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real-time through software with complex algo-
rithms. The calculation of coordinates refers to
determining the location of a point in each space
based on its position relative to other known 
points (see Fig. 2). In order to calculate coordi-
nates, a variety of factors must be considered, 
including the angles and distances between the
known points, as well as any distortions or devi-
ations in the measurements [4,5].

Fig. 2. Sketches about the calculation of the position
data: a) CMS surface with dimensions (top left), b)
vector calculation (top right) and c) relative angle de-
termination (bottom).

The locking holes in the nail are calibrated to the
system using a calibration pin according to the
desired nail length. The challenge was to adapt
the camera to the insertion guide, which required
analyzing the anatomical features of horses and 
determining the ideal arrangement of the cam-
era-marker modules in terms of opening angle
and working distance. As a result of this adapta-
tion, an extension arm was developed which can
be mounted on the specific insertion guide in two 
different positions, covering the working range of
the proximal and distal locking holes of intrame-
dullary nails [4,5].

Experimental Setup
Ten femora from slaughtered horses (age 8 - 14 
years) were collected from a local horse butch-
ery for testing the CMS. The experimental pro-
cedure for testing the CMS can be divided into
four steps: 1. preparation of the bone specimens,
2. mounting the CMS on the intramedullary nail
and calibrating the system with the calibration
pin, 3. nail insertion and proximal locking, 4. drill-
ing and distal locking [4].

Results
The method developed here is suitable for lock-
ing intramedullary nails in large animals. The
camera-marker system fits well into the surgical
procedure and provides a high degree of accu-
racy. Likewise, the X-ray exposure for surgeon
and animal can be reduced to a minimum. X-rays
are only required for final locking control [4,5]. 
With sufficient training and practice, the surgeon 
can hit the distal locking holes with ease. The
very first attempts already showed a hit rate of 
80 % with fast improvement with increasing prac-
tice. Because of the very good results, the sys-
tem could also bring great benefits in human 
medicine.

Outlook
Further work is planned to significantly improve
handling and to develop a training concept for 
surgeons. The system will continue to be tested 
and iteratively improved in the future.

Author Statement
Research funding: The project is funded by the
Federal Ministry for Economy and Climate Pro-
tection based on a resolution of the German
Bundestag (Funding reference 16KN062326). 
Conflict of interest: Authors state no conflict of
interest. Ethical approval: The conducted re-
search is not related to human or animals use.

References
[1] W. Brade, O. Distl, H. Sieme, A. Zeyner, Pferde-

zucht, -haltung und -fütterung - Empfehlungen für
die Praxis. Landbauforschung - vTI Agriculture
and Forestry Research 2011; Sonderheft 353 /
Special Issue 353.

[2] S. Hug, Epidemiologische Untersuchungen der
Frakturpatienten der Pferdeklinik Bedeutung der
Schlagverletzung als Ursache von Frakturen. Dis-
sertation, Universität Zürich, 2009.

[3] A.N. Dimock, K.D. Hoffman, S.M. Puchalski, S.M. 
Stover, Humeral stress remodelling locations dif-
fer in Thoroughbred racehorses training and rac-
ing on dirt compared to synthetic racetrack sur-
faces. Equine Vet J 45(2), 176-181 (2013).

[4] S. Walther, T. Reuter, A. Grundmann, F. Preuß,
D. Barnewitz, Development of a camera-marker
system (CMS) for locking nails during intramedul-
lary osteosynthesis in large animals – First re-
sults, Current Directions in Biomedical Engineer-
ing 9(1), 238-241 (2023); doi.org/10.1515/cdbme-
2023-1060

[5] S. Walther, A. Grundmann, J. Biedermann, J.
Wutzler, Process improvement of locking in-
tramedullary nails, Biomed Eng-Biomed Tech
62(s1), 277 (2017).

Branching Wall-less Vessel System in Tissue-Mimicking 
Materials for Magnetomotive Ultrasound Imaging

Christian Heim1, Christian Huber2,3, Ingrid Ullmann3, Helmut Ermert2,
Stefan Lyer2, and Stefan J. Rupitsch1

1 Department of Microsystems Engineering (IMTEK), Laboratory for Electrical Instrumentation and 
Embedded Systems, University of Freiburg, Georges-Köhler-Allee 106, Germany

2 Department of Otorhinolaryngology, Head and Neck Surgery, Section of Experimental Oncology and 
Nanomedicine (SEON), Professorship for AI-Controlled Nanomaterials (KINAM), Universitätsklinikum 

Erlangen, Glücksstraße 10a, Germany
3 Institute of Microwaves and Photonics (LHFT), Friedrich-Alexander-Universität Erlangen-Nürnberg, 

Cauerstraße 9, Germany
Christian.Heim@imtek.uni-freiburg.de

Summary:
In this contribution, we present an extended manufacturing process and evaluation method of a branch-
ing wall-less vessel system in tissue-mimicking materials for the development of Magnetomotive Ultra-
sound (MMUS) imaging algorithms. Blood flow in vessels around a tumor can interfere with MMUS 
imaging and has to be considered for algorithm development. A water-soluble filament can be used to 
integrate a branching wall-less vessel system into phantom manufacturing. Branches can be evaluated 
exploiting 3D ultrasound imaging and vector-flow imaging in combination with a highly echogenic fluid.
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Motivation
Magnetic Drug Targeting (MDT) with superpara-
magnetic iron oxid nanoparticles (SPIONs) is an 
emerging cancer therapy with localized treat-
ment. In combination with Magnetomotive Ultra-
sound (MMUS), the spatial distribution of the 
SPIONs can be monitored during enrichment [1].
A review of MMUS imaging can be found in [2]. 
MMUS is based on the time-tracking of magneti-
cally induced small tissue displacements in the 
SPION-laden areas by applying time-varying 
magnetic fields. For the development of MMUS 
algorithms, ultrasound phantoms made of tissue 
mimicking materials (TMMs) are commonly used
for baseline studies. However, real tumors have 
a branching vessel system as shown in Fig. 3
(left), which can interfere with MMUS imag-
ing [1]. In order to extend phantoms by adding
wall-less vessels, manufacturing methods for 
complex flow phantoms have been developed
using different combinations of soluble 3D print-
ing filaments [3, 4]. In this contribution, we pre-
sent a manufacturing process using water-solu-
ble polyvinyl alcohol (PVA) filament to manufac-
ture a wall-less vessel system to improve phan-
tom models for MMUS algorithm development.
Branches have been evaluated exploiting 3D ul-
trasound (3DUS) and speckle tracking based 
vector-flow (STVF) imaging according to [5, 6].

Manufacturing Process
Phantom manufacturing involves many different 
methods and materials. A recent overview of ul-
trasound phantom manufacturing can be found 
in [7]. In this contribution, PVA (10 wt%, DuPont 
Elvanol 71-30) was chosen for the hydrogel due 
to its ability to harden phantoms with varying 
stiffness and to mechanically couple different 
phantoms. PVA can also be used as a water-sol-
uble filament (Formfutura Atlas Support Natural)
for vessels and as a scattering material (DuPont 
Elvanol 71-30) to mimic tissue echogenicity. To 
demonstrate the manufacturing process, we
manufactured a wall-less vessel system around 
a SPION-laden phantom, as illustrated in Fig. 1.

Fig. 1. Phantom manufacturing steps: (A) Pre-hard-
ening with two freeze/thaw cycles of a SPION-laden 
tumor phantom with an iron content of 17.2 mg/ml, (B) 
Placement of tumor phantom and PVA filament, (C)
Connect PVA filament parts using a heat gun, (D) Fill 
(4x4x4) cm mold with hydrogel and cover with foil.
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After step (D), the final phantom was hardened 
in a climate chamber using two freeze-thaw cy-
cles (FTCs). Fig. 2 shows the utilized tempera-
ture profile of one FTC. Finally, the PVA can be 
removed by placing the phantom in a water bath. 

Fig. 2. Temperature profile of one FTC. The Phan-
tom temperature was measured using a PT100 sen-
sor placed in the center of a reference phantom. 

Experiment and Results 
To evaluate the braches, a highly echogenic fluid 
composed of the same hydrogel used to manu-
facture the phantom with 5 mg/ml PVA powder 
was utilized in combination with a Whadda 
WPM447 peristaltic pump to generate a fluid 
flow. Ultrasound data was collected by means of 
an Ultrasonix SonixTouch ultrasound scanner in 
combination with a L9-4/38 ultrasonic transducer 
exploiting STVF imaging and a 4DL14-5/38 ul-
trasonic transducer exploiting 3DUS imaging. 
The results are depicted in Fig. 3 and Fig. 4. 

Fig. 3. Angiographic image of a VX2-tumor below 
the knee of a rabbit (left, SEON). 3DUS image of the 
phantom with a center frequency of 10 MHz, mechan-
ical index of 0.28, and thermal index of 0.27 (right). 

Fig. 4. STVF image with a center frequency of 
6.6 MHz, 88 frames per second, mechanical index of 
0.53, and thermal index of 0.37. Peristaltic pump is 
connected to inlet at (depth/width) of (4/0.5) cm. The 
blue box indicates the area used for the STVF image. 

Conclusion and Outlook 
This contribution demonstrates an extended 
manufacturing process for MMUS phantoms 
with a branching wall-less vessel system using 
water-soluble PVA filament. It could be shown 
that local heating using a heat gun can be used 
to connect PVA parts to build a branching wall-
less vessel system around a tumor phantom. 
Furthermore, it could be shown that highly echo-
genic fluid enables evaluation of braches exploit-
ing 3DUS imaging and STVF imaging. In addi-
tion, unlike Doppler imaging, STVF allows the 
characterization of speckle pattern movements 
independent of the orientation of the ultrasonic 
transducer. Future research will focus on disturb-
ances caused by SPIONs in vessels and their 
impact on MMUS imaging. 
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