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Abstract 
Background: In MR-guided thermal therapy, respiratory motion can cause a significant 
temperature error in MR thermometry and reduce the efficiency of the treatment. A respiratory 
motion simulator is necessary for development of new MR imaging and motion compensation 
techniques. 
Purpose: The purpose of this study is to develop a low-cost and simple MR-compatible 
respiratory motion simulator to support proof-of-concept studies of MR monitoring approaches 
with respiratory-induced abdominal organ motion. 
Methods: The phantom motion system integrates pneumatic control via an actuator subsystem 
located outside the MRI and coupled via plastic tubing to a compressible bag for distention and 
retraction within the MRI safe motion subsystem and phantom positioned within the MRI 
scanner. Performance of the respiratory motion simulator was evaluated with a real-time gradient 
echo MRI pulse sequence. 
Results: The motion simulator can produce respiratory rates in the range of 8-16 breaths/min. 
Our experiments showed the consistent periodic motion of the phantom during MRI acquisition 
in the range of 3.7 – 9 mm with 16 breaths/min. The operation of the simulator did not cause 
interference with MRI acquisition.  
Conclusions: In this study, we have demonstrated the ability of the motion simulator to 
generate controlled respiratory motion of a phantom. The low-cost MR-compatible respiratory 
motion simulator can be easily constructed from off-the-shelf and 3D-printed parts based on 
open-source 3D models and instructions. This could lower the barriers to the development of new 
MR imaging techniques with motion compensation.  
 
Keywords: respiratory motion, abdomen, MR-compatible, MRgFUS, motion simulator  

 
 
1. Introduction 
 Abdominal organ motion causes significant errors in magnetic resonance (MR) imaging when 
applied to MR-guided therapies of abdominal or pelvic organs due to organ shift and 
deformation.1,2 MR-guided focused ultrasound (MRgFUS) therapy performs non-invasive heat 
delivery under MR supervision that can provide for accurate targeting and non-invasive 
temperature measurement for therapy control and verification. Clinical MRgFUS systems are 
currently used for the ablation of deep soft tissue tumors in sites such as the brain, uterine fibroids, 
prostate, pancreas, and bone metastases.3,4 Recent innovations are expanding the use of these 
MRgFUS systems for the delivery of long-duration hyperthermia over larger and deep volumes.5,6   
MR thermometry allows for real-time temperature measurement over treatment volumes to 
ensure patient safety and precise heat deposition during the ablation procedure. 

Proton resonance frequency shift (PRFS) is the most common and accurate method of MR 
temperature monitoring. However, this approach is susceptible to motion artifacts. Thus, 
abdominal organ motion causes significant errors in MR thermometry of abdominal and pelvic 
organs.7,8 In addition, the efficiency of localizing ultrasound energy to the target is reduced due to 
the target zone moving away from the focus position, necessitating gating or more diffuse 
treatment zones.2 Since respiration is the main source of abdominal organ motion, compensation 
techniques for respiratory motion have been proposed and developed to reduce temperature 
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errors in MR thermometry. Most of these studies have designed and used a custom-made 
respiratory motion phantom to validate their technology.9–12  

Respiration motion-robust 4D MRI techniques have been developed to assess patient-specific 
breathing motion for radiation treatment planning and delivery.1,13,14 A commercial dynamic 
motion phantom has been used for the end-to-end verification of MRI-LINAC radiation therapy 
system.15,16 It is not a practical option for most acquisition technique development studies due to 
its high cost. 

There is a need for dynamic motion phantoms in the early stages of the development of new, 
motion-robust, and fast MR imaging techniques in abdominal organs. Several custom-made 
respiratory phantoms have been developed to evaluate motion compensation in MR imaging 
techniques. 9,13,17,18 For instance, Maier-Hein et al. developed a respiratory liver motion simulator 
for validating image-guided tumor biopsy procedures.17 The simulator provided a human torso 
model, and an artificial diaphragm was mounted and simulated the liver movement by using a 
lung ventilator. 

For new studies, the design and fabrication of a motion simulator from scratch may create a 
significant obstacle and increase the complexity of the project. Descriptions of motion simulator 
designs found in literature often lack the details, necessary to easily reproduce them. The goal of 
this study was to develop a low-cost, easy-to-make respiratory motion simulator to simulate 
respiration-induced abdominal organ motion inside the MRI bore.  
 
2. Materials and Methods 
2.A Respiratory motion simulator 
 The respiratory motion simulator was designed based on the fabrication methods and 
components used in earlier approaches.9,13,17,18 Our design improves on them by offering a low-
cost and simple fabrication process.  

As shown in Fig.1, the respiratory motion simulator consists of two main parts: 1) Motion 
actuator placed outside the MRI scanner; 2) Motion phantom placed inside the MRI scanner. The 
linear actuator moves in a linear motion that can increase or decrease the pressure inside the bag 
valve mask (BVM, volume: 1.8 L). The BVM is coupled via a flexible polymer tubing (Tygon) to 
the compressible bag in the motion phantom in the MRI scanner (Fig 1b). Finally, cyclical motion 
can be pneumatically applied to the MRI by the motion actuator.  

The motion actuator consisted of a DC motor, a motor controller, a 3D-printed linear actuator, 
and the BVM. The DC motor featured a torque of 6.8649 N∙m and could be operated at a speed of 
8-16 revolutions per minute. The motor controller allowed adjusting the speed of the DC motor 
in the range of 8-16 cycles per minute. The linear actuator was connected to the DC motor to 
convert the motor rotation into linear motion. The linear actuator was 3D printed with 
Acrylonitrile Butadiene Styrene (ABS) materials. The motion of the actuator controlled the level 
of inflation or deflation of the BVM.  

The motion phantom was constructed from non-metallic 3D-printed parts and rubber bands. 
As shown in Fig.2, an inflatable bag (reservoir bag for the BVM) was placed inside the motion 
phantom to simulate the lung motion. A 10 × 10 cm2 square plate (Fig.2a, b) generated motion to 
simulate the shift of abdominal organs by the diaphragm.  

Elastic rubber bands in the motion phantom assembly provided the passive compression force 
necessary to cyclically pull the tissue-mimicking phantom back to the original position and re-
inflating the BVM when not under compression. Since the inflatable bag in the motion phantom 
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was coupled with the BVM, the rotary motion of the motor produced periodic motion of the 
phantom. The custom phantom holder featured non-metallic wheels and a circular opening to 
allow the propagation of ultrasound beam for experiments with MRgFUS transducers. The holder 
was attached to the square plate in the motion phantom. Finally, a tissue-mimicking focused 
ultrasound phantom (weight=1.2 kg, InSightec, Haifa, Israel) was placed on top of the plastic 
holder. 

In the motion actuator, the volume of BVM was controlled by adding a plastic plate into a 
space between the BVM and the linear actuator (Fig.2e, f). When a piston of the linear actuator 
pressed the BVM, the reduced volume of BVM increased the level of compression, resulting in an 
increase in the displacement. The choice of plastic plate resulted in different amounts of 
displacement. All custom parts of the motion actuator and phantom could be 3D-printed from the 
open-source models and assembled by following the instructions, published on GitHub.19 
 
2.B Evaluation of Motion Simulator 
 The motion simulator was evaluated with a tissue-mimicking HIFU phantom in a 3T MRI 
scanner (GE Healthcare, Waukesha, WI). Figure 3 shows an example of the placement of a motion 
phantom in the MRI scanner. The motion phantom was connected via the Tygon tube to the 
motion actuator including the DC motor, which was located outside the MRI scanner. In this study, 
the respiratory rate of 16 breaths/min was set up. Without ultrasound heating, the consistency of 
movement was evaluated using a fast MRI scanning sequence integrated with a navigator MR 
sequence, which allowed the real-time measurement of displacement. 
 
2.B.1 Experimental setup 
 The accelerated MR imaging application was built on the RTHawk Research Platform 
(HeartVista, Menlo Park, CA).20,21 It featured an accelerated GRE sequence with a spiral readout 
trajectory to achieve real-time MR imaging. 
 Respiratory motion was tracked with an integrated pencil-beam navigator sequence and 
quantified with a temporal window of 17 ms. Once an MR image is obtained, a pencil beam 
navigator measured the displacement of the phantom. MRI parameters included as follows: 
TR=25 ms, TE=14.8 ms, FOV= 280 ×280 mm, matrix=158, readout interleave=11, and TR of 
pencil beam navigator = 17 ms. Navigators were set on the center of the phantom in a sagittal 
plane to track the movement. The phantom was placed on the plastic holder with wheels and was 
moving along the axis of the MRI bore. Magnitude images on the coronal plane were 
reconstructed with the navigator tracking sequence. In this study, four different volumes of the 
BVM were tested using differently sized plastic plates. Real-time displacement was measured for 
the duration of 3 mins.  
 
2.B.2 Data analysis 
 For the analysis, recorded measurements of navigator positions were normalized first and 
used to quantify cyclical motion in each 3-minute experiment. To measure the displacement, a 
pair of images, corresponding to the maximum and minimum navigator positions (peak-to-peak) 
in one of the respiratory cycles, was converted to binary images and subtracted from each other 
(Fig.4). Measured displacement from those images was used to convert normalized navigator 
positions into the total displacement. 
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3. Results 

Figure 4 shows the time-dependent displacement of the phantom in the MRI scanner, with 
the 1.65 L volume of the BVM and 16 breaths/min. The MR magnitude images (Fig.4a) represent 
the maximum and minimum navigator positions in one of the respiratory cycles. The subtracted 
binary image illustrates the displacement of the phantom. The distance between the peak-to-peak 
displacement showed the consistency of movement for 3 mins (Fig.4b-c). 

Table 1 shows the results of displacement according to the volume of the BVM. The volume of 
the BVM was manually controlled by the plastic plate selection, which was placed between the 
BVM and the linear actuator. Different thicknesses of the plate resulted in a different range of 
motion of the phantom. This allowed the tissue-mimicking phantom (1.2kg) to make a stable 
displacement of up to 9 mm. 
 
4. Discussion 
 In this study, we have developed a low-cost, easy-to-make respiratory motion simulator to 
simulate respiration-induced abdominal organ motion. The proposed design did not require any 
software programming and can be easily assembled using 3D-printed components.  

The design of the simulator was compatible with a clinical MRgFUS system with the 
ultrasound transducer built into the MRI table. The simulator assembly could be positioned over 
the transducer built into the MRgFUS table. The ring-shaped plastic holder with wheels could 
smoothly move the phantom without interrupting an ultrasound pathway from the table. All parts 
of the simulator could be easily 3D-printed and assembled following the instructions available in 
the open-source repository.  

For the linear actuator, adequate torque power of the motor was needed to control the volume 
of the BVM as well as the volume of the Tygon tube and inflatable bag in the phantom. The DC 
motor in this study featured a torque of 6.8649 N∙m and a speed of 16 rpm, which was enough to 
periodically deflate BVM. The motor speed controller allowed adjusting the respiratory rate in the 
range of 8-16 breaths/min. The motor and controller enabled to move the phantom weight of 
1.2kg with various respiratory rates. 

A fast MRI sequence integrated with a navigator tracking sequence was used for the evaluation 
of the designed simulator. Pixel size and signal-to-noise ratio of MR images could affect the 
accuracy of displacement measurements. Therefore, the motion analysis herein relied on 
navigator positions to avoid any uncertainty of the measurement. The measurement of navigator 
positions was consistent and stable during simulated inhalation and exhalation. 

The main limitation of this study is that the simulator generated motion only in the 
superior/inferior direction. While SI is the major type of motion in abdominal organs, a realistic 
abdominal organ motion is much more complicated, including local deformation, a small 
movement in the lateral direction, cardiac motion, peristaltic movement, and any motion of the 
patient. In addition, the organ can move in any direction due to chest expansion and contraction. 
There are commercial respiratory simulators to support a programmable motion of the phantom 
in any direction, as well as speed control. This complex motion, however, may not be needed in 
many MRI pulse sequences and MR-guided therapy development projects. 

Additionally, the range of displacement was limited by the volume of the BVM. The BVM used 
here allowed a maximum displacement of approximately 9 mm. This was sufficient for a proof-
of-principle study for abdominal MRI acquisition techniques. Previous studies22,23 reported the 
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averaged diaphragm motion amplitude of around 10.5 mm and the averaged displacement of 
pancreatic head and tail, kidneys, and spleen of 12.8, 13.0, and 14.3 mm, respectively. In future 
studies, a higher power motor and a higher elasticity of inflatable bag in the motion phantom will 
be investigated to achieve a wider range of displacement. 
 
5. Conclusion 
In this study, we presented a design for a low-cost MR-compatible respiratory motion simulator 
that can be easily replicated based on open-source 3D models and instructions. The simulator 
produced a periodic motion pattern, which simulated the motion of abdominal organs induced by 
respiration. We have demonstrated its ability to generate controlled respiratory motion of a 
phantom weighing 1.2 kg with the maximum displacement of approximately 9 mm. This could 
lower the barriers to the development of new MR imaging techniques with motion compensation.  
 
Open Source 
We have provided open-source files for the design, including the CAD files and supplement files. 
This source can be found as follows: https://github.com/mri-kisoo/RespiMotionSimulator 
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Figure Captions 

Figure 1. Design of the respiratory motion simulator. (a) A schematic diagram and (b) a photo of 
the phantom and actuator. Outside the MRI scanner, a DC motor and a controller are connected 
to a motion actuator, which increases or decreases the pressure inside the BVM. The BVM is 
coupled via the Tygon tube to the compressible bag in the motion phantom in the MRI scanner. 
Various levels of inflation or deflation of the BVM cause cyclical motion of tissue-mimicking 
phantom in the MRI scanner to simulate the shift of abdominal organs due to respiratory motion. 
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Figure 2. 3D models and photos for the motion phantom and actuator. (a-c) a 3D CAD model of 
the phantom viewing with different angles and (d) a photo of the 3D-printed phantom. (e) A 3D 
CAD model and (f) a photo of the motion actuator. An inflatable bag in the simulator is coupled 
with the BVM via the Tygon tube. 

 
Figure 3. Photo (a) and illustration (b) of the motion phantom placement in the MRgFUS system. 
The phantom can be set in a plastic container (not shown in the photo) with a membrane on the 
bottom to allow acoustic propagation into the phantom. (c) MR sagittal magnitude images 
before/after pushing the phantom. Coronal slice was selected to evaluate the displacement of the 
phantom in this study. 
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Figure 4. Measurement of the displacement of the phantom with 1.65 L volume of the BVM. MR 
magnitude images (a, left, center) were acquired on the coronal plane. White dashed lines indicate 
the original position of the phantom. (b) The displacement profile shows consistent and stable 
periodic motion for 3 minutes. Red and blue circles indicate the maximum and minimum peaks 
of the navigator position, respectively, that correspond to the magnitude images above. (c) 
Distance between the peak-to-peak displacement for 3 minutes is plotted to evaluate the 
consistency of movement.  

 
 




