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Introduction: Phantoms mimicking tissue motion have become a valuable tool
for quality control in various fields ofmedical physics including lung phantoms for
image-guided radiotherapy and functional imaging in nuclear medicine or
magnetic resonance imaging (MRI) in the body. In MRI, precise kinematic
models are more difficult to realize owing to the requirements of MR-
compatibility. Pneumatic stepper motors built entirely of non-conducting
materials can be safely used in an MR environment, with pressurized air
supply and switching residing outside the magnet room.

Methods: In this research, a torso phantomwas built adopting a 3D-printed linear
stepper drive for use with high-field MR scanners. It was possible to simulate
respiratory motion of a 3D-printed left ventricle phantom using the stepper.

Results and discussion: Precise and accurate motion for a time of 15 min over a
range of 8 cm were achieved with speeds up to 5.5 mm/s when the stepper was
loaded with the left ventricle phantom. It was shown that themotor is an effective
tool for quality control in multi-modal medical imaging.
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1 Introduction

Medical imaging in the body is a challenging task and requires proper phantoms to
validate data acquisition and reconstruction. In particular, thorax and abdominal magnetic
resonance imaging (MRI) or spectroscopy (MRS), but also positron-emission tomography
(PET) and radiation therapy, have to take into account motion. Several sources of motion
are present and can cause complications depending on the application. Breathing leads to
bulk displacement of the heart, liver and other organs or tissues, including tumors. The
beating heart and the resultant blood flow can cause severe imaging challenges as well as
being potential markers of disease.

Motion phantoms for quality control are a widespread tool in medical physics,
especially when dealing with 4D imaging protocols [1–4]. While precise positioning can
easily be achieved by means of stepper motors, the situation is more complicated in the case
of magnetic resonance imaging, where stray electromagnetic fields and metallic materials
are to be avoided. Therefore, most imaging phantoms for MRI are still static in design [5, 6].
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Pneumatic or hydraulic systems were proposed, for instance for
robotic interventions [7, 8]. Pneumatic stepper motors are one
possible technology for use in MRI, as described in the literature
[9–11], because they require neither magnets, electric currents nor
metal in the motor itself. The designs presented in [11] are of special
interest. The drives can be manufactured easily by means of 3D
printing and have been proven to be MR safe at 0.25 T. In this work
modifications to the driver hardware and software of the T-63
stepper motor [11], enabling its utilization in a torso phantom
for magnetic resonance imaging scanners operating at both 3 T
and 7 T.

Phantoms representing the torso are challenging to build and
thus not commonly available, especially when also featuring
motion. Because of their size and hence mass, they need to be
quite sturdy, thus most available phantoms have protruding
edges at the end where the endplates are screwed on.
Consequently, this design limits their application for the use
with surface coils for better receive coil performance. Also,
depending on the application, some flexibility in assembling
can be a cost-efficient use of the phantom. Therefore, a
phantom with seamless design and cylindrical cavities was
developed, which can be accessed from one end, allowing the
mimicking of anatomical structures like lungs, liver, etc. by
placing static or moving inserts.

2 Materials and methods

The presented phantom consists of three independent units. the
container, the motion unit and the flow unit. The schematics of the
setup is shown in Figure 1. All the controls are outside the scanner,
only fluid filled tubes and tubes for compressed air link the controls
to the motor and the phantom in the scanner room. The torso was
made from PMMA, PLA was used for printing the motor, rack and
the LV phantom. PMMA and PLA are regarded as soft-tissue
equivalent in x-ray imaging, when this phantom will be used in
x-ray or CT scans [12].

2.1 Pneumatic tubing and compressed
air supply

The original STL file of the stepper motor was taken from www.
myminifactory.com/object/3d-print-t-63-pneumatic-linear-stepper-
motor-98487. The motor requires four independently switchable
pressure sources. The valves are electrically switched (Figure 1) and
thus situated outside themagnet room. In theMRCentre, this translates
into 10 m of tubing for the 7 T scanner and only marginally less for the
3 T. In consequence, the original 4 mm diameter tubing used for the T-
63 design was inadequate due to the pneumatic resistance at this
diameter. To realize a separation of 10 m from the control hardware
to the drive, a bushing made of Perspex placed approximately 0.3 m
from the drive was used. A 10 mm diameter pneumatic tube was glued
into this bushing with cyanoacrylate glue (Loctite 406, Henkel CEE,
Austria). For the remaining distance to the control room, 10 mm
diameter tubing was used (PUN-10 × 1,5-BL, Festo GmbH, Austria)
and the lines were held apart using small boards of plywood.

A compressor (Adler Kompressoren, Ulrich bei Steyr, Austria),
with 75 L, max 13 bar) and an additional reservoir of 150 L (max
10 bar) was used as compressed air supply. The compressor was in a
separate room and linked to the reservoir via a tube of 15 m with a
diameter of 20 mm. The reservoir in the control room was then
supplying the pneumatic stepper via switchable valves, see below.
The maximum throughput is 460 L/min.

2.2 Electronics hardware

The solenoids controlling the air supply were two Festo
VUVG-L10-T32C-MT-M5-1P3 (Festo GmbH, Austria).
Figure 2 shows the in house developed and manufactured
circuit to drive these magnetic valves. The printed circuit
board designs, a bill of materials and the software to drive
the T-63 can be found here: https://github.com/wbirk/
PneumaticStepperControl/. The microcontroller used is an
Adafruit Feather M4 Express (Adafruit Inc., NY/USA). It is

FIGURE 1
The pneumatic circuit (top) consists of the compressed air supply, supplying Arduino controlled valves driving the pneumatic stepper. The water
circuit (bottom)makes use of a reservoir, fromwhich a self-primed suction pump pumpswater through tubes to the left ventricle phantom in the scanner
room and back. A power supply (middle) supplies the pump, the Arduino board and valves and a raspberry pi (Control) to control the phantom. The box on
the right indicates the scanner room, or even the phantom itself. Note, that only air and water supply pass through.
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programmed with Arduino IDE (version 1.8.19, www.arduino.
cc). A program file for driving the T-63 can be found on the same
github site. This file was adapted to enable the microcontroller to
create the required motion patterns of the pneumatic stepper as
described in Figure 3. The printed circuit board hosting the
hardware was designed with Fritzing (www.fritzing.org) and the
original layout as well as Gerber files are also provided.

2.3 Controls and graphical user interface

To control the pneumatic stepper motor, a graphical user
interface (GUI) was designed using the Processing IDE (Version
4.3, https://processing.org/) (Figure 3). The Processing code was
compiled as a java application and executed on a Raspberry Pi
with the “Raspberry Pi OS Buster” operating system. The
desktop session can be accessed using virtual network
computing (VNC) from external devices like laptops or
smartphones. Commands are sent from the raspberry pi via
USB to the Arduino board.

The timing and order of opening and closing of the valves
determines the direction and speed of the motor. These parameters

can be controlled using the GUI (Figure 3). The limits on these
parameters which allow for a certain task depend on the air supply
(pressure, pressure recovery rate, tube length), friction of the motor
rack, and the load.

Using the GUI, the stepper can be moved in one direction for a
certain number of steps or cycles. It can also perform periodic
motion, going back and forth for a defined number of steps, either
for a certain number of repetitions or continuously until it is stopped
by the user. The valve actions are logged to a file.

The GUI allows waiting for the next trigger pulse at certain intervals,
e.g., at the start or at the turning points, or even after a cycle.

The MRI pulse sequence can send a TTL signal via the external
trigger output to synchronize the experiments. It needs sufficient
length (3 ms) to be captured reliably by the Arduino, which has a
sampling rate of 490 Hz.

2.4 Torso phantom

A torso-shaped phantom (Figure 4) with a total length of 40 cm, a
width of 33 cm and a height of 23 cm was designed and custom built
(Chase GmbH, Maria Enzersdorf, Austria) in the material Perspex

FIGURE 2
Schematic for the driver hardware, drawn with Fritzing, https://fritzing.org/. To operate the Festo valves, four TIP 120 Darlington transistors with
snubber diodes were used as switches. The basic power supplied is 12 V DC, the necessary stable voltages of 3.3 V for the microcontroller and 5 V for the
Festo solenoids is produced by two DC-DC converters.
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(PMMA). It features a seamless design and two open tubes (11 cm
diameter) mimicking lungs integrated into the lid of the torso phantom.
The lid also has an opening for filling the main container. It is mounted
with screws to the phantom body on the inside such that nothing
protrudes the body. 20 L of liquid are required to fill the phantom body.
The phantom was filled with water, measured T1 values were 3.00 ±
0.35 s at 7 T (Stimulated Echo AcquisitionMode (STEAM), progressive
saturation) and 2.69 ± 0.35 s at 3 T [Turbo Spin Echo (TSE), Inversion

recovery] or 2.57 ± 0.21 s at 3T (STEAM, progressive saturation). A base
plate holds the torso phantom in amatching opening. It also holds a 3D
positioning table built in-house using PVC (Figure 5). This positioning
table is used to place the pneumatic stepper at one of the open tubes in
the lid of the torso phantom. As can be seen from Figure 5, a rack passes
through the motor, with screw fittings cut to the front for mounting
parts (Figure 4). Inserts, e.g., cylinders or other forms filled with
solutions or gels, can thus be moved.

FIGURE 3
Top: The graphical user interface to control the phantom is shown. The basic unit ofmotion is one step. A full cycle of all four cylinders is called pitch
and consists of the motion resulting from pressurizing each of the four chambers of the pneumatic stepper once in the correct order, for each direction
(forward or backward). The speed of the steppermotion is controlled by time intervals which define how long each chamber is pressurized and the time in
between the closing of one valve and opening of the next one. These parameters can be set in the “Setup” column (centre left). The coloured squares
next to the interval names in the screenshot link these intervals to their position in the motion pattern of the pneumatic stepper in the graph below.
• Repetitions: In case “Repeat” is selected in the “Motion” column (center right), this value determines how often the stepper is oscillating the rack back
and forth. • Pitches: This value controls the distance the rack is moved in one direction. • Direction interval: When the linear stepper performs periodic
motion, a delay when changing direction of the stepper rack can be added. • Step interval: The time in between two steps, which is added to the inertia
interval. This value is used to control the speed of the linearmotion.•Pitch interval: An additional delay can be added after each pitch.•Move interval: The
amount of time a valve is open. If too small, steps are lost, if too long, a lot of compressed air will be lost, and themaximum speed of the stepper would be
reduced. • Inertia interval: A solenoid valve should be opened only once the preceding valve is fully closed. It takes about 15 ms for a valve to fully close.
This inertia parameter is the lower limit for steps. bottom: Illustration of the pneumatic stepper motion pattern: A step is the duration required for the
motion caused by pressuring one chamber of the pneumatic stepper and the time delay until the next step. This time delay is determined by the move
interval which is the time one valve is open (black line), the inertia interval (blue) giving the valve time to close before opening the next valve and the step
interval (green) which is an additional delay that can be introduced before the next step. Four times a step (one for each chamber of the pneumatic
stepper) is called a pitch and after each pitch an additional delay called pitch interval (red) can be added. Setting the direction interval adds a delay each
time the pneumatic stepper changes direction. This figure shows two pitches in one direction and one pitch in the opposite direction, with each pitch
consisting of four steps. Motion (vertical changes of the graph) only occur during move intervals (black lines).
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FIGURE 4
Photos of the torso phantom various setups. (A,B) The two cylindrical empty tubes of diameter 10 cm can be seen, making the inside of the phantom
accessible (red circles). (C) The left ventricle phantom is mounted on the rack of the pneumatic motor, which is located in front of one of the hollow
sections. The motor is mounted on an adjustable table to allow for correct positioning. A video showing the pneumatic stepper motor moving the left
ventricle phantom in the torso phantom is provided in the Supplementary Video S1. (D) A fluid-filled cylinder is inserted in one of the tubes of the
torso phantom. The cylinder has an aqueous solution of 50 mmol/L potassium diphosphate/potassium hydrogen phosphate (9:1 ratio). T1 was 0.11 ±
0.00 s at 7 T and 0.10 ± 0.02 s at 3 T. It also contains a small sphere of another phosphate solution (phenylphosphonic acid), which can be used for
spectroscopy sequence tests and calibration.

FIGURE 5
An in-house built 3D positioning table (left) is used with the pneumatic stepper (a) mounted on top (right). The four blue 10 mm diameter tubes (b)
coming from the pneumatic valves are connected with Q20 bushings (c) to the 4 mm tubes (d) supplying the chambers of the pneumatic stepper.
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2.5 Ventricle phantom and flow

A left ventricle-shaped two-chamber phantom (LV phantom,
see Figure 6) was mounted on the rack of the pneumatic motor
(Figure 4C). The LV phantom consists of an outer liquid filled
compartment mimicking the myocardium, and an inner
compartment with an in- and outlet that allows flow. To
simulate blood flow, water is flushed through the inner
compartment, supplied via 10 m long tubes using a self-priming
pump (Jabsco “water-puppy”) with a 15 L water reservoir. To reduce
friction losses in the long tubes, an inner diameter of ¾ inch was
used, matching the diameter of the in- and outlet of the
pump. Flexible tubes with an inner diameter of 8 mm were used
for the first 30 cm before and after the LV phantom. The flexible
short tubes allowed unrestricted motion of the LV phantom during
the pneumatic motor movement. The 10 m tubes were equipped
with a ¾ inch hose connector (Gardena Profi-System, Husqvarna
Austria GmbH, Linz, Austria) on one side to connect with the short
tubes from the pump on one end. On the other end a ¾ inch to 8mm
hose connector (Eheim GmbH & Co KG, Deizisau bei Stuttgart,
Germany) was used. All connectors were equipped with valves to
be able to (dis-)connect the tubes without loss of liquid. The flow
rate was adjusted by varying the current of the pump’s power
supply (Laboratory DC Power Supply, IPS 3303 RS Pro, RS

Components Handelsges.m.b.H., Gmuend, Austria) using the
power supply’s integrated controls and monitored using a
flowmeter connected to the outlet of the pump. De/-
activation of the pump was achieved using a relay, which was
controlled by the Raspberry Pi.

2.6 Motion evaluation

Initially, calibration and testing were done on the bench. Visual
inspection, markers on the rack and camera footage were used to
evaluate the proper response of the motor. A demonstration of the
motion is seen in Supplementary Video S1. The whole system was
then put into both a 3 T PrismaFit and a 7 T Magnetom MR
scanners (Siemens, Erlangen, Germany). A 14 × 22 cm2 surface coil
(Rapid Biomedical, Rimpar, Germany) was used for 7 T excitation
and acquisition of MR signals, while the spine array and the 18-
channel flexible array were used at 3 T.

The electronically switched valves were placed outside the
scanner room and connected via 10 m of tubing to the
phantom. This required a nominal operating pressure of at
least 9 bar at the valves to compensate for losses in the long
tubes. The image quality of the phantom is good, even using a
7 T scanner and a comparatively small surface coil (Figure 7),

FIGURE 6
Left: A left ventricle phantom (a) is mounted at the tip of the pneumatic stepper rack with a wheel for additional load support (b). Right: The left
ventricle phantom consists of an outer liquid filled compartment (blue) mimicking cardiac tissue and an inner compartment (pink) with inlet (c) and outlet
(d) to achieve flow integrated into the lid (red). The removable spoiler (e) at the inlet causes turbulent flow for realistic flow characteristics.

FIGURE 7
The planes of the sagittal view (left) and coronal view (middle) of these localizer images of the torso phantom in a 7 T scanner with the left ventricle
phantom display the area where the left ventricle phantom is mounted (red rectangles). In the sagittal view a segment of an 8 mm tube is visible (white
arrow), but no structures from themount, stepper rack or related image artifacts are visible. This indicates that thematerial of the pneumatic stepper does
not impair MR image quality. The vertical and horizontal lines in each image indicate the image plane of the other two images.
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inhomogeneities in the signal distribution are typical for 7 T
MRI. The motor and rack are not visible, signal arises only from
the liquid filling.

MRI scans were also performed in a Siemens PrismaFIT 3 T MR
scanner using the spine array and 18 channel flexible body coil array for
signal detection (Figure 8). Motion was performed and recorded in the
LV phantom (T1 = 1.7 s at 3 T) with and without flow as well as in a
cylindric vessel of 10 cm diameter and 15 cm length, filled with saline
solution (T1 = 0.10 ms at 3 T, T1 = 0.11 ms at 7 T). The motor was set to
repeatedly move forward and backward. This motion was performed
during rapid MR imaging (Fast Low-Angle Shot (FLASH)) in a coronal
slice (Figure 8), acquired repeatedly, the flip angle was set to 12°. TR =
5 ms, TE = 2 ms, FOV 300 × 186 mm, 1 × 1 mm2 in-plane resolution,
slice thickness 7 mm. 512 images were acquired in total, one every 0.6 s.
Obejct tracking using OpenCV (https://opencv.org/) and the kernelized
correlation filter (KFC) [13] was used to capturemotion based on theMR
images, the implementation is described here [14], see Supplementary
Video S2–S4. This was then plotted using PDL (https://pdl.perl.org/) and
compared to predictions from motor settings and geometry.

3 Results

A torso phantom featuring a pneumatic stepper motor driving an
in-house developed 3D printed two compartment left-ventricle shaped
phantom was successfully built (Figure 4). It is inherently built as a
modular system, each part working independently but fitting well
together. All parts meant to be within the scanner are without
metal. No electric, magnetic or electronic components are required
within the Faraday cage, thus avoiding complications. Approximate
material costs are summarised in Supplementary Table S1.

Using the left ventricle phantom, as described above and shown in
Figures 8A,B a flow rate of 7 L/min was used, with flow velocities
of ~250 cm/s in the supplying tubes and maximum velocities in the
ventricle inlets, which are the narrowest point in the circuit and
limiting flow rates. Phase contrast MRI was also compared to flow
meter readings and reservoir levels before and after flow, which agreed
(MRI: 7.7 L/m, flow meter: 7.2 L/min, reservoir-based: 8 L/min).
Motion was not impaired by flow (Figure 8B), some signal loss could
be observed in the resulting images in areas with flowing media.

Moving the LV phantom was achieved with high reproducibility in
terms of positioning the LV phantom and speed of the motor. The step
size is 1mm, themaximum rangewith the current rack is 20 cm.The step
size was determined by the distance of two teeth on the rack (4mm). The
tubing involved significant loss in pressurised air each step, which reduced
the maximum achievable speeds. This is further reduced if the piston is
loaded with the ventricle phantom. In the unloaded case a maximum of
10mm/s andwhen loadedwith the LVphantom amaximumof 5.5mm/
s for at least 15min of continuous oscillatingmotionwith an amplitude of
8 cmwas possible without losing steps. Amaximum speed of 12mm/s in
the unloaded case and 7.5 mm/s when loaded with the LV phantom on
the pneumatic motor rack were achievable for a short time. Image
artefacts caused by the motor itself were negligible (Figures 7, 8).

4 Discussion

Wedemonstrate here a phantom that features several components,
a big torso, flow, motion and the potential for extension without loss of
functionality. Materials are comparatively cheap, the most expensive
was sourcing the big torso. The motor was built solely by additive

FIGURE 8
Moving compartment in one of the cylindrical openings of the
phantom. The left column shows coronal slices of the compartment,
either the ventricle (A,B) or the cylinder (C). Image B shows the ventricle
while the pump is running, and water is flowing through the inner
compartment. The supplying tubes are visible. The right columnshows the
recorded motion pattern. The insert was moving at a constant speed of
1.6 m/s for amaximal displacement of 20mm. The videos are available as
(Supplementary Video S2–S4, respectively). The scan resolutionwas 1mm
in plane. Sometimes the tracker was off by one pixel, as can be seen in
plots, it was verified that this was not a problem of the phantom.
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manufacturing, which is, we think, new to the field. This helped in
placing the motor very close to the target area for imaging. In fact, it
can be within the volume of interest without interfering with MRI.

There are several commercial and non-commercial motion
phantoms. Many use motors within the scanner, sufficiently distant
to avoidmost artefacts in the region of interest, e.g., [15]. A similar design
as ours is commercially available, however with a much smaller volume
and using electric propulsion (https://modusqa.com/products/quasar-
mri4d-motion-phantom/). The presented phantom additionally offers
flow capabilities and the option to switch to other inserts. In the current
configuration the two cylinders with 10 cm diameter, which are
integrated into the lid and make the inside of the phantom
accessible, limit the geometry of the inlets, which can be used with
the phantom. In the future lids with different designs integrating other
geometries can be manufactured. This will potentially allow the use of
different kinds of inlets like whole heart phantoms, or different organs.

The maximum flowrate using the LV phantom is within the
physiological range. Resting cardiac output is about 5 L/min and can
reach up to 36 L/min in trained athletes during strong exercise [16].
The flow rate through the LV phantom was evaluated using phase
contrast MRI. Outside the magnet a reservoir-based approach was
used. The time it took to fill the reservoir in between two levels was
observed. The flow rate was then calculated by dividing the known
volume difference by the elapsed time. This method is accurate to at
least 0.1 L/min and shows good agreement with phase contrast MRI.
The flow meter is an inexpensive model and probably cannot be
trusted to a similar level of accuracy. Taking into account SNR, the
resolution, slice thickness, etc. and that all experiments were taken
one after the other, an accuracy of 10% is to be expected.
Considering this, the values agree within expected accuracy limits.

Some phantoms use pneumatic pistons [17] or balloons [18, 19]
which are not as accurate as a stepper, which allows arbitrary motion
patterns to be programmed. There are also more anthropomorphic
phantoms [20, 21] which have the drawback that their geometry is
much more complicated and thus a ground truth harder to obtain.

The long distance between the controlling valves and the motor
draws about 0.4 L of pressurized air from the air reservoir for each step
of themotor, venting the pressurized air into the atmosphere when the
step is completed. This is a limiting factor because valve timing had to
be balanced between phantom speed and pressure recovery. A smaller
tube diameter would reduce the draw per step, but the higher air
resistance would limit the force of the motor for a pressure pulse with
the same timing and thus its ability to push load without losing steps.
If the valves could be placed closer to the motor, the duty cycle could
be improved significantly. It should be noted that between the
compressor in the equipment room and the switching unit were
15 m of tubing and a 150 L compressed air reservoir, due to noise
restrictions and available space as well as power sockets in the lab.
Maximising speed was not the primary goal of this work as it currently
still is in the order of magnitude as human breathing. With a bigger
motor, improving on materials by further reducing friction of the
rack, and optimising the pneumatic tubing and switching, maximum
movable mass, rack speed and range could certainly be increased.

First tests using less pressure revealed that the stepper motor
sometimes lost steps when moving the rack back towards the stepper
housing when the rack was far away from the stepper due to the
weight of the left ventricle phantom mounted at the tip of the rack.
The weight also caused permanent creep of the rack over the long

term for the originally used material (PLA). A new rack was then 3D
printed using Velo Pure White resin. It should be noted that the
stepper is really accurate only to the step size. If a higher accuracy than
1 mm is required, a scaled version of the setup would be required.

The continuous supply with pressurized air is lower than the
short term maximum demand of the pneumatic stepper at the
highest tested speeds. Most MRI scans typically require less than
15 min of time. We were able to prove that a continuous oscillating
motion of at least 15 min is achievable with the current setup.

The main phantom body holds 20 L of liquid with two cylindrical
inserts. These can be filled by compartments, as desired. In contrast to
PET- or CT-only phantoms, MR compatible phantoms have to
provide sufficient loading for the RF coils. The large mass of the
main phantom may be inconvenient in the handling but was chosen
deliberately to provide appropriate RF coil loading. Also, this allows
for evaluation of scan protocols intended for bigger parts of the body
with transmit voltages comparable to in vivo situations. If desired,
extensions mimicking legs or the neck and head could be mounted on
the backside of the phantom, which is flat.

Here we evaluated our phantom in MRI only. Yet there is no
reason why it should not be useful for other modalities, e.g., when
filling the ventricle with radioactive tracers for PET or radiation
planning, or adding CT contrast media. We have chosen MRI
because this modality has the highest restrictions in the choice of
materials when it comes to creating motion within the scanner.

We present here a whole system that should be able to address
many needs of a torso phantom for evaluating imaging in the thorax
and abdomen. Overall, the proposed setup proves that despite
tremendous challenges like the long distance between the scanner
and control room and the limitation of useable materials in the
immediate vicinity of anMR scanner it is feasible to use a 3D printed
pneumatic stepper to realize motion of an MR phantom.
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