-flection) enables walking on level-ground as good as on a ramp or stairs. This concept yields a prosthetic
model that compensates the downfalls of the current model, and facilitates an improvement of the everyday life of the
user.

1

Introduction

Today more than 40.000 people annually have to have amputations at the lower extremity in Germany1. Exoprostheses make some cosmetic and functional compensation. The
common foot prostheses are normally completely passive
during the stance-phase of walking. Leaf springs are used
to save and restore energy while walking2. The human foot
however functions with much greater complexity, with
muscles and ligaments generating moments such as 143
Nm while plain walking. The greatest different between
conventional foot prosthesis and the human ankle is its
ability to provide net positive mechanical work, especially
at moderate to fast walking speeds. This difference ensues
many clinical problems during locomotion, including nonsymmetric gait patterns, slower self-selected walking
speeds, and higher gait metabolic rated compared to intact
individuals3,4.
This has motivated the development of powered foot prostheses, capable of providing sufficient active mechanical
power during the stance period of walking.
Foot prostheses have become more and more complex, using flexible carbon fiber parts and microprocessor-driven
motors for active mechanical control of the prosthesis.
This enables a more natural and energy efficient walking
pattern on level-ground as well as on stairs or on ramps2.
The main principle used by active foot prosthesis is the series elastic actuator (SEA). The SEA which was engineered for robot technology acts as a force controllable actuator. A SEA compromises of a DC motor in series with a
spring via mechanical transmission. It enables force control by controlling the extent the series spring is compressed. It is possible to obtain the force applied to the

load by measuring the deflection of the series spring5.
Major part research development on prosthetic feet using
electrical actuators was developed at Massachusetts Institute of Technology (MIT). Au et al. engineered a powered
foot prosthesis that imitates normal ankle behaviour (copare to image 1). This system uses a combination of a SEA
and a parallel spring to provide desired requirements for
normal walking6.

Image 1: The active ankle “Biom” (iWalk, USA)7 (left)
and the bionic foot ‘Proprio Foot’ (Össur, Neatherlands)8
To assist with the gait support a group of foot prostheses
has  been  developed  called  “bionic  foot”.  This  system  is  not  
a true actively powered foot because it does not provide
more power to the user than the power stored during gait.
It supports with changing the neutral position in an
unloaded condition. Currently, there is only one commercially bionic foot available on the market – “Proprio  Foot”,  
manufactured and developed by Össur (Neatherlands)8.
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Development of the Concept

The active foot prosthesis shall be designed to support an
active user to manage the every day life better. That implies walking on level-ground, stairs and ramps up to 15°
as well as wearing shoes with different highs.
One of the main questions in developing an active ankle is
the scope of the energetical support. To gain understanding
of the importance of the required energy while walking is
demonstrated by an ankle-moment versus ankle-angle
plot8. This allows for comparison of the necessary generated energy (for movement) between an intact ankle and a
passive foot prosthesis. Image 2 shows the hysteresis loop
of an intact ankle.

Image 2: Ankle-moment versus ankle-angle plotted for the
physiological gait, normal gait walking speed on levelground8
Positive angles means, dorsal flection. Point A represents
the moment of initial heel contact. At B, the whole foot
touches the ground. Point C shows the moment of maximum ankle torque and in D the toe-off the ground. The
hysteresis loop moves in counter clockwise rotation, which
means energy is generated in the system.

Image 3: Ankle-moment versus ankle-angle plotted for a
transtibial amputee with passive foot prosthesis, normal
gait walking speed on level-ground8.

S1166

Image 3 shows a characteristic plot of amputee walking
with a conventional foot prosthesis.The hysteresis loop
moves clockwise rotation and this shows that energy is
dissipated. The maximum plantar-flexor moment reaches
only 1 Nm/kg Bodyweight, which is low in comparison to
healthy walking9.
This comparison shows the necessity of the generated energy. The human foot produces the energy, which is also
uses by knee and hip to move forward. If this energy is
missing, the body has to compensate and leads to several
issues described below.
The active ankle Biom is able to generate moment and ankle behaviours that are similar to the physical ones. However this prosthetic has considerable disadvantages. The
strong energy support and the high distal weight caused by
the powerful motor, leads to a massive swing movement.
Therefore the user has to generate energy to compensate
it9,10. The bionic foot systems, like Proprio Foot, have an
alternative approach that supports the gait and spare
weight and installation space. Their bionic foot increases
the range of motion with an adjustable neutral position.
This simplifies walking on ramps and stairs11. However, it
certainly does not solve the problem of restoring the missing energy. This work develops a model between these approaches. The challenge was to minimize the installation
space and to get at the same time the required energy support.
The second, and also of high important question was to
configure the assembly of the main components. Following the current literature the developed concept uses a SEA
and a second parallel-arranged spring.

3

The final Concept

The final concept was the result of the trials to arrange the
necessary components in different pre-concepts.

3.1

Design and function

The final concept tries to fulfill all the necessary requirements including low weight, small installation space and
efficient energy support. A good possible location to place
the motor is in the naturally available space of the ankle.
This concept includes a pancake motor, which is located
coaxial to the ankle axis (compare to Image 4). Moreover,
it uses a passive carbon foot structure that promises good
elastic properties.
The motor is part of the core element, the SEA and a second spring, which works parallel. A torsional wave,
which is used as the main axis in the foot prosthesis describes the series spring.
A u-shaped flat-spring fulfills the function of a parallel
spring. The prosthesis supports the gait at the end of the
stance-phase (push-off) by using the energy of the motor
and the parallel spring, which is loaded during overrun in
stance phase. The series spring absorbs shocks and reduces
the peak power of the motor.
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The parallel arranged flat-spring has an effect when the
neutral position is reached. It is compressed by the dorsalstop and releases the energy while pushing off of the
ground.

3.2

The function is shown in the following surrogate model
(Image 5).

Image 5: Functional surrogate
To manage daily tasks it is necessary to have a range of
motion from 20° plantar-flection and 10° dorsal-flection12.
This requirement is adhered by the prosthesis (compare to
Image 6). The range of motion is 20° plantar-flection and
during deformation of the flat spring a dorsal-flection of
15° is reachable.

Computation

The most strength-releated components are the flat-spring,
and the torsional wave. The flat-spring gets a mechanical
load, when the dorsal stop is deforming it. To find the optimal size, the spring was approximately analytical computated as well as analysed with finite element method. The
suitable material for the torsional wave was dependent
from the necessary spring stiffness. Using the SaintVernant’s   Principle   an   approximate   computation   is   possible13. The computation yields that titanium offers more
spring-energy than spring steel. Therefore it was chosen
for this component.

4

Image 4: The final concept with name main components
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Conclusion and outlook

This work developed a concept of a foot prosthesis that
tries to fullfill the necessary requirements for an ideal active foot prosthetic model. This implies the user receives
essential support during the push off while maintaining an
ideal weight, installation space, design height, with minimal noise generation and the battery serve life maximized.
The final concept uses a series elastic actuator and a parallel arranged flat-spring. The series spring reduces the peak
output and absorbs shocks from the actuator. The prosthesis is built on a passive foot prosthesis, which maintains
good elastical properties. This has been shown to be especially beneficial, especially while using the prosthesis in
passive mode (for example with an empty accumulator).
Moreover, the parallel spring stores energy during the
stance phase and supports the push off. The maximum
range of motion is 20° plantar-flection and 13° dorsalflection. This enables walking on level-ground as good as
on a ramp or on stairs. The prosthesis is burded with moments up to 300 Nm. An estimated computation was done
for all the strength-releated components and adapted to the
requirements. All in all, the prosthesis uses the given installation space and therefore enables wearing normal
shoes, moreover the design height is not to high, so many
amputees can be included in the user group. The final motor-gear has not yet been chosen. Therefore the total
weight as well as, the final energetical support are currently unknown and will be assessed in future research.
This thesis yields a concept for an active foot prosthesis,
which is an alternative to current devices. The concept satisfies the necessary requirements and compensates the disadvantages of existing systems. The main aim of developing a prosthesis that facilitates the everyday life of the user
is achieved.

Image 6: the maximal positions : α=20 ° plantar-flection,
neutral position and β=15° dorsal-extension
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New nanofillers and antibacterial concepts for
dental composites
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b
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c
Clinic for Prosthetic Dentistry and Biomedical Materials Science, Hannover Medical School, Germany

Introduction
Restorative dental composite materials contain inorganic fillers in photo-polymerizable organic resins. Common fillers
are nanoscale silica particles which are spherical in shape. By using non-spherical silica particles the mechanical properties of the composite materials should be enhanced due to entanglement and bridging effects.[1] However, naturally
occurring anisotropic crystalline silicate may not be biocompatible.[2] Thus amorphous and mesoporous anisotropic silica particles have been prepared and tested as fillers in dental composites. Additionally, composites containing antibacterial organic resins[3] or nanoparticles[4] should prevent infections and secondary caries.

Methods
Nanoscale mesoporous silica particles can be synthesized via the sol-gel route using surfactants as structure directing
agents and tetraethoxysilane and 3-mercaptopropylsilane as silicon sources.[5] Functionalization of the silica fillers
with methacrylate groups is applied in order create covalent bonds between the inorganic surface and the organic matrix
and to adjust the polarity of the surface. The effect of functionalized mesoporous silica spheres and fibers on the mechanical properties of the composite was compared to that of commercial spherical silica, as analyzed by three-point
flexural   tests   and   Vicker’s   hardness   tests.   Additionally,   PEI-nanoparticles were synthesized and integrated in dental
composites to generate antibacterial effects.

Results
By variation of synthesis parameters, amorphous silica particles of varying morphology were obtained, e.g. spheres, fibers, spirals or platelets. The functionalized silica spheres and fibers can improve significantly the mechanical properties of the composite materials in comparison to conventional spherical fillers. The incorporation of very small amounts
of organic Polyethylenimin (PEI) nanoparticles results in a significant reduction of adherent bacteria, however this effect involves also a significantly declined biocompatibility. The substitution of the conventional dental organic matrix
by a resin with incorporated antibacterial functional groups also reduces adherent bacteria significantly and might results in enhanced biocompatibility.

Conclusion
Various anisotropic silica nanoparticles have been synthesized, modified with methacrylate groups and incorporated into a polymer matrix. The effects of particle shape and functionalization on the mechanical properties of the composites
were investigated. Additionally, antibacterial effects could be generated with nanoparticles and organic resins.
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Abstract
Peri-implantitis is a serious infection of dental implants with incidence rates of up to 30% which may cause periimplant bone loss and implant failure. Peri-implant infections are caused by bacterial biofilms and are therefore
difficult to treat by antibiotics. Several prevention strategies have been proposed including antimicrobial
coatings of the implants or sophisticated drug release systems. However, to optimize these systems the bacteria
species responsible for the infections have to be known. The present study investigated the microbial diversity of
peri-implantitis infections and correlated them with patient data. From 10 patients with peri-implantitis, the
supra- and subgingival sulcus fluid of the infected implants, healthy implants and residual teeth were sampled,
giving in total 46 samples. The microbial communities were assessed by single strand conformation
polymorphism based on 16S rRNA genes. The resulting gels were compared using GelCompare software. DNA
from the main bands was sequenced and identified by comparison with sequences of known species. From the
biofilm communities more than 60 different species could be identified revealing a large microbial diversity
involved in peri-implantitis. Comparing the different biofilm communities the closest related communities were
always those from the same patient regardless whether they were from infected or healthy implants. No clear
pathogen was found common to most of the infections. A significant correlation could be found between the
compositions of the bacterial communities and the position of the implants. Multivariate statistical analyses
identified 13 bacteria species responsible for this remarkable difference showing that different bacteria are
involved in peri-implantitis of incisors and molars. The finding of very diverse microbial communities in periimplantitis points to a breakdown of the barrier function of the gingiva causing the disease. The differences
observed in incisor and molar biofilms may require different antimicrobial coatings of implants to optimize their
effect against dental biofilm infections.
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Introduction
The lifespan of dental implants made from zirconia-based ceramics substantially depends on the surface and subsurface
properties due to finishing by grinding or polishing. Besides inner defects likes pores, the main reasons for implant failure
are defects of the subsurface area like mircrocracks or local distortions of the crystal lattice, caused by phase transformation as a result of the machining process. Within the Collaborative Research Centre 599  “Sustainable  bioresorbable  
and  permanent  implants  of  metallic  and  ceramic  materials”  an automated process chain for new damage-tolerant zirconiabased materials is being developed. In preliminary investigations the new materials showed a higher resistance against
surface damage, because the reduction of strength, due to the intentionally damage with an indenter, is shifted to higher
loads in comparison the conventional 3Y-TZP. The aim of this research is to investigate the reduction of strength after a
grinding process and determine process limits.

Methods
The strength of the new ceramics were tested with a four-point bending test, after grinding within a wide range of the
parameters cutting speed vc, feed velocity vf, and width of cut ae, in order to provoke surface damage. For the grinding
experiments electroplated diamond tools were used. Process forces, workpiece roughness, phase transformation, bending
strength and tool wear were measured and the appearance of microcracks was examined.

Results
The effect of the wide range of process parameter on the bending strength was determined. Besides the reinforcement due
to stabilization by oxides there must be a second currently unknown mechanism of reinforcement.

Conclusion
The productivity of grinding, the process limits and the effect of process parameter on the strength reduction of the developed zirconia-based ceramics are known. With this knowledge, the process can be adjusted to get a damage-free finishing without reducing the strength in order to improve reliability of the dental implant significantly.
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Introduction
In recent years, zirconia proved suitable for the fabrication of dental implants. Additionally, zirconia exhibits
excellent mechanical properties and aesthetic appearance and is therefore widely used for the construction
of dental crowns, bridges, abutments and other restorations [1]. At ambient temperature, pure zirconia is stable in its monoclinic modification but can be stabilized
in the tetragonal modification by the addition of oxides
such as Y2O3 or CeO2 [2; 3]. Possible tetragonal-tomonoclinic (t→m) phase transformation is accompanied by a toughening effect [4]. Highest strength is observed with 3Y-TZP (ZrO2 with 3 mol% Y2O3). Premature t→m transformation in humid atmosphere, however, might produce microcracks and cause lowtemperature degradation (LTD) [5]. Therefore, the suitability of PVD coatings for prevention of LTD was investigated.

specimens, especially in those with titania-aluminatitania multilayers. Mechanical testing revealed a decrease in strength by about 10 % over the whole observation period irrespective of the presence of a coating.

Methods
Polished 3Y-TZP specimens (Vita, Bad Säckingen,
Germany) were covered with different PVD coatings
consisting of titania and titania/alumina/titania multilayers. These were applied by magnetron-sputtering.
Accelerated LTD was provoked by storage in an autoclave in water vapour at 134 °C and 3 bar. The degree
of t→m transformation during hydrothermal aging was
assessed by X-ray diffraction (XRD), the effect on
flexural strength was determined in biaxial bending
tests according to ISO 6872.
Table 1: Overview of the specimens investigated
Number of
specimens

Composition
PVD coating

Control

10

none

Ti

10

TixOy

TAT

10

TixOy-AlxOy-TixOy

Sample ID

of
Figure 1: Monoclinic phase content and flexural strength of
uncoated (control) and coated zirconia during hydrothermal
aging

Conclusion
Results
XRD experiments disclosed an increase of near-surface
monoclinic phase content up to about 75 % for all
specimens during 128 h of hydrothermal aging. However, up to an aging duration of 32 h, the t→m transformation was significantly retarded in PVD coated

Transparent PVD coatings are an appropriate means to
retard the t→m transformation by preventing direct
contact between humid atmosphere and zirconia surface. Additionally, the aesthetic appearance of the 3YTZP ceramic is retained.
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Abstract
In all medical disciplines, it is becoming increasingly important to avoid or combat implant-associated biofilms. One
possible strategy focuses on the development of antibacterial implant surfaces; this can range from structural or chemical
functionalization of the surface in various ways, to the integration of drug release systems for antibiotics, antimicrobial
peptides or nanoparticles. To guarantee efficient selection of effective implant surfaces from a broad variety of candidates, in vitro and in vivo methods have been established to investigate the suppression of relevant pathogens, biocompatibility with host tissue and function at the implantation site.

1

Introduction

In nearly all medical fields in this ever-aging society, implants have become more and more important in the replacement of lost organ function. About one million dental
implants are inserted annually in Germany alone for functional rehabilitation after tooth loss. Biofilm-related implant infections have been reported to occur in 30% of
dental implants. These are accompanied by progressive
destruction of the surrounding tissues, that leads to severe
functional restrictions and the risk of implant loss and
sometimes even systemic effects [1, 2, 3, 4, 5].
In most cases, drug therapy is less effective, since antibiotics exhibit inadequate activity against bacterial colonisation on artificial implant materials, especially when the
bacteria are already organized in complex biofilms [6]. A
common attribute of biofilms is their persistent nature and
their increased resilience and resistance to external influences, including antiseptics, antibiotics, and host defences.
This is due to a number of factors, including the production of extracellular polymeric substance (EPS), which acts
as bacterial scaffolding, together with the strong physicochemical cell-surface and cell-cell interactions within a
biofilm and altered growth rates due to metabolic interactions.
To prevent peri-implant infections, biofilm formation on
implant surfaces must be reduced. Research must concentrate on the development of implant surfaces which reduce
biofilm formation, and simultaneously improve adhesion
of human cells such as fibroblasts. We therefore formulated an integrated research approach, which we term the
“race  for  the  target”  between  bacterial  cells  and  integrating  
cells.
Different approaches have been studied. Some are based
on the concept that surface structure is the key influence
on the extent of bacterial colonisation, so that possible
strategies might involve modifying roughness or applying
nanostructures [7]. Alternative approaches are to develop

surface coatings, such as a combination of antibacterial
and self-assembling polymers [8, 9], or to integrate drug
release systems for promising bactericidal agents, such as
peptides or nanoparticles [10].
In order to identify novel highly compatible implant surfaces that retard bacterial growth, systematic parallel studies must be performed on the adhesion of eukaryotic and
bacterial cells. Our group has developed a variety of in
vitro and in vivo methods for this purpose.

2

Methods & Results

Before innovative implant surfaces can be translated to
clinical applications, their in vitro and in vivo effects on
the adhesion of bacteria and host cells must be characterised.

2.1

Tests on bacteria in vitro

First of all, the target function of new implant surfaces has
to be evaluated. Since any strategy can be implemented in
many ways, initial screening must be performed to identify
the most promising materials under controlled but simplified conditions - before proceeding to more complex, time
consuming, and expensive methods. Antibacterial surface
activity can be measured in vitro from the primary adhesion of bacteria, as well as the formation of complex biofilms under static and dynamic conditions.

2.1.1

Initial bacterial adhesion

A static cultivation system has been developed for the
evaluation of initial bacterial adhesion on implant surfaces.
In this system, overnight bacterial cultures are washed
twice and adjusted with 0.05 M Tris-HCl buffer (pH 7.5)
to a suitable density (depending on the bacteria and the
scale of the experimental design). In the static cultivation
system, samples are loaded with the bacterial suspension in
35 mm culture dishes. The bacterial cells are allowed to
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adhere to the sample surfaces by incubation in a wet
chamber under gentle rotation for 1 to 5 hours at 37°C.
Unattached cells are then removed by rinsing the samples
several times with phosphate buffered saline (PBS). Adhered bacteria are stained with Syto9 and propidium iodide
in the absence of light, fixed with 2.5% glutaraldehyde,
and visualised by confocal laser scanning microscopy
(CLSM) at 63-fold magnification.

2.1.2

Pre-screening of biofilm formation

After assessing initial bacterial adhesion on novel implant
surfaces, the attachment of complex biofilms must be
evaluated. For rapid quantification of adherent biofilms,
we use a resazurin-based assay. Biofilms are washed twice
with PBS, prior to incubation with a 0.001% (w/w) resazurin solution. The incubation time depends on the bacterial
species forming the biofilm. During the incubation period,
resazurin dye is metabolised by bacterial cells to resofurin,
which is highly fluorescent. 100 µl of the supernatant is
then transferred to a multiwell plate and fluorescence
measured at 590 nm using a BioTek Synergy 2 plate reader. Biofilm formation is quantified as an increase or decrease in fluorescence relative to the untreated control.

Figure 1 S. gordonii biofilm from flow chamber after 24h
(A); sketch of a flow chamber (B)

2.1.3

2.2

Flow chamber for evaluation of biofilm
formation under dynamic conditions

Biofilm formation is a process that is influenced by a variety of environmental factors. Prevailing hydrodynamic
flow conditions influence the initial attachment of bacteria
to the surfaces and shear stress determines biofilm morphology. To study biofilm formation on implants in vitro,
it is essential to mimic the prevailing physiological flow
conditions at the insertion site (fig 1A). We have therefore
established a flow chamber system for the evaluation of
the antibacterial properties of implant materials that are
exposed to hydrodynamic conditions in the human body
(fig. 1B).
For the investigation in the flow chamber, mono- or multispecies-biofilms are grown on test specimens at a constant
flow rate of 100 µl/min for up to several days. Bubble
traps are integrated into the fluid circuit, to prevent air
bubbles from entering the chambers. Depending on the
type of application, the system is operated in a closed or an
open circuit mode, so that the bacterial suspension is either
fed back to the bioreactor after passing the samples or is
collected in a waste container. During the experiment, optical density is continuously monitored. If necessary, optical density can be kept constant by adding fresh media via
an external pump operated by an inline-photometer. Following the formation of sessile bacterial communities on
the test specimens, biofilms are directly analysed by
CLSM in the chambers. The chambers are equipped with
an optical cover slip for direct microscopic evaluation. After flushing the biofilms with PBS, biofilms are stained by
injecting a 1:1000 dilution of live/dead dye. The live/dead
ratio, the biofilm volume and the mean biofilm height are
calculated from the CLSM image stacks obtained and used
for the quantitative description of biofilm formation.

Tests on host cells in vitro

Even the best antibacterial surfaces are only promising for
clinical applications when cytocompatibility remains assured and the function of implant is not compromised. For
dental abutments, cells of the peri-implant soft tissue – e.g.
human gingival fibroblasts (HGFib) – should be able to
adhere strongly to the implant, in order to prevent bacterial
progression from the oral cavity into adjacent tissues.

2.2.1

Adhesion / Proliferation

To quantify the amount of adhered cells on unknown material, a modified LDH assay has proved to be of value [11].
HGFib   are   cultured   with   Dulbecco’s   Modified   Eagle   Medium (DMEM, supplemented with 10% foetal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin) at
37°C in a 5% CO2 95% humidified air atmosphere. To obtain standard curves, cells are seeded in dilutions from 10 5
to 2.5x103 cells/ml/well in two 24-well plates for each time
point. Parallel cells are seeded with a concentration of
1.5x104 cells/ml/well on implant probes.
At each time point, cells of one standard plate are trypsinised and counted per well with a haemocytometer. A
standard curve is generated by correlation with the overall
LDH activity within all cells per well on the second plate.
The number of attached cells is calculated from the overall
LDH activity within all adhered cells on the implant surfaces and comparing the results with the established standard curve. In order to estimate the effect on the cell proliferation, adhesion is measured at different time points (e.g.
24 and 72 hours) and compared with the growth rate on
TCP (fig. 2A).
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2.2.2

Morphology

With optical documentation (e.g. SEM or fluorescence microscopy like CLSM), additional information about the
status of attached cells can be generated. Besides verifying
the colonising density, the morphology of cells reveals the
quality of adhesion and type-specific behaviour (fig. 2BC).

2.2.3

Cytocompatiblity / Cytotoxicity Assays

There are many published assays - some of them commercially available - to measure different aspects of cell viability, e.g. mitochondrial activity (MTT, XTT, CellTiter Blue,
WST), membrane integrity (LDH, Calcein/PI, Alexin 5/PI
staining), apoptosis (ApoOne), genotoxicity (Ames, Comet) and differentiation capability. These must be selected
for the specific problem. All these protocols have one
thing in common: they need reliable information about the
amount of cells and their density, if the results are to be
reliably interpreted. For innovative implant surfaces, this
must be determined in advance (see 2.2.1).

tibiotics (ampicilin/kanamycin – 20 mg each) by oral gavage for one week before being anaesthetised for surgery.
After incision of the mucosa, 1.5 mm deep holes are
drilled in the maxilla, anterior to the first molars on both
sides. Implant screws with a diameter of 1.3 mm are then
placed transmucosally, leaving the bolt head above the
gingival (fig. 3A). After a healing period of three weeks
under constant antibiotic treatment, animals are randomised in groups for ongoing antibiosis or oral application of
human pathogens related to peri-implantitis (e.g. P. gingivalis, A. actinomycetemcomitans) on a daily basis. Continuous inspections ensure the collection of data on inflammation or loosening or loss of implants during the following three months. Finally the rats are sacrificed to collect
screws (biofilm analysis) or peri-implant tissue, either separately (gene expression analysis), as well as together in an
intact implant situation for histology.

2.3.1

2.3

Peri-implantitis model in rats

Although the in vitro test systems provide a reliable initial
evaluation of new implant materials, in vivo models are
needed to evaluate the clinical situation of an implant within the surrounding tissue. In these models, the complex interactions between implant materials, biofilms and tissues
can be investigated under clinical conditions. For these investigations, we established a peri-implantitis model in
rats. This provides a more cost-efficient system with a high
genetic diversity that can be used for dental implant research against different disease backgrounds before the
more common but less diverse dog or minipig models. In
this model, adult Sprague Dawley rats are treated with an-

Biofilm analysis

Plaque samples from rats are taken by oral swabs and analysed via specific PCR, single strand conformation polymorphism (SSCP) or pyrosequencing, in order to generate
data on the variety and quantity of bacterial species and the
dynamics of biofilm formation on different implant materials [12]. Additionaly, the intact biofilm structure formed
on implants can be analysed with respect to two dimensional surface coating and thickness of the adherence [13].
Various staining procedures are used to distinguish living
or dead sections, as well as the proportion of extracellular
matrix, and these are then determined by CLSM.

2.3.2

Figure 2 Standard curve of modified LDH assay (A); SEM
pictures of HGFib on uncoated (B) and coated titanium (C)

S1180

Histology

Histology preparations have the advantage of visualising
peri-implant tissue at a specific time point, including inflammation state (via macrophages, interleukin release,
etc.) and bone healing / degradation. After sacrifice, the
removed maxillae are immediately fixed in 4% paraformaldehyde for 4 days. Half of the maxilla (including one
implant) is embedded in Technovit 7200 and sliced for
staining with toluidine. The other half, without the implant,
is decalcified in 10% EDTA for 3 weeks, then embedded
in paraffin and sectioned at 8 µm with microtome. The
specimens are stained with haematoxylin and eosin
(H&E), and the TRAP (tartrate-resistant acid phosphatase)
stain. Images are captured using light microscopy (fig.
3B).

2.3.3

Gene expression analysis

In general, the overall changes in peri-implant tissue at a
molecular level can be evaluated using gene expression
analyses, such as specific microarrays (which focus on
species, tissue or groups of genes related e.g. with inflammatory responses or differentiation processes like interleukins, toll-like receptors, collagens or growth factors) or
quantitative real time PCR. Therefore harvested tissue is
digested and RNA isolated and then hybridised directly or
subjected to reverse transcription into cDNA (fig. 3C).
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Figure 3 Peri-implantitis rat model (A); histology with
implant (B); gene expression analysis (C)

3

Discussion

With the presented selection of in vitro and in vivo test
systems, it is possible to select - from a wide variety of
candidate materials and implant surfaces - the antibacterial
implant that is most effective with respect to bacterial adhesion and biofilm formation. Cytocompatibility with respect to peri-implant tissue can be controlled and the results verified in a more complex system than 2D cell culture. This allows the rapid and highly efficient transfer of
the most valuable innovative candidates to a clinical application (bench to bedside), as is required in the light of the
increasing demand for long-lasting implant systems.

4
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Introduction
Many diseases of the aorta require surgical replacement of the lesioned part. The aim of this project within the collaborative research centre 599 is to develop and to investigate regenerative biological aortic grafts. In early stages after implantation, a bioresorbable magnesium structure should mechanically support the initially weak biological graft to withstand
the high blood pressure of the aorta. In this work, the properties of native and decelluarized aortic tissue are examined by
using a uniaxial tensile test.

Methods
Allogenic aortic tissue grafts were taken from sheep (Group 1: Native tissue; Group 2: Decellularized aortic tissue).
Ovine aortic grafts were decellularized with 0.5% sodium deoxycholate (SDC) and 0.5% sodium dodecyl sulfate (SDS).
The tensile specimens of both groups were prepared according approximately to DIN 50125 and the thickness of the
aortic walls was measured. The directions of tensile stress were applied in axial oblique (45°) and tangential orientation
to the aorta. Rupture of the specimens was defined as the endpoint of this trial.

Results
The thickness of the aortic wall decreases significantly during the decellularization procedure (wall thickness prior to
decellularization: 2.22mm +/-0.44mm; after decellularization 1.91mm +/-0.33mm). We could show a significant earlier
failure of the specimens when strained in axial and oblique directions. All tissue grafts have a durability until a strain of
140%. This corresponds to the requirements of the tissue grafts in the human body.

Conclusion
This study shows a change of mechanical behaviour because of the decellularization. Also, no reduction in loading capacity could be determined, and simultaneously an increase in stiffness was detected. These in-vitro tests indicate sufficient mechanial properties of decellularized aortic grafts as compared to the native group. Finally, in-vivo studies should
be performed to assess their applicability and long-term stability under physiological and dynamic conditions, such as
pulse wave and the host`s immunological response.
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Design and construction of novel shape-memory-alloy based adaptable orthopedic implants
a
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Due to inadequate mechanical stimuli, non-unions or delayed healing are frequent complications in the
treatment of long-bone  fractures.  In  order  to  achieve  an  optimal  course  of  healing,  “dynamization”  of  
osteosynthesis, i.e. an increase of the interfragmentary movement (IFM) intended to accelerate callus
consolidation, has become a well-established concept in orthopedic surgery. However, this process
requires further surgery, for instance to remove screws, which is associated with additional risk. As the
IFM strongly depends on the mechanical properties of the implant applied, an implant with noninvasively alterable stiffness would allow for (inverse) dynamization without additional surgery at an
appropriate time during healing.
In this study, Nickel-Titanium (NiTi) shape memory alloys (SMA) were used to develop orthopedic
implants whose bending stiffness can be altered non-invasively in situ. The transition temperature of
the SMA is induced for a short period of time by means of contactless induction heating, which triggers
the one-way shape memory effect (SME). This in turn changes the second moment of inertia, and the
elastic modulus, which both contribute to the desired change of bending stiffness of the implant.
In order to achieve a decrease (dynamization) or increase (inverse dynamization) of the bending
stiffness, different implant-concepts were theoretically developed and optimized. Promising implant
designs were manufactured using commercial available 0.5 and 1.0 mm NiTi-sheets. A pulsed laser
cutting process was used to generate implant segments, which were assembled using a continuouswave laser welding process to generate the implant samples. In addition to the high flexibility of these
processes, the material maintains the SME due to the controlled localized heat input. Metallographic
investigations, tensile, four-point-bending and fatigue tests were performed in order to determine the
optimal laser process parameters and the achievable effect size regarding the alteration of the
bending stiffness. Based on these results, the implant design is being adapted in order to meet
requirements for human applications; concepts for this purpose are being investigated in preliminary
animal studies.
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Bonding Systems for Grinding of Medical Ceramics
L Tatzig, B Hering, B Denkena, Institute of Production Engineering and Machine Tools, Leibniz Universität Hannover,
Germany, tatzig@ifw.uni-hannover.de

Introduction
The lifespan of conventional knee joint endoprostheses is limited to 10-15 years. The main reasons for implant failure
include wear and debris induced loosening of the implant components. The application of ceramics as implant material
promises a significant extension of the implant lifespan due to their outstanding mechanical and tribological properties.
Within  the  Collaborative  Research  Center  599  “Sustainable  bioresorbable  and  permanent  implants  of  metallic  and  ce-
ramic   materials”   a grinding process for the bone faced surface of the implant is being developed. The aim of the research is to manufacture a defined roughness and for a sufficient adhesion between bone and implant. In order to machine such specific topography the bonding system of the toric grinding pins is an important issue.

Methods
Eight differently bonded toric grinding pins were tested in grinding an advanced zirconia toughened alumina ceramic
(BIOLOX®delta, CeramTec AG) under variation of the specimen curvature and process parameters. The investigated
bonds are ceramic, resin and metal with different composition and pore volume. Process forces, workpiece roughness
and tool wear were measured and compared in dependency of the bonding system.

Results
The results show that process forces, workpiece roughness and tool wear depend on the bonding system of the toric
grinding pin. The highest process forces were measured for resin bonds, the lowest for ceramic bonds. Metal bonded
grinding pins show a superior wear behavior with roughness and process force values between the ceramic and resin
bonded grinding pins.

Conclusion
Metal seems to be a suitable bond material to manufacture the bone faced surface of ceramic knee joint endoprostheses.
Nevertheless, dressing of a metal bonded toric grinding pins is still a challenge. Therefore, further investigations will
focus on that matter. In addition, the volumetric flow rate of cooling lubricant running through the contact zone in dependency of the dressing process will be analyzed.
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Improved Biocompatibility of Polyetheretherketone (PEEK) by
Coating
ing with Thin Titania Films
N. Wendt1, B. Rais2, P.P. Müller2, P. Behrens1
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Institut für Anorganische Chemie, Leibniz Universität Hannover, Hannover, Germany
2
Helmholtz-Zentrum für Infektionsforschung, Braunschweig, Germany
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Introduction
The polymer PEEK (polyetheretherketone, Fig. 1) has become one of the most important thermoplastic high
performance
mance polymer in implant applications, mainly in dental,
dental, orthopedic and trauma surgery.
surgery The chemical structure
of the polyaromatic ketone gives PEEK its stability against high temperatures, many chemicals and also radiation.
[1]
PEEK is a biocompatible but bioinert material.
m
To further improve its functionality,, PEEK has to be modified to lend
a more bioactive character, e.g. by coating it with titania, like we do.

Fig. 1: Surgeral trauma screws made of PEEK. [1]

Fig. 2: Cell culture tests with NIH3T3 fibroblasts.

Methods
To improve the interactions with the surrounding tissue, we have applied thin titania coatings with different
morphologies
gies and topologies on PEEK substrates by dip-coating using a sol-gel
gel titania solution.
solution Three different titania
films were investigated: (A) plain titania films, (B) titania films with added titania particles, and (C) titania films
prepared with additives, which formed nanoparticles during the synthesis. These films were characterized physicophysico
chemically with regard
gard to film thickness, topology,
topology, adhesion, mechanical and chemical stability, hydrophilic character
as well as biocompatibility
patibility and bioactivity.

Results
All films investigated here were amorphous and had a film thickness of nearly 30 nm. Cytocompatibility tests with
fibroblasts and osteoblast
teoblast cells demonstrated an enhanced cell adhesion and cell proliferation on the titania films
compared to native PEEK samples (Fig. 2).
2). Overall, the plain titania appear most promising for further development of
implant
plant materials, especially to enhance osteointegration of PEEK implants.

Conclusion
The purpose of this study was to increase the biocompatibility and bioactivity of PEEK to enhance the interaction
between
tween a PEEK implant and the surrounding body tissue.
tissue Titania-coated
coated PEEK implants can thus
t
be further developed
for applications in the biomedical field, especially for the osteogenic use. Among the different titania coatings
investigated, the plain titania film
lm offers the most favorable combination of properties especially with regard to
applications in biomedicine.

References
[1] S. M. Kurtz, Biomaterials 2007, 28 (32), 4845
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Drawing and Stranding of Magnesium Wires for use as a Resorbable
Suture Material
R. Eifler, J.-M. Seitz, C. Klose, Fr.-W. Bach
Institut für Werkstoffkunde (Materials Science), Leibniz Universität Hannover, Garbsen, Germany,
eifler@iw.uni-hannover.de

Introduction
Owing to considerable clinical needs, there are currently numerous suture materials based on synthetic polymers, e.g.
nylon, polyester, polypropylene; as well as natural polymers, such as chitosan or collagen, and stainless steels. Current
solutions in the field of resorbable suture materials are mainly based on polymers as well. In comparison with resorbable polymers, resorbable metallic implant materials like magnesium alloys show generally better strength properties
which enables their use in load-carrying applications.

Methods
Magnesium wires with a diameter of 0.5 mm were produced from several Mg alloys, including ZEK100, using a singlestep hot extrusion process. Subsequent to extrusion, the wires were heat-treated and drawn to a diameter of 0.2 mm using an iterative drawing process with up to 14 drawing passes. Subsequent to the drawing process, poly-filament suture
material was produced by twisting individual wires to a strand using an improved winding set-up.

Results
The metallographic investigations of the extruded and drawn wires showed a pronounced grain refining effect (< 1 µm)
for thin wires made from the ZEK100 alloy. Tensile specimens made from individual ZEK100 wires with a diameter of
0.144 mm exhibited a high tensile strength of > 540 MPa. Currently, corrosion tests of wire samples are carried out in
order to determine the in-vitro corrosion behavior.

Conclusion
In comparison with commercially available polymeric sutures, wires made from the magnesium alloy ZEK100 showed
promising strength properties. By means of stranding individual magnesium wires it is possible to manufacture a flexible and strong thread which can be easily twisted and even tied into a knot.

Acknowledgement
We wish to thank the German Research Foundation for its support.
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Influence of fluid composition on magnesium in vitro degradation
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Introduction
Our study is focused on magnesium and its in vitro degradation. Extensive in vitro experiments in a simulated physiological environment have been carried out to investigate the influence of different components, such as proteins, in the
degradation rate.

Methods
Pure magnesium samples, pre-treated samples of pure magnesium with distilled water and bovine serum albumin and
also seven different magnesium alloys were analyzed. In our experiments we used porcine plasma and different simulated body fluids, with and without addition of proteins, to test their influence and compare the degradation with the in
vivo experiments. The in vitro degradation studies were done in static conditions and therefore the samples were immersed in each model fluid. The magnesium concentration and pH were measured during the immersion period as well
as surface composition and morphology were analysed via SEM/EDAX.

Results
Our results show that the degradation rate depends directly on the composition of the fluid which is used. It is also
shown that the pre-treatment and the addition of proteins have a significant influence on the degradation rate. An increase in magnesium concentration was detected in all cases for the initial days. However, a different behaviour has
been found for the pure magnesium and the pre-treated samples, in different fluids, as well as for each alloy in plasma.

Conclusion
The value of the degradation rate for pure magnesium in plasma is much lower  than  in  SBF’s.  However  in  the  case  of  
the  SBF’s  when  the  samples  are  pre-treated or the fluids contain proteins the degradation rate decreases. In our previous
study with the alloys the average degradation rate in plasma is only slightly higher than that found in the literature pure
magnesium samples. These studies show a slower and decreased degradation of magnesium in protein containing solutions.

Brought to you by | Gazi Universitesi
Authenticated
Download Date | 1/14/16 9:20 AM

Biomed Tech 2014; 59 (s1) © 2014 by Walter de Gruyter • Berlin • Boston. DOI 10.1515/bmt-2014-5014

Suitable animal models for the
examination of magnesiumbased implant materials
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tions. In the function oriented application studies in
large animal models gas formation was less problematic in nasopharyngeal stents, myocardial and aortic scaffolds than in osteosynthesis-systems. Finally, the host
tissue significantly influenced degradation characteristics, functionality, and biocompatibility of magnesium
implants.
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Conclusion
The rabbit is a very suitable animal model for initial in
vivo examination of magnesium-based alloys. However, the small anatomic structures limit the applicability
of complex structures. Moreover, functional and mechanical properties of the small rabbit implants are
hardly transferable into human application. Hence,
large animal models remain necessary to test functional
implants prior to clinical studies.

References
1. Waizy et al. (2013) J Mater Sci 48: 39-50

Introduction
Although in vitro test systems are more and more developed to reduce animal experiments, the latter are
still indispensable in biomedical research. Especially in
magnesium research, in vitro degradation and cytotoxicity studies deviate considerably from in vivo results
(1). For an initial assessment of biocompatibility and
degradation characteristics small animal models like
rats and rabbits are predominantely used, whereas application oriented studies are mainly performed in large
animal models. The respective limitations and advantages of small and large animal models are being
introduced using examples of specific in vivo investigations of magnesium implants.

Methods
For biocompatibility and degradation studies, magnesium-based alloys were implanted intramedullary in rabbits. For application oriented studies rabbits, sheep, and
mini-pigs were employed (osteosynthesis-systems, nasopharyngeal stents, myocardial and aortic scaffolds).
Clinical examination, imaging techniques (e.g. X-ray,
MRI, (µ-) computed tomography, endoscopy) were
performed to examine implant characteristics, degradation kinetics and functionality in vivo. Histological examinations provided information about tissue reactions
of the implant interface and the surrounding tissue.

Results
The rabbit is a suitable animal model for early degradation and biocompatibility studies in particular due to
the option of in vivo µ-computed tomography. High
amounts of gas and degradation products in fast corroding implants formation clearly induced bone reac-
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ABSTRACT
BMT-CONFERENCE 2014 – ANIMAL RESEARCH

When do we need Animal Research for the Certification of
Implants?
H. Haindl, Wennigsen, Germany. Publicly certified Medical Device Expert– post@haindl.eu

Introduction
Animal research is discussed on a high emotional level. The discussion is further complicated by the fact that
regulations and standards lack clarity and some are inconsistent. A large part of animal research is performed
because it is a demand of regulations and standards. At the same time the regulatory hurdles for animal research
have been raised. Expensive public sponsorship for the development of substitute methods for animal research is
offered without significantly reducing the number of mandatory animal research.

When must/should animal research be planned in product development?
The actual regulatory demand for animal research is presented. The limits of the informational value of animal
research are discussed. The difficulties to come to a decision are presented by four product samples:
Implantable valve for pulmonary volume reduction
Stent-Graft for the treatment of aortal dissections
Modular hip prostheses
Cervical disk prostheses

Decision guidance
The question if animal research is necessary or not is embedded in a field of conflict between economical, ethical
and animal protection interests. The complexity of the individual question does not allow a cookbook type
answer on the question of the necessity of animal research . The decision must be made based on the individual
case, tabulary guidance for the decision is presented.

Conclusion
As long as we rate the protection of the patient higher than the protection of the animal, we have to consider
animal research whenever it can give us information on safety and performance before first use in men.
Wherever we have validated substitutes for animal research, these must be implemented in regulations and
standards to come to a reduction of animal research.
Only a competent assessment of the individual case can guarantee, that animal research is only performed when
we know that it gives us valid information on safety and performance of an implant before use in men..
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Notwendigkeit von Tierversuchen für die Implantat Forschung
B. Vollmar, Institut für Experimentelle Chirurgie, Universitätsmedizin Rostock
Einleitung
Aus der prognostischen Altersstruktur der Bevölkerung leiten sich spezifische Herausforderungen für die
Medizintechnik in Deutschland ab, wie die Notwendigkeit der (i) Erhöhung der Implantat Lebensdauer und
Erleichterung der Implantat Erneuerbarkeit, des (ii) Ausbau des Spektrums minimalinvasiv applizierbarer
Implantate sowie der (iii) Optimierung der Implantat Gewebe Interaktion unter Schaffung responsiver
Implantat Oberflächen. Zukünftige innovative Medizinprodukte sollten in besonderer Weise ihr Zielgewebe
berücksichtigen und in Folge unerwünschter Fremdkörperreaktionen eine Gewebe und Implantat spezifische
Antwort auf zelluläre Prozesse in der Implantat Region geben.
Die adäquate Analyse komplexer (patho)physiologischer Vorgänge, wie z.B. der Wirtsreaktion auf ein
Implantat, macht die Nutzung eines Gesamtorganismus unverzichtbar. Weder in vitro bzw. ex vivo
Untersuchungen noch intelligente Computer basierte Simulationsmodelle erlauben die Nachahmung des
Zusammenspiels eines intakten Herz/Kreislauf und vegetativen Nerven Systems, der vielfältigen Interaktionen
humoraler Kaskaden, auto und parakriner Schaltkreise und Signalwege sowie des Crosstalks zellulärer
Kompartimente. Daher stellt die Erprobung des Implantats in einem tierexperimentellen Ansatz einen
integralen Bestandteil in der translationalen Innovationskette der Medizintechnik dar.

Methodik
Als Beispiel wird die Applikation neuartiger kardiovaskulärer Stents im Schweinemodell unter besonderer
Berücksichtigung der Erfassung deren lokaler Integration über die optische Kohärenztomographie (OCT
Imaging) als bildgebendes Verfahren näher dargestellt.

Ergebnisse
In Ergänzung zur quantitativen Koronarangiographie als Basismethode erlaubt das OCT Imaging durch seine
hohe axiale Auflösung von 12 15 Mikrometer während der Implantation zunächst die on line Kontrolle einer
exakten Apposition koronarvaskulärer Stents an die Gefäßwand und damit eine Optimierung und bessere
Standardisierung der Implantationstechnik. Im weiteren zeitlichen Verlauf kann dann durch serielle
Untersuchungen über mehrere Wochen oder Monate die initiale Abdeckung des Implantats mit einer
Fibrinschicht sowie deren Umbau zu einer intakten Intima in vivo nachverfolgt werden. Stand zunächst eine
rein quantitative Analyse des Stentcoverage im Vordergrund, werden gegenwärtig belastbare Kriterien für eine
qualitative Aussage über die sich entwickelnde Neointima definiert. Die dreidimensionale on line
Rekonstruktion des implantierten Stents und “en face“ Ansichten der einheilenden Stentinnenseite eröffnen
neue Möglichkeiten für schnelle semiquantitative Analysen. Die Entwicklung gewebe und zellspezifischer
Fluoreszenzfarbstoffe und deren Detektion mittels OCT Imaging oder ähnlichen Verfahren könnte ungeahnte
Möglichkeiten der on line und real time Erfassung der lokalen Biokompatibilität und Gewebeintegration neuer
koronarer Implantate eröffnen. Schon jetzt erlaubt die 3D OCT Rekonstruktion die schnelle und zuverlässige
Erfassung von Gefäßspasmen, Dissektionen und Thrombosen über eine Länge von mehr als 5 cm.
Im Hinblick auf neue Implantate können auch serielle koronarphysiologische in vivo Untersuchungen
in das Schweinemodell integriert werden. Nach Applikation vasodilativer Substanzen kann die Koronarreserve
vor und zu verschiedenen Zeitpunkten nach einer Device Implantation quantitativ erfasst werden.
Experimentelle Funktionsmessungen könnten in Zukunft eine größere Rolle spielen, wenn beispielsweise
wirkstoffbeladene, resorbierbare Koronarimplantate in lokalen Therapiekonzepten zum Einsatz kommen.

Schlussfolgerung
Das hochwertige Tierexperiment als letzter Schritt der Evaluation und Erprobung von Medizinprodukten besitzt
vor deren klinischen Bewertung in “first in man“ Trials einen eindeutigen und unbestrittenen Stellenwert in der
Innovationskette der Medizintechnik von der Grundlagenforschung bis hin zur CE Kennzeichnung, Produktion
und Vermarktung. Im Sinne von “refinement“ der global geltenden 3R Regel gilt es aber, gerade durch die
Implementierung neuartiger Untersuchungsmethoden, wie z.B. dem OCT Imaging, die Aussagekraft des
Tierexperiments stetig zu verbessern.
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Animal models for the analysis and evaluation of T issue E ngineering
constructs
N. C. Gellrich, A. Kampmann, F. Miller, S. Spalthoff, P. Jehn, H. Kokemüller, F. Tavassol
Department of Oral and Maxillofacial Surgery, Hannover Medical School, Hannover, Germany

Introduction
Although the autologous bone graft is still the gold s
d for the regeneration of skeletal defects, Tissue Engineering
(TE)-constructs are an accepted principle, facilitating a rapid vascularization and formation of hard tissue nside these
constructs, but strategies for a successful transfer of TE-constructs into skeletal defects are still missing. For the optimization and evaluation of possible implantation strategies an appropriate animal model its mandatory. The model of
choice has to be adapted to the experimental setting:
animal models offer only a limited defect size but provide
easy handling, a huge amount of analysis tools and cost-efficiency. Larger animal models need more precautions in
planning and handling and the options for molecular analysis are limited, but they offer a defect size close to the clinical
situation.

Methods
We developed different animal models for the analysis and evaluation of TE-constructs, which can be used for the
analysis of vascularization and osteointegration of constructs after implantation. Special focus was given on TEconstruct composition, volume and shape.

Results
The chamber models in mice allowed the repetitive observation of the developing vascular system inside the constructs
after implantation. In the skinfold chamber the analysis is restricted to the observation of soft tissue originated vascularization, whereas the femur window and the calvaria chamber also allowed the observation of osteoin
on, originating from desmal and cancellous bone, respectively.
A further step closer to the clinical situation was the rat femur chamber, which allowed the integration of a vascular
graft into the construct. The sheep provided the closest approximation to the clinical situation because of the relevant
defect size; allowing for axial perfusion of the three-dimensional TE-construct.

Conclusion
Animal models are an irreplaceable research tool for the evaluation of angiogenesis and osteointegration of TEconstructs. The choice of small or large animals helps to adopt the experimental tool to certain experimental needs.
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Different implants have different biofilm communities - lessons
for implant optimization
W.-R. Abraham
Helmholtz Center for Infection Research, Chemical Microbiology, Braunschweig, Germany, wolfrainer.abraham@helmholtz-hzi.de

Introduction
Micro-organisms use to live in communities forming self-structured aggregates. The aggregates, called biofilms,
form at all kinds of interfaces, e.g. also on implants. Biofilm formation on implants is usually recognized as
infection of the implants. Biofilm infections are difficult to treat due to their antibiotic resistances and novel
approaches for their control are urgently needed. For finding new ways of biofilm control a deeper understanding
of these biofilms and the risk factors for their formation is required. One open question was whether biofilm
formation on implant always leads to infections. Furthermore, the species composition of the biofilm
communities and their diversity between patients remained to be determined. To achieve this we assessed
bacterial biofilm communities of rhythm management devices from asymptomatic patients using fingerprinting
techniques based on the 16S ribosomal RNA (rRNA) genes and compared them with those found on
symptomatic ones. These results were than compared with those from dental implants.

Methods
Explanted rhythmic management devices from patients not showing any sign of infections were examined. The
reason for their explantation was malfunctioning of the devices or exhaustion of the batteries. The median
interval between the implantation of the devices and their removal was 64 months. This drastically reduces the
chance that any bacteria detected on the implants had been introduced by the first surgery. These asymptomatic
devices were compared with devices from patients showing clear clinical signs of infections. Biofilm
communities from asymptomatic and symptomatic dental implants and healthy teeth were taken as swaps with
paper tips. All samples were immediately frozen at -80°C until DNA extraction.
The diversity of the biofilm communities were determined based on an amplicon of the 16S rRNA genes. Single
strand conformation polymorphism (SSCP) analyses of these amplicons showed the diversity of bacterial
communities while the sequence analyses of the main bands revealed the species compositions. Both SSCP gels
and sequences were analysed using multivariate statistical methods.

Figure 1: Occurrence of biofilm bacteria on rhythmic management devices in relation to implant infections.
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Results
From 108 rhythmic management devices in asymptomatic patients 47% had bacterial DNA and remained
asymptomatic. The identified bacterial taxa were untypical for clinical device infections corroborating the
clinical findings. No correlations were found between known risk factors for device infections and the bacteria
detected [1]. The results were compared with rhythm management devices explanted due to acute infections
revealing very different biofilm communities between these two types. Symptomatic biofilms had a much higher
bacterial diversity and were dominated by Staphylococcus spp. [2]. The presence of many biofilm species
correlated with the clinical symptoms of infections. While Staphylococcus epidermidis was exclusively found in
symptomatic biofilms, Lactobacillus delbrueckii could only be detected in asymptomatic biofilms (Figure 1).
Such a finding points to biofilm communities specific for asymptomatic implants which are replaced by different
communities when the implants become infected. No conclusion could be drawn on the role of asymptomatic
biofilms and whether they act protective to implant infections, neutral or supportive for the invasion of
pathogens on implants. The fact that in more than 200 analysed biofilm communities from rhythmic
management devices no transition from asymptomatic to symptomatic biofilm communities has been observed
points to a development of pathogenic biofilm communities independent from the presence of asymptomatic
ones.

OTU 1
Streptococcus |anginosus
Streptococcus constellatus
OTU 2
Streptococcus intermedius
Streptococcus parasanguinis
OTU 3
Streptococcus sinensis
Streptococcus cristatus
OTU 4
Streptococcus mitis
OTU 5
OTU 6
Streptococcus oralis
OTU 7
Streptococcus gordonii
OTU 8
OTU 9
Streptococcus mutans
Tannerella forsythia
0.05

Figure 2: Diversity of Streptococcus species observed in peri-implantitis patients. Sequences obtained from
infected implants, OTU (=operational taxonomic unit) 1-9, are shown in a phylogenetic tree with their nearest
Streptococcus species. Tannerella forsythia served here as outgroup. The bar shows 5% sequence similarity.
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The formation of biofilms on rhythmic management devices occurs in a usually sterile environment. However,
what is the course of biofilm development in an environment which is heavily populated by a broad range of
bacteria species, e.g. in the oral cavity? Here, the implant will bridge the region of sterile tissue or bone to the
unsterile oral cavity where the gingiva has a barrier function. To address these questions we compared the results
from the pacemakers with asymptomatic and symptomatic biofilms from dental implants. Infection of dental
implants leads to peri-implantitis which is a serious infection with incidence rates of up to 30%. Such an
infection may cause peri-implant bone loss and implant failure. As a consequence, several approaches have been
taken to reduce biofilm formation on dental implants. As for other implants assessment of biofilm diversity and
variations between patients is required for the optimal design of anti-biofilm strategies. Our analyses revealed
that biofilms from asymptomatic dental implants showed a large diversity of bacterial species comprising many
phyla of bacteria. The species composition of these biofilms was also rather diverse between patients where each
patient has his own characteristic biofilm community. The subgingival communities could be discerned by their
species composition from those of supragingival and implant communities. However, the biofilm composition of
healthy residual teeth showed not significant differences to the former three implying closely related biofilms
both on residual teeth and on implants [3].
As for the rhythmic management devices it was important to determine the differences between asymptomatic
and symptomatic biofilms on dental implants. From 10 patients with infected implants leading to periimplantitis, the sulcus fluid of the infected implants and if available those of healthy implants and residual teeth
were sampled. From the biofilm communities more than 60 different species could be identified revealing a large
diversity of bacteria involved in peri-implantitis. As has been observed for the rhythmic management devices the
diversity of bacteria on infected dental implants was much higher than on healthy ones. In Figure 2 the diversity
of Streptococcus species detected both in asymptomatic and symptomatic biofilms on dental implants is shown.
Only species related to S. mitis, S. intermedius and S. anginosus could be detected in biofilms on healthy
implants while OTU 3 and OTUs 7-9 were specific for pathogenic biofilm communities. Interestingly, the
biofilm communities from infected and healthy implants from the same patient were more similar than those of
infected implants of different patients. Obviously, pathogenic biofilm communities spread in the oral cavity but
cause only infections on some implants. Contrary to the rhythmic management devices no clear pathogen was
found common to most of the infections.

OTU 22.2
Bacteroides caccae
OTU 27.2
Capnocytophaga sputigena
OTU 28.3
OTU 16.7
Cytophaga fermentans|
OTU 26.2
OTU 40.2
Porphyromonas endodontalis
OTU 28.5
Tannerella forsythia
OTU 10.3
Parabacteroides johnsonii
Parabacteroides merdae
OTU 12.1
0.02

Figure 3: Bacteria species of the phylum Bacteroidetes found in peri-implantitis samples. The long branches to
known species point to novel species, maybe even novel genera in these complex pathogenic biofilm
communities.
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Conclusion
Currently, most infected implants are only examined for some pathogenic bacteria ignoring the majority of
micro-organisms present on the implant. Such an approach proved to be very successful for finding the most
effective antibiotics for the treatment. However, the finding of complex bacterial communities both on
asymptomatic and symptomatic implants as demonstrated here leads to the question for the function of these
communities, especially their role in the infection process. One promising way for answering this question is a
correlation of clinical data of the patients with the community composition of the infected implant. This requires
well defined large cohorts of patients, now available in some huge international studies. The hypothesis here is
that an understanding of the interactions between non-pathogenic and pathogenic bacteria in biofilms on
implants will open new ways of control of biofilm infections. Furthermore, a large number of hardly known
bacteria can be detected in many of these biofilms, e.g. species of the bacterial phylum Bacteroidetes. Many of
these bacteria present novel species or even belong to novel genera (Figure 3). Optimized isolation procedures
and characterization of these new isolates will shed light on their function in pathogenic biofilm communities
and their impact on the infections.
The results from the rhythmic management devices also suggest that it is not essential to suppress any biofilm
formation but only bacterial species characteristic for pathogenic biofilms. Here, surface coatings optimized for
the suppression of the attachment of these pathogens or antibiotics specifically targeting these bacteria are
probably sufficient for a significant suppression of biofilm infections at this type of implants. Also compounds
which can dissolve the biofilm aggregates restoring the susceptibility of the pathogen for antibiotics may offer
promising solutions [4]. Such solutions, however, will probably not work for implant infections where no
pathogens common for all infections can be identified, e.g. for dental implants. The finding of very diverse
microbial communities in peri-implantitis fits to a breakdown of the barrier function of the gingiva causing the
disease. In this case non-selective, antimicrobial coatings of the implants are more promising solutions than the
selective suppression of some pathogens.
The detection of both implants with characteristic pathogens, here Staphylococcus species, and implants with no
specific pathogens is challenging and suggests individual solutions. The results demand implants with
antimicrobial characteristics dependent on the site of implantation. Furthermore, keeping in mind that patients
have their individual biofilm communities all this will lead to “personalized” implants which are optimized for
the need of each patient. This probably will not lead to tailor-made implants but to different classes of implants
where the antimicrobial coating meets the requirement of both the patient and the site of implantation. To
achieve this goal we have still much to learn about pathogenic biofilm communities and the roles of their
individual members.
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Introduction
Nickel-titanium (NiTi) shape memory devices can change their shape and stiffness after contact-free induction of
the shape memory effect. In human fracture healing the amount of stiffness that should be achieved in a fracture
gap is widely unknown, however there is evidence that the optimal level of stiffness might change during
fracture healing. NiTi shape memory devices have been proven to function as osteosynthesis plates in small
animals and do not harm surrounding tissue during the electromagnetic induction heating. We tested a NiTi plate
for tibia fractures in sheep to simulate human weight-bearing and fracture healing.

Methods
In three sheep a osteotomy of the right tibia was performed using a medial incision. Plate osteosynthesis was
performed and sheep were immobilized using a splint as well as prevented to lay down for 4 weeks using a sling
suspension system postoperatively. Electromagnetic induction heating was performed after three weeks. Animals
were sacrificed after 8 weeks. Both tibias were harvested. Afterwards micro-CT analysis as well as a four-pointbending tests were performed to analyze the callus.

Results
One sheep had to be sacrificed before the end of the trial as to a peri-implant fracture. This sheep was not hold in
a sling suspension system. The two other sheep were treated without complications and could be finally
analyzed. Whereas the operated tibia broke after application of 20,2Nm, the healthy side only broke after
102,6Nm with a preload of 30N. Micro-CT showed little cracks in one callus. Implants were intact after removal
without any sign of implant failure.

Conclusion
This experimental set-up is appropriate to analyze fracture healing in sheep after electromagnetic induction
heating of a NiTi shape memory osteosynthesis plate. Differences of fracture healing dependent on the
electromagnetic induction and therefore stiffness of the fracture are currently analyzed in a prospective
randomized trial.
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Effects of different coatings and proangiogenic factors using titaniumhybrid-implants
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Introduction
For the reconstruction of skeletal defects the autologous bone graft is still the gold standard. Tissue engineered constructs composed of cells and a scaffold as a supporting structure are an alternative to autologous bone graft, but these
constructs are restricted in their size due to the lack of functional vessel inside the construct
Because porous scaffolds can support angiogenesis we use Selective Laser Melting (SLM) to achieve an evenly porous
implant that can be adapted patient individually. So it is possible to adapt the implant at the patient´s requirements.
Early vascularisation after implantation is essential. Proangiogenic factors incorporated in a polymer film surrounding
the implant should support vascularisation.

Methods
We examined the influence of SLM porous scaffolds on osteoblasts and stem cells, which are essential cells for osteogenesis and angiogenesis. Primary osteoblasts and fat stem cells were isolated from green fluorescence protein (GFP)
transgenic mice and examined by means of live cell imaging over several days.
Additionally, to analyse the influence of different scaffold coatings on proliferation and vitality of the cells,
Scaffolds coated with P(3HB) and PCL were evaluated using live cell imaging, proliferation and vitality assays. Migration assays using endothelial cells were applied to define the effects of the proangiogenic factors VEGF and HMGB1 on
these cells.

Results
Cells seeded on scaffolds were followed for seven days in live cell imaging. Stem cells showed more flattened morphology on P(3HB) coated scaffolds compared with PCL coated scaffolds after seven days. Vitality assay also showed
more vital osteoblasts on P(3HB) coating. Proliferation was similar for both polymers. The chemotactic effect of
HMGB1 on endothelial cells was higher than VEGF for endothelial cells.

Conclusion
Scaffolds with P(3HB) coating and incorporated HMGB1 displayed promising results with regard to cellular viability,
proliferation and morphology. In vivo experiments will follow.
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Introduction
The migration or aseptic loosening of standard hip-cup prostheses is still a problem [1, 2]. The use of customized prostheses can be a solution. Howerver, patient-individual prostheses are only implanted as a treatment for great deformations or tumours due to their time-consuming and cost-intensive production [3]. Thus the aim of this project is to
provide an innovative manufacturing concept for the production of patient individual hip cups for primary surgery.

Methods and Results
In the current study an innovative two-stage sheet metal forming process as well as a new design method adjusted to the
forming process is introduced for the manufacturing of the patient-individual acetabular components.The development
of the process and the design method are realized by canine acetabulum geometries.
The first step of the two-stage forming process is the production of standardized titanium sheet metal components with
undersize. These standardized hip-cups are produced by means of high pressure sheet metal forming (HPF) at room
temperature using a die with a universal geometry. During the second step a true-to-size enlargement of the standardized components is executed using individualized geometry.
For the manufacturing of the standardized components, a universal geometry is derived using agglomerative clustering
based on 34 canine CT-data sets. By means of reverse engineering an associative parametric model is generated, allowing the adjustment of this model to the individual patient geometry. This individualized geometry is used for the second
production step.
FE-simulations of the process demonstrate that the HPF is a convenient process for the production of the strandardized
components. Based on these results a real HPF-process is established and first prostehses are produced.

Conclusion
With the developed method it is possible for the first time to produce customized prostheses by means of sheet metal
forming. In the future it is planned to transfer the whole concept to human geometries
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Introduction
Despite the recent development in processing technique, materials and manufacturing of hip implants, wearing between
hip bearing components and theirs debris are still a great concern [1, 2, 3, 4]. This abstract presents a numerical study of
the wear process in an artificial hip joint using metal-on-polyethylene components.

Methods
The model of Archard [5] was used to coumpute wear, in which the wear coefficient was taken from a study on retrieved hip inlays [6]. Using the MSC.Marc 2012® software the hip joint was modeled as two deformable bodies in
contact with a clearance of 0.1 mm, a head of CoCrMo-Steel with 16 mm radius and a cup of Ultra-high-molecularweight-polyethylene (UHMWPE )(Fig. 1). The movements of the hip and its contact force were taken from the work of
Bergmann et al [7]. On the basis of the study of Elfick et. al [6], the presented numerical research was verified.

Results
The annual total volumetric loss of the cup is about 79 mm3. These computed results differ from the ones measured
from the retrieved inlays with an aberrance of 15 % [6] (Fig. 2). The maximal annual linear wear rate has the value of
0.12 mm. The localisation of wear on the cup surface and the linear wear rate / year is shown in Fig. 3.

Conclusion
The simulation showed a good accordance to the wear values derived from the study [6]. The difference between the
simulated and the messsured wear values can be explained through the piological and chemical conditions in the body,
which were not implemented in the FE model. Another reason is that the inlay of polyethylene was elastically modelled,
although the applied tension is beyond its plastic strain limit. By means of this validated model further investigations
can be done to anticipate the tribological behaviour and to optimize the design of the hip artificial joint.
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Results
Both groups showed no disorders of wound healing.
The post surgical lameness reduced considerably in
less than two weeks. Occurrence of intramedullary
gas and gas around the screw heads was visible
from week two onwards in the magnesium group,
but without clinical relevance. Periosteal
ossification was visible in both groups, endosteal
clarification occurred only in the magnesium group.
After the investigation period four point bending
tests demonstrated a moderate reduction in stiffness
(~15%) and Fmax (~12%) in the LAE442 group.
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Introduction
Intramedullary nailing systems are the preferred
method for fracture treatment in long bone.
Currently existing alloys cause stress-shielding
effects and a second surgery for implant removal is
necessary. Magnesium alloys as degradable implant
material are under intensifying research since
several years and the alloy LAE442 showed
promising behaviour in vivo [1-2]. However, no
eligible alloy in the form of an intramedullary
nailing system has been investigated in vivo yet.

Conclusion
The implant was clinically tolerated well. The
magnesium group showed an increased bone
remodelling around the intramedullary nailing
system in conjunction with formation of gas,
possibly due to the ongoing degradation process.
Further histological examination has to be carried
out for a final evaluation.
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Method
An intramedullary nailing system (nail: length
130 mm, Ø 9 mm, 4 locking holes, each pair rotated
90°, Ø 4 mm; screws: length 15-40 mm, shank
diameter 3.8 mm, thread diameter 3.5 mm, core
diameter 2.9 mm, thread pitch 1.25 mm) was
fabricated and implanted into the medullary cavity
of five German Blackheaded Mutton Sheep (n= 5).
An equally treated control group received an
identically machined steel implant (n= 5). During
the 24 week observation period clinical,
radiographical and computed tomographical
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Results
NaOH treatment and variable torques had no
significant influence concerning plate corrosion.
Only those LAE442 plates coated with magnesium
fluoride revealed an obviously trend to a slower
corrosion.

Conclusion
The alloy LAE442 appears not feasible for clinical
use as a magnesium alloy plate-screw-system.
However, LAE442-plates coated with magnesium
fluoride showed a good corrosion protection and
should be tested in vivo in future.
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The use of absorbable implant materials after bone
fracture helps to avoid a second surgery for implant
removal and the risks and costs involved [1-3]. The
aim of the present study was to evaluate, if
degradable LAE442-based magnesium plate-screwsystems qualify for osteosynthesis implants for a
load-bearing bone in vitro. The corrosion behaviour
was tested concerning the influence of different
surface treatments, coatings and screw torques.
Steel plates and screws with the same size served as
control.

Method
Besides approximately 90 wt% magnesium,
LAE442 contains 4 wt% lithium, 4 wt% aluminium
and 2 wt% of a rare earth mixture. Plates with four
countersunk holes (31 mm x 6.4 mm x 1.8 mm and
2.8 mm in hole diameter) were fixed on the medial
surface of a right rabbit tibia which was prepared as
a 6 cm long bone piece. Therefore, screws (6.1 mm
length, 4 mm head diameter, 2.4 mm outer
diameter, 1.66 mm core diameter) were used. Plates
without special treatment and screwed on up to a
specified torque of 15 cNm (n = 5) or 7 cNm (n =
5), NaOH treated plates (n = 5, 15 cNm), fluoride
coated plates (n = 5, 15 cNm) and steel plates as
control (1.4441LA, n = 5, 15 cNm) were examined
in pH-buffered, temperature-controlled SBF
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Introduction
With an incidence rate of up to 19% and rising, chronic sinusitis can be counted among the major widespread medical
conditions. In many cases, surgical treatment is necessary; however, owing to the anatomical structure of the paranasal
sinus system and recurrent restenosis, this not a permanent solution. Alternative therapy with local drug application and
silicon stents has not proved effective. The aim of this study is the development of a slowly degradable magnesium
stent which promotes formation of new mucosal tissue in the narrowed passage, thus preventing restenosis.

Methods
Pigs (n=16) were provided with an intranasal MgF2-coated MgNd2 alloy stent. The opposite frontal ostium was, for control purposes, extended by means of surgery only. Endoscopic control was carried out every 45 days and pigs were euthanized after r 45, 90, 135 and 180 days.. Histological analysis, volumetry by means of micro-CT image analysis and
EDX measurements were conducted following explantation to evaluate the interface between the mucosal tissue and the
stent.

Results
Endoscopic monitoring throughout the course of the study revealed an unobstructed stent lumen. Histological analysis
indicated that the stent has very good biocompatibility. Volumetry was able to show proceeding biodegradation. EDX
measurements confirmed no degradation products in the mucosal tissue. In contrast, all surgically extended ostiums exhibited restenosis after only 45 days.

Conclusion
Our newly designed biodegradable magnesium stent shows very good in vivo biocompatibility. The stent design provides sufficient anchoring in the ostium and prevents restenosis.

Acknowledgement
We wish to thank the German Research Foundation for its support.

Brought to you by | Gazi Universitesi
Authenticated
Download Date | 1/14/16 9:20 AM

Biomed Tech 2014; 59 (s1) © 2014 by Walter de Gruyter • Berlin • Boston. DOI 10.1515/bmt-2014-5014

S1204

Machinin
ng of Maggnesium Implants
I
Hering, B.; H
Helmecke, P.; Denkena, B.
Institute of P
Production Enggineering and Machine Toools, Leibniz Universität
U
Han
nnover, Germa
many
e-Mail: herinng@ifw.uni-haannover.de

Introducction
Biodegradabble osteosyntheesis systems made
m
of Mg-al
alloys possess material properties that aree comparable to
t bone propOne challengee is to control
erties. Conseequently, they are ideal to fiixate a fracturre temporarily avoiding stress shielding. O
the degradatiion behaviour, that dependss amongst otheers on the surfface integrity. Within this w
work the manu
ufacturing of
intramedullarry nails has beeen investigatted.

Methodss
Intramedullaary nails have been machineed of Mg-alloyys Cer2, La2 and LAE442 on a lathe. Ass the surface properties
p
sig-nificantly deppend on the feed,
fe this param
meter has beeen varied betw
ween 0.05 and 0.4 mm. Thee resulting surrface has beenn
investigated by digital microscope (VH
HX-600DSO, KEYENCE) an
nd profilometeer (Perthomete
ter Concept, MAHR). Addi-h
been meeasured. In ordder to examin
ne the influencce on its wettaability, contacct angle meas-tionally, induuced stresses have
urements (Suurftens Univerrsal, OEG). haave been perfo
formed (fig. 1)). At the same time, the corr
rrosion behaviiour was eval-uated, as the reaction starts immediately
y and modifiess the surface.

Results
During turninng, an increasse of feed lead
d to macroscoppic helical feeed marks as weell as to a highher roughnesss (Rz and Ra).
A similar enhhancement coould be detecteed when consiidering the inssertion of residual stresses. This effect deepends signif-icantly on the clamping off the workpiecce. Preliminarry assessmentts could not deetermine a cor
orrelation betw
ween wettabil-ity and corroosion behaviouur.

Conclusiion
The results sshow that seveeral surface properties
p
are influenced du
uring machining and have aan impact on the corrosionn
behaviour. A further challeenge is now, to
t identify thee main effects..
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Development and Manufacturing of Magnesium Interference Screws
Helmecke, P.; Hering, B.; Denkena, B.
Institute of Production Engineering and Machine Tools, Leibniz Universität Hannover, Germany
e-Mail: helmecke@ifw.uni-hannover.de

Abstract
Interference screws are needed to fix the tendon to the bone in a surgery of the cruciate ligament. It is known that Magnesium as implant material has the potential to resolve within the body. Resolving plastic materials are already applied
in the described surgery, however, the mechanical properties of these materials are not sufficient to enable a secure fastening of the tendon. For this reason, interference screws out of magnesium are developed. The presentation will show
the design features which are adapted to the material as well as the process chain developed for complete machining.
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Development of an actuated mobile prototype to replicate individual
jaw movements
KL Lenkenhoff, Chair of Production Systems – Ruhr Universität Bochum, Bochum, Germany, lenkenhoff@lps.rub.de
HM Meier, Chair of Production Systems – Ruhr Universität Bochum, Bochum, Germany, meier@lps.rub.de

Introduction
Conventional dentures without consideration of individual jaw movement and occlusion can lead to functional disorders
in the mandibular joint. In dentistry an articulator is used to map the jaw model of a patient. With this approach only
static occlusion or special tooth positions are represented. Therefore it is impossible to analyse the jaw movement and
the dynamic occlusion, which is the requirement for individual dentures or deriving a therapy. This paper shows the development of a positioning prototype to replicate individual jaw movement.

Methods
In the actual research of dental robotic a few scientific approaches focus on chewing. This attempts seem like the presented approach. But in contrast to other solutions this paper has an application-related focus. To develop a practical
robot in dentistry it is essential to reduce costs and minimize the installation space. Therefore the development of a mobile robot with economical hardware is described. The discussed topics are the mechanical configuration, the development process, and the building of a dental robot prototype to analyse individual jaw movement. The measuring system
for individual jaw movement is not part of this paper.

Results
In this paper the development process of an economic mobile dental robot is shown. In combination with the sensor system the actuated robot enables the dentistry to analyse jaw movement with a high repeatability and with a better access
to the model in contrast to the patients mouth.

Conclusion / Discussion
The mobile robot is developed against the backdrop of cost reducing and minimisation of the actuated system. With this
requirements it is difficult to develop a model with highest accuracy. This issue is focused in further studies to reduce
accuracy problems and adapt a force model to reproduce the occlusion precisely. Nevertheless it could be shown, that a
mobile robot with low-cost hardware can reach the aim for the dentistry.
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Designing a textile reinforcement for a tissue engineered mitral valve
V. N. Gesché1, M. Schilling1, R. Moreira2, T. Gries1, P. Mela2, S. Jockenhoevel1,2
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Department of Tissue Engineering & Textile Implants, Institut für Textiltechnik, RWTH Aachen University, Aachen
Germany, valentine.gesche@ita.rwth-aachen.de
2
Department of Tissue Engineering & Textile Implants, Institute of Applied Medical Engineering, RWTH Aachen University, Aachen, Germany

Introduction
Heart valve tissue engineering has been in the focus of
many research activities within the last decades. We have
established a concept of a textile reinforced fibrin-based
tissue engineered mitral valve (TexMi). Within this concept, the textile is used as load bearing component within
the construct. The design of the textile plays a crucial role
to give the cell-seeded construct the necessary mechanical
stability in order to withstand the loads submitted to during
cultivation and later in vivo. This work presents design
considerations in the development of the warp-knitted textile for the use as reinforcement structure in a tissue engineered mitral valve.

Methods
Based on the implant requirements, the requirements towards the textile reinforcement structure are derived. A
suitable material for the application is selected. This choice
contains aspects such as degradability versus non degradability. Structure-parameter correlations for different process parameters are investigated. Characterization methods
(e.g. for determination of mechanical properties such as
bending stiffness) for the textile structures are established
to evaluate the different structures.

Results
Different warp knitted structures were produced and characterized with regard to morphological and mechanical
properties. Correlations between warp knitting parameters
and resulting mechanical properties were determined. A
suitable textile for the application as mitral valve reinforcement was selected.

Conclusion
A new concept for the textile design of the warp knitted
structure as reinforcement in a tissue engineered mitral
valve was obtained. A target-oriented adjustment of the
process parameters in the textile production as proposed in
this work is essential in order to further improve its properties with regards to mechanical stability and functionality.
The new textile structure will be further investigated in the
TexMi production process.
Brought to you by | Gazi Universitesi
Authenticated
Download Date | 1/14/16 9:20 AM

Biomed Tech 2014; 59 (s1) © 2014 by Walter de Gruyter • Berlin • Boston. DOI 10.1515/bmt-2014-5014

S1208

Absorbable polymeric stent structure for regenerative percutaneous
mitral valve replacement – Mechanical feasibility in vitro
N. Grabow, M. Schröder, C. Brandt, D. Arbeiter, F. Luderer, K.P. Schmitz
Institute for Biomedical Engineering, University of Rostock, Germany, niels.grabow@uni-rostock.de

Abstract
Transcatheter aortic valve replacement, as an increasing therapeutic intervention, is currently generating efforts to extend
this concept to the mitral valve. Also, heart valve tissue engineering is adopting this minimally invasive approach. Our
study reports on an absorbable stent structure for pediatric transcatheter mitral valve implantation (TMVI). Valve stent
prototypes (size: 16 mm, targeted implantation profile: 15 Fr) were developed and manufactured from poly(L-lactide)
(PLLA), and subjected to bench tests regarding radial and axial force. A radial force of 1.6 N at a diameter of 14.5 mm,
and an axial retention force of 3.4 N (equiv. TVP = 128 mmHg) were observed. The present in vitro feasibility study
gives insight into mechanical properties of a generic absorbable PLLA stent designed for regenerative pediatric TMVI.

1

Introduction

Percutaneous transcatheter implantation of aortic valve
prostheses has been performed in more than 50.000 patients worldwide in the last more than 10 years. [1] Recently, the attractiveness of this minimally invasive procedure
has led to advances regarding the extension of the therapeutic concept to younger patients [1], and also to further
application sites, such as mitral valve replacement. [2] In
parallel, attempts have been made to merge the percutaneous heart valve replacement concept with the tissue engineering approach. [3] Particularly appealing in this context
appears the concept of in situ heart valve tissue engineering, as it may provide readily implantable valve prostheses, requiring no in vitro cell seeding and preconditioning.
[4] However, the basis for an entirely regenerative percutaneous heart valve replacement would be an absorbable
stent platform. The use of such temporary stent structures
further enable a growth potential, as it would be required
by pediatric patients. Our group has previously reported on
the development of absorbable polymeric stent systems for
peripheral vascular application. [5] In the present study we
have applied this technology platform to assess the mechanical feasibility of an absorbable polymeric stent structure for use in transcatheter mitral valve replacement.

2

Methods

2.1

Stent design and manufacture

A generic balloon-expandable mitral valve stent structure
was designed using CAD (Creo Parametric 2.0, Parametric
Technology Corp., Needham, MA, USA). (Image 1) The
developed slotted-tube stent design consists of a cylindrical portion to carry the valve leaflets, and of a radial anchoring collar. The valve dimensions were adapted to a 1year old pediatric model patient with a body surface area
of 0.47 - 0.48 m2, requiring a valve diameter of 16 mm.
(Table 1) Stent prototypes were manufactured by CO2 laser machining (LP 1007, Wild Emco Lasertec, Hallein,
Austria) of dip-coated high molecular weight poly(L-

lactide) (PLLA, Resomer L214, Mw = 640,000, Boehringer
Ingelheim Pharma, Ingelheim, Germany) tubes (I.D. = 9
mm, wall thickness = 0.8 mm), according to [5].

Image 1 CAD models of the mitral valve stent structure in
the unexpanded (l.) and expanded (r.) state.
Table 1 Dimensions of the mitral valve stent structure.
unexpanded diameter (uncrimped)
9 mm
expanded diameter (cylindrical portion)
16 mm
expanded diameter (radial collar)
27 mm
axial length (expanded)
7 mm
strut thickness
0.8 mm

2.2

Mechanical in vitro testing

The manufactured valve stent prototypes were expanded to
the nominal dimensions, and subjected to mechanical
bench testing regarding radial force, as well as axial retention force. All tests were performed on a universal testing
machine zwicki-Line Z 2.5 (Zwick, Ulm, Germany) at
37°C air. Cross head speed was 10/100 mm/min for radial/axial force measurements, respectively. Radial force
was measured with the cylindrical portion of the valve
stent being inserted in a V-block setup, according to ISO
25539-2, as described in [6]. The measurements were repeated 10 times. Cyclic axial loading and force measurements were performed with increasing displacement amplitude. In this setup, the cylindrical portion of the valve
stent was fed through a plate with a circular opening of 17
mm. Axial force was applied by a push rod acting on a
transverse polymer membrane, which was sewn into the
cylindrical portion of the stent. Load-displacement curves
were recorded.
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3

Results

4

The valve stent prototypes could be expanded to their
nominal dimensions without rupture. (Image 2)

Image 2 Expanded mitral valve stent prototype, lateral (l.)
and axial (r.) view.
A maximum diameter change of 15 % was realized in the
repeated radial force measurements by decreasing the outer
stent diameter from 17 mm to 14.5 mm. The stent exhibited a stationary load-displacement curve with a maximum
radial force of 1.6 N at 14.5 mm diameter. (Image 3)
2.0
1.8

STD

1.6

mean

radial force [N]

1.4
1.0
0.8
0.6
0.4
0.2
0.0
14

14.5

15
15.5
16
stent diameter [mm]

16.5

17

Image 3 Radial force of an expanded mitral valve stent
prototype during repeated radial loading and unloading.
A maximum axial stent retention force of 3.4 N, which is
equivalent to a transvalvular pressure gradient (TVP) of
128 mmHg, was observed at an axial displacement of 9
mm. (Image 4) However, the contribution of radial force to
axial retention was not covered by the setup.

Image 4 Axial force of an expanded mitral valve stent prototype during cyclic axial loading with increasing displacement amplitude.

Conclusion

The present in vitro feasibility study gives insight into mechanical properties of a generic absorbable PLLA stent designed for use in transcatheter mitral valve replacement.
The exhibited radial force of 1.6 N at a diameter of 14.5
mm compares to a force range of 4 – 14 N described for 26
mm Medtronic-CoreValve and Edwards-SAPIEN prostheses at 15 % diameter reduction between parallel plates. [7]
The observed maximum axial retention force (3.4 N) may
sustain a TVP of 128 mmHg. However, a larger TVP of
200 mmHg, requiring 5.3 N axial retention force for a 16
mm orifice, may be assumed in the mitral position. Future
studies will need to introduce design improvements, as
well as to extend the test range, e.g. inclusion of stent
crimping to 5 mm (15 Fr).

5
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Biomechanical Parameters for Evaluation of Strength of Different
Calcaneus Fracture Fixation Systems
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Abstract
The aim of the study was to assess the fixation properties under load of three different osteosynthesis systems for calcaneus fracture. Useful biomechanical parameters for this comparison should be identified. 21 cadaveric foot bones with a
calcaneus fracture model were tested under cyclical load and under static load until fracture in a servohydraulic test machine. The failure load and the relative interfragmentary motions were found to be useful parameters for the biomechanical assessment of the osteosynthesis systems. The initial stiffness and the relative interfragmentary rotations did not
prove to be useful parameters for a comparison of the systems.

1

Introduction

The efficacy of different stabilisation system principles
with calcaneus fractures is still discussed controversely.
There are different principles in use in clinical practice.
Some systems are based on the osteosynthesis principle
with interlocking nail systems of different designs. Alternatively, angular stable osteosynthesis plates are used for
stabilization.
The goal of the present investigations was the test and introduction of biomechanical parameters for characterisation of the strength of different osteosynthesis systems for
calcaneus fracture. Therefore, the stiffness and failure
loads of the systems were measured on cadaveric bones
under realistic conditions.

2

For the first experiments, the talus of the feet was also embedded in bone cement and it was used for moment-free
load application. For the sake of a more stable load application, this load application principle was later replaced by
use of a negative shape of the upper calcaneus plane made
by bone cement. The calcaneus was allowed to support on
a bone cement buffer in anterior direction (Fig. 1).

Material and methods

A total number of 21 cadaveric foot bones of 11 female
and 10 male persons was used for the experiments.
Within the study, three different fixation systems were investigated: two interlocking nail systems (Calcanail, FH
Orthopedics, Mulhouse, FR and C-Nail, MEDIN, Nové
Město n. Moravě, CZ) and an osteosynthesis plate (Rimbus, Intercus, Rudolstadt, DE).
The bone mineral density of the calcaneus bones was preoperatively determined by CT. A fracture model was established and each 7 calcanei were treated with one of the
three systems. The calcaneus bone was embedded with
bone cement in a cylindrical casting mould. Next, the calcaneus was vertically fixed in the test apparatus according
to Richter et al.

Fig. 1 Test setup with specimen, showing markers on each
fragment and on the load application apparatus
First, the treated embedded calcaneus bone was tested under a dynamic vertical load in a servo hydraulic test machine (MTS, Eden Prairie, MN) with a frequency of 1 Hz
with a swelling force in the range of 1000 to 1100 N. After
each 100 cycles, the load was increased by 100 N until a
maximum of 2500 N was reached [1]. If the bone withstood these fatigue tests, a static failure test was performed

Brought to you by | Gazi Universitesi
Authenticated
Download Date | 1/14/16 9:20 AM

Biomed Tech 2014; 59 (s1) © 2014 by Walter de Gruyter • Berlin • Boston. DOI 10.1515/bmt-2014-5014

until fracture with a speed of 0,5mm/s. The loaddisplacement diagrams were recorded (Fig. 2).
From the slope of load-displacement diagrams the stiffness
was determined. The failure load was defined as the first
point with zero slope in the load-displacement diagrams. In
two cases a contact between the metallic parts of the load
transfer devices was observed which lead to a steep slope
of the load displacement diagram. In these cases the load
immediately before this contact was considered as the failure load.

S1211

fragments immediately before the failure point were averaged and compared.

Fig. 3
tion

Lateral view of a specimen with fragment denota-

Nine of 21 calcaneus specimens withstood the fatigue tests
and were tested in the fracture tests. Only of these specimens the fracture test stiffness could be evaluated. In all of
these cases the initial stiffness of the fracture test was
higher than the initial stiffness of the fatigue tests. Due to
this fact and due to the high fluctuation, the initial stiffness
was found to be not suitable for the assessment of the test
results. However, the average values of the failure loads
showed distinct differences, which were nevertheless not
significant due to the high fluctuations (Fig. 4).

Fig. 2 Example for the load displacement function a) for
fatigue test b) for failure test
For the determination of the interfragmentary motions, an
optical measurement system (PONTOS 5M, GOM, Braunschweig, DE) was used. For this, the five fragments of
each calcaneus (for denotation see Fig. 3) were equipped
with at least three optical markers, which were applied on
carbon sticks that were inserted into drill-holes in the bone.
Moreover, markers on the upper and the lower load transfer device were also applied for validation of the measurements. After evaluation of the results of the optical
measurement device, the resultant values of the interfragmentary motions (displacements and rotations) were determined and displayed as load-displacement diagrams.

3

Results and discussion

The stiffness and failure load values were averaged and
compared for the three implant types. Moreover, the maximum values for the interfragmentary motions of the five

Fig. 4 Average values ± SEM for initial stiffness, failure
load and bone density for the three systems
The reasons for these high fluctuations were due to the individual differences of the bone material and due to the not
standardisable surgical interventions. However, the selected definition of the failure load reveals the strength differences of the different fixation systems.
Furthermore, the interfragmentary motions at the failure
point according the given failure point definition were averaged and evaluated.
The evaluation method applied here does deliberately omit
the detailed evaluation of the interfragmentary motions
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with respect to all coordinate axes. Such an evaluation
would have required the reproducible and standardized
definition of the coordinate system in all specimens.
Therefore the interfragmentary rotation results from the
optical measurement system were not used for further
evaluation. With respect to the expected accuracy this simplification is justified.

4

Conclusion

From the parameters used here for strength assessment, the
failure load and the relative interfragmentary motions at
failure point were found to be useful parameters. The
reaults achieved with these parameters were equal to the
subjective observations during the study. The parameters
stiffness and interfragmentary rotations, which were also
evaluated in this study, however, did not prove do be useful for the evaluation of the fixation systems.

5
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FABRICATION OF SCAFFOLDS WITH DIFFERENT PORE SIZES USING
A LOW-COST 3D PRINTER
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Abstract
A low-cost 3D printer was used to generate porous biopolymer scaffolds. Scaffolds with various interconnected pores
were designed and built on the open-source   fused  deposition   modeling  (FDM)  system   “RepRap  Mendel”.   An  optical  
analysis of the scaffolds was carried out to determine the pore size. The results have shown that highly porous scaffolds
with different pore sizes can be achieved with a low-cost printer.

1

Introduction

In the field of tissue engineering, scaffolds are commonly used to support three-dimensional tissue formation.
Cells are expanded in culture and are then transferred to
the scaffold. The scaffold provides a surface on which
cells adhere, thrive, multiply and generate the extracellular matrix (ECM) [1]. There have been several studies
that have investigated general properties and design features of biodegradable and bioresorbable polymers and
scaffolds [2-10]. Biodegradable polymers, such as
polylactides
(PLA),
polyglycolide
(PGA)
or
polycaprolactone (PCL), are preferred scaffold materials
[6]. A technology for manufacturing such scaffolds is
the fused deposition modeling (FDM) technique which
can generate complex three-dimensional structures layer
by layer [19]. In previous studies different designs of
scaffolds have been investigated that were manufactured
with different fabrication technologies such as FDM
[12]. Industrial FDM systems consist of a head-heated
liquefier attached to a carriage moving in the horizontal
x, y plane, as seen in Fig. 1.

macro pore-structure of 300-500 µm [11], without compromising the structural integrity of the scaffold. The
aim of this paper is to print scaffolds using an opensource fused deposition modeling (FDM) system
“RepRap  Mendel”  in  order  to  generate  pores  within  the  
range of 300-500 µm.

2

Materials and Methods

The FDM system used for manufacturing the scaffolds
is the second generation, open-source Replicating Rapid-Prototyper (RepRap) Mendel as seen in Fig. 1.

Figure  1:    FDM  system  “RepRap  Mendel”  

Figure 2: Schematic operation of FDM [14]
Parts are produced by extruding small beads of thermoplastic material to form layers as the material hardens
immediately after extrusion from the nozzle. There are
many requirements that have to be fulfilled by the scaffolds. One of these requirements is the diffusability of
nutrients which can only be met with an interconnected

This low-cost system can produce engineering components and other products from a variety of thermoplastic
polymers [17]. The material used in this study is the biopolymer PLA (German RepRap GmbH, Germany) and
is fed into the RepRap as a 3 mm thick string rolled on a
bobbin. The nozzle has a diameter of 0.35 mm and is
heated to 202°C for the polymer to melt and be extruded.
The fabrication of the scaffolds can be divided into 4
steps: (i) Construction of the three-dimensional CAD
model, (ii) slicing of the model into specified layers,
(iii) generating the corresponding GCODE for the FDM
machine, (iv) the building process and the removal of
the finished product. Figure 3 shows a schematic representation of the FDM process. For the first step, the
software Solidworks was used to create the CAD file.
For the second step, the open source software slic3r [21]
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was used to slice and generate the GCODE of the CAD
models. The software used to transfer the code to the
axis translation was the open source host-software
Repetier [19]. The samples were manufactured with a
dimension of 20 x 20 x 5 mm³ and with different fill
densities between 0.2 and 0.7 with steps of 0.1 leading
to various pore sizes. For optical analysis, a scanning
electron microscope DSM 960A (Carl Zeiss,
Oberkochen, Germany) as well as the light microscope
Discovery V20 (Carl Zeiss, Oberkochen, Germany) was
used.

3

It can be seen that the fill density setting between 0.4 and
0.5 fulfills the requirement of a pore size between 300
µm and 500 µm. It can also be seen that the smaller the
porosity setting, the smaller the difference in pore size,
resulting to an asymptotic trend. It must also be mentioned that the smaller the samples, the bigger the inaccuracies of the strut alignment as well as the boarder surface quality. This may be the result of unoptimized traversing setting or rather interference between nozzle and
build material and need to be investigated further.

4

Results and Discussion

Six scaffolds with different porosities have been successfully   manufactured   with   the   “RepRap   Mendel”, as
seen in Fig. 3.

S1214

Conclusion

A low-cost open source FDM machine has been used to
generate scaffolds in order to investigate its feasibility.
The aim of this paper was to investigate pore sizes in
scaffolds with various porosity settings. The scaffolds
show promising results, however there is still potential
for improvement. The struts show slightly uneven
alignments and some geometrical inaccuracies at the
boarders of the scaffolds, due to traversing deficiencies
of the extruder, as seen in Fig. 5.

Figure 3: Light microscope images of the scaffolds

Distance (µm)

The samples showed enough mechanical stability to be
removed easily from the build platform after cooling
down. The struts show alignments with similar distances
between each other. The strut thickness with a diameter
of 390 µm is in the same range as the scaffolds, fabricated with industrial FDM systems [11- 16]. Different
nozzles can also be used in order to vary the strut thickness. The software is capable to adjust the hatching parameters but has its limits such as the variety of pore
geometry or pore size. It is therefore necessary to investigate if cell colonization is applicable. The distances
between adjacent struts have been measured with a light
microscope and plotted as seen in Fig. 4.
Strut distances
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Figure 5: REM images of porous PLA scaffolds fabricated  with  “RepRap  Mendel”
However, this open source system can overcome such
limitations with a more sophisticated interaction of
software and hardware and can therefore be a low-cost
alternative to an industrial FDM system. The results
show that the fabrication of scaffolds with interconnected pores with a low-cost FDM machine is possible but
further research is necessary to optimize the process.
Especially investigations concerning cell in-growth
need to be carried out to see if such a low-cost system
could be applicable for scaffold fabrication. New lowcost FDM systems such as the Makerbot Replicator 2X
[20] are already surfacing in the market that might be
better suitable for optimized manufacturing of porous
structures. However, future research could be focused
on the development of additive manufacturing systems
designed specifically for fabrication of tissue engineering scaffolds [18]. Furthermore, the investigation of
mechanical properties has to be undertaken in future
studies.

0,8

Figure 4: Measured strut distances of the samples
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Measurement of radiopacity of vascular implants
W. Schmidt, P. Behrens, F. Kamke, K.-P. Schmitz
Institut for Biomedical Engineering, Rostock University Medical Center, Rostock, Germany
wolfram.schmidt@uni-rostock.de

Abstract
Visibility of vascular implants during implantation and in situ function is an important requirement for a safe and effective application. The basic demand is to measure radiopacity. The presented method is based on standardized procedures,
providing comparable results with reasonable effort and acceptance for medical device approval. In particular, the influence of the body mimicking phantom on gray scale values is shown as well as the benefit of using a defined reference of
varying thickness for quantitative measurements. The larger the attenuation of the phantom the lower is the contrast of
the tested implant. Both phantoms, 150 mm PMMA and 10 mm Aluminium provide similar attenuation and may thus be
used for quantitative assessment of radiopacity of implants or devices in different clinical settings.
The presented method was tested at vascular implants but maybe used also for different devices if a relevant body mimicking phantom can be found.

1

Efficacy and limitations will be shown exemplarily at current coronary stent systems.

Introduction

Visibility of vascular implants during implantation and in
situ function is an important requirement for a safe and effective application. Despite developing non-ionizing imaging modalities such as MRI, ultrasound or OCT, X-ray
based imaging such as fluoroscopy, angiography and CT
are still common and thus need to be investigated. The visibility of implants in this context depends on radiopacity
which characterizes the degree of X-ray attenuation by the
implant and the achievable resolution of the images. While
the latter depends on film resolution or resolution of digital
image sensors, radiopacity is an inherent property of the
device and should be measured reproducably.
Currently there is no adequate standardization how to
measure radiopacity of vascular implants in particular.
The valid German standard DIN 13273-7 [1] for medical
catheters describes a suitable experimental setup but the
procedure is still based on film exposure and measurement of optical density. ASTM F640-12 defines radiopacity   as   “determined by (a) qualitatively comparing image(s) of a test specimen and a user-defined  standard,  …,  
or (b) quantitatively determining the specific difference in
optical density or pixel intensity between the image of a
test specimen and the image of a user-defined standard,
…”[2] . The current version of [2] has dismissed image
calibration.
Digital imaging modalities include application dependend
or even user defined adjustments of image contrast and
brightness. It must be expected that these adjustments will
affect quantitative results for radiopacity to a huge extend.
Our method is a combination of known methods, providing
comparable results with reasonable effort and acceptance
for medical device approval. In particular, the influence of
the body mimicking phantom on gray scale values will be
shown as well as the benefit of using a defined reference of
varying thickness for quantitative measurements.

2

Material and Methods

2.1

Test setup

The radiopacity measurements were conducted using a Xray device (Bucky Diagnost, Philips) based on a storage
film system with standardized imaging parameters.
The basic setup was used according to the German standard DIN 13273-7, section 6 (Figure 1). Additionally to the
test objects an Al sample (thickness 1 to 10 mm, in steps of
1 mm) was placed on the scattering phantom as a reference.
X-ray tube
aperture system

sample
scattering phantom

grid
film

Figure 1: Imaging setup for the determination of X-ray
contrast according to DIN 13273-7 [1].
The tube voltage was held constant at 70 kV. The distance
between X-ray bush and storage film was 1150 mm, while
the distance to the test sample varied according to thickness of the scattering phantom.
For comparison, the same measurement was conducted using a) an aluminum plate of 10 mm thickness as a body
mimicking phantom and b) no phantom at all.
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2.2

Test samples

Three coronary stent systems were used for testing the influence of different body mimicking phantoms (table 1).
table 1: Coronary stent systems for comparison of body
mimicking phantoms
Test sample
Taxus Liberté
Presillion
Coroflex Blue Neo

Dimension
3.5 x 32 mm
3.0 x 17 mm
3.5 x 16 mm

REF no.
38940-3235
MXC17300
5029034

2.3

Analysis of gray-scale contrast

For quantitative assessment the image pixel values were
determined as a measure of the grey scale value (values of
0 ... 255) in the region of the test objects and in the region
of the immediate adjacent film area and arithmetically averaged.
The following results are provided according to ASTM
F640-12:
- the mean gray scale value of the film (averaged over the
film areas adjacent to the test samples)
- the gray scale values of specific regions of the test samples
- the individual contrast of the test sample as the absolute
numerical difference between the specific gray scale
value of the film and the gray scale value of specific regions of the test samples
To compare the measured contrast of the test samples to
the X-ray attenuation caused by an aluminum plate of a
given thickness, the contrast K of the Al standard was
calculated from the gray scale values Gref for the different
thicknesses d of 1 to 10 mm compared to that of the adjacent film (G0, Figure 2).
− 1 ∙ 100%

𝐾=

the sample specific contrast Ks using equation (1) and linear interpolation between the relevant determined contrast
steps of the Al reference (Figure 2). Thus, for assessment
of the fluoroscopic contrast of each test sample the corresponding Al thickness dAl was calculated.
To prove whether the quantitative assessment depends on
image post-processing like matched contrast and brightness adjustments, these adjustments were modified and
the results compared.

3

They were investigated in the original state with the stents
crimped on the balloon catheters. Thus, the radiopacity of
the balloon markers could also be determined.

S1217

Results

Imaging with the different phantoms and without any
phantom yielded X-ray images with different contrast and
brightness (Figure 3). Caused by the differing distance between radiating tube and the plane of test samples (always
on top of the phantom) the objects appear the smaller the
thinner the phantom was.
a)

b)

(1)
c)

400
350

Contrast K [%]

300
250

200
150
100
50

0
0

1

2

3

4
5
6
7
Thickness of Al reference [mm]

8

9

10

Figure 2: Calculated contrast of Al reference compared to
adjacent film, measured with 150 mm thick PMMA phantom
Intermediate grey scale values of the test samples were
then assigned to the related Al thickness by calculation

Figure 3: X-ray images of coronary stent systems – a)
without body mimicking phantom, b) 10 mm Al plate, c)
150 mm PMMA phantom. (From top to bottom: Alreference, Taxus Liberté, Presillion, Coroflex Blue Neo)
The calculated contrast curves for the identical Al reference are shown in Figure 4. None of the curves was linear, but linear interpolation between the supporting points
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seems appropriate. X-ray attenuation was higher with the
150 mm PMMA than with the 10 mm Al phantom while
both phantoms provided a significant effect.
3500
150 mm PMMA

3000

10 mm Al
2500

S1218

The influence of an increased contrast and brightness varying by up to 20% compared to the original image (taken
with the 150 mm PMMA phantom) can be seen in Figure 7
and Figure 8, for both methods of radiopacity measurement. While the grey scale difference is increased at least
with 20% enhanced contrast, the values in mmAl remain at
the same level independently from the varied image settings.

Contrast [%]

no phantom
2000

7

1500

6

1000

5

Original image

5% enhanced contrast & brightness
10% enhanced contrast & brightness

Contrast [mmAl]

20% enhanced contrast & brightness

500

0
0

1

2

3

4
5
6
Thickness of Al reference [mm]

7

8

9

4

3

10
2

Figure 4: Contrast of Al reference steps depending on the
type of body mimicking phantom

1

0

The measured contrast expressed in units of aluminum reference thickness (Figure 5) was less dependend on the type
of phantom than the difference of grey scale values (Figure
6). A slight increase in contrast was seen at both methods
for the more radiopaque balloon markers.

Taxus Liberté, stent Taxus Liberté,
body
balloon marker

140

150 mm PMMA
10 mm Al

120

Difference of grey scale values

no phantom

Contrast [mmAl]

4

3

2

Presillion, balloon Coroflex Blue Neo, Coroflex Blue Neo,
marker
stent body
balloon marker

Figure 7: Radiopacity of stents and balloon markers in
[mm Al] depending on contrast and brightness settings of
the digital image

6

5

Presillion, stent
body

Original image
5% enhanced contrast & brightness
10% enhanced contrast & brightness
20% enhanced contrast & brightness

100

80

60

40

20

1

0
Taxus Liberté,
stent body

0
Taxus Liberté,
stent body

Taxus Liberté,
balloon marker

Presillion, stent
body

Presillion, balloon Coroflex Blue Neo, Coroflex Blue Neo,
marker
stent body
balloon marker

Figure 5: Contrast of stents and balloon markers steps
depending on the type of body mimicking phantom as
compared to that of Al reference [mm Al]

150 mm PMMA
160

10 mm Al
no phantom

Difference of grey scale values

140
120
100
80
60
40
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0
Taxus Liberté,
stent body
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balloon marker

Presillion, stent
body

Presillion, balloon Coroflex Blue Neo, Coroflex Blue Neo,
marker
stent body
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Figure 6: Contrast of stents and balloon markers steps
depending on the type of body mimicking phantom provided as difference of grey scale values

Presillion, stent
body

Presillion, balloon Coroflex Blue Neo, Coroflex Blue Neo,
marker
stent body
balloon marker

Figure 8: Radiopacity of stents and balloon markers in
grey scale value differences depending on contrast and
brightness settings of the digital image

4

180

Taxus Liberté,
balloon marker

Conclusion

The use of the body mimicking phantom definitely affects
the measured contrast of any sample. The larger the attenuation of the phantom the lower is the contrast of the tested
implant. Both phantoms, 150 mm PMMA and 10 mm Aluminium provide similar attenuation and may thus be used
for quantitative assessment of radiopacity of implants or
devices in different clinical settings.
For a standardized assessment of radiopacity it is recommended
- to use a relevant and defined imaging setup (distances,
energy dose, filtering, as described in [1][2])
- to use a relevant body mimicking phantom
- to image the test samples together with a defined reference sample like a step wedge
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-

to quantifiy the measured attenuation in comparison to
the step wedge
The achieved contrast depends on the phantom and X-ray
settings. Most influence on quantitative contrast results
was seen from user depended adjustments of contrast and
brightness. These influence can be significantly reduced by
comparison to the Aluminum step wedge.
While the radiopacity of the implant is a basic property for
visibility of the implant, other parameters such as the image resolution also contribute but were not assessed in this
study.
The problem of defining appropriate minimum acceptance
levels, however, will not only depend on radiopacity as a
measure of X-ray attenuation but also on the image resolution of the typically used imaging equipment and the field
of clinical indication. The presented method was tested at
vascular implants but may be used also for different devices if a relevant body mimicking phantom can be found.

5
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Erfahrungen mit der Markteinführung eines grundsätzlich neuen
Stimulationsgerätes aus Sicht eines beratenden und anwendenden Arztes
Peter Biowski, Facharzt für Physikalische Medizin, Wien
FES = Funktionelle Elektro Stimulation wird fälschlicherweise oft nur als Stimulation mit
schmalen Impulsen angesehen; denervierte Muskeln können mit den herkömmlichen
Reizstromtherapiegeräten, die nur schmale Impulse abgeben, nicht oder nur unzureichend
stimuliert werden. Seit Jahren besteht die Möglichkeit mit den so genannten Stimuletten,
die sowohl breite Einzel . Exponentialimpulse mit 100 500ms Impulsbreite, als auch
individuell programmierbare Stromformen zur Verfügung stellen, denervierte Muskeln mit
Oberflächenelektroden zu stimulieren.
Das EU Projekt RISE wurde 2001 geschaffen. Eine Arbeitsgruppe von Wissenschaftlern und
Ärzten erzielte dabei grundlegende Erkenntnisse über die Elektrostimulation denervierter
Muskulatur.
Dieses Projekt zeigte, dass Funktionelle Elektro Stimulation die einzige auf Dauer wirksame
Möglichkeit zur Behandlung denervierter Muskeln ist und in der Heimanwendung eine
sichere und wirksame Therapie darstellt. Dieses Verfahren ermöglicht aktive
Muskelkontraktionen auszulösen und Muskelatrophie und –degeneration zu verringern bzw.
zu einem guten Teil rückgängig zu machen.
Aufgrund der vielversprechenden Therapierfolge des EU geförderte RISE Projekt wurde ein
Produktionsbetrieb gesucht, der Stimulationsgeräte baut, die den Anforderungen des RISE
Projektes entsprechen. Der traditionelle Familienbetrieb Dr. Schuhfried entwickelt und baut
Reizstromtherapiegeräte seit 1947 in Wien.
Mit der stimulette den2x steht seit 2010 ein Zweikanal Elektrotherapiegerät, das speziell
und ausschließlich für den Einsatz zur Stimulation denervierter Muskulatur bestimmt ist, zur
Verfügung.
Die Stimulette den2x bietet auf 2 getrennt regelbaren Kanälen eine maximale Stromstärke
von 300mA. Es können biphasische Dreieck bzw. Rechteckimpulse mit Impulsbreiten bis zu
200ms zur Muskelstimulation eingesetzt werden. Dauerstimulation mit einem
Wechselschalter ermöglicht Steh bzw. Gehübungen.
Trotz der vielversprechenden Technologie, der guten Therapieerfolge im kleinen Rahmen
und der Firmenpräsenz bei internationalen Kongressen mit dem Themenschwerpunkt
denervierte Muskulatur erfolgt die Markteinführung nur sehr schleppend.
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