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Background: The use of magnetic resonance linear accelerators (MR-LINACs) for clinical treatment 
has opened up new possibilities and challenges in the field of radiation oncology. However, annual quality 
assurance (QA) is relatively understudied due to practical considerations. Thus, to overcome the difficulty 
of measuring the dose with a small water phantom for TRS-398 or TG-51 in all external beam radiation 
treatment unit environments, such as MR compatibility, we designed a remote phantom with a three-axis 
changeable capacity for QA.
Methods: The designed water phantom was tested under an MR environment. The water phantom system 
comprised of three parts: a phantom box, a dose measurement tool, and a PMD401 drive system. The 
UNIDOSE universal dosimeter was used to collect beam data. The manufacturer’s developer tools were 
utilized to position the measurement. To ensure magnetic field homogeneity, a distortion phantom was 
prepared using sixty fish oil capsules aligned radially to distinguish the oil and free air. The phantom was 
scanned in both the MR simulator and computed tomography (CT), and the acquired images were analyzed 
to determine the position shift.
Results: The dimensions of the device are 30 cm in the X-axis, 20 cm in the Y-axis, and 17 cm in the 
Z-axis. Total cost of materials was no more than $10,000 US dollars. Our results indicate that the device 
can function normally in a regular 1.5 T MR environment without interference from the magnetic field. 
The water phantom’s traveling speed was found to be approximately 5 mm/s with a position difference 
confined within 6 cm intervals during normal use. The distortion test results showed that the prepared MR 
environment has uniform magnetic field homogeneity.
Conclusions: In this study, we constructed a prototype water phantom device that can function in an MR 
simulator without interference between the magnetic field and electronic components. Compared to other 
commercially available MR-LINAC water phantoms, our device offers a more cost-effective solution for 
routine monthly QA. It can shorten the duration of QA tests and relieve the burden on medical physicists.
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Introduction

The use of magnetic resonance linear accelerators (MR-
LINACs) for clinical treatment has opened up new 
possibilities and challenges in the field of radiation  
oncology (1). MR-LINAC is increasingly being used in 
routine clinical practice (2,3). To ensure radiotherapy 
(RT) quality, periodic quality assurance (QA), including 
daily, monthly, and annually QA, such as absolute dose 
measurement, beam profile establishment, and energy 
check, was developed to ensure the precision of the 
treatment beam (4). However, annual QA is relatively 
understudied due to practical considerations, leading to a 
lack of research in this area for MR-LINAC (5,6).

Before starting patient treatment, perform extensive QA 
on the treatment plans, including isocenter location, imaging 
and patient handling system, and LINAC stability is critical 
for the quality of patient care of RT (7). It usually verifies 
the accuracy of the planned dose distribution by testing 
it in a water phantom, which simulates human soft tissue. 
However, commercial water phantoms for the MR-LINAC 
environment are limited due to geometric and mechanical 
problems, and setting up a water phantom on an MR-
LINAC is challenging due to the strong magnet field and the 
absence of a light field and optical distance indicator (8).

Recently, two models of QA products such as THALES 
3D MR SCANNER and BEAMSCAN® MR 3D water 
phantom (PTW, Freiburg, Germany) have developed 
commercial water phantoms for MR-LINAC but they are 
too expensive to limit its use to do commission and annual 
QA (9). To address this need, we plan to design a low-cost, 
easy for daily or monthly QA homemade motorized water 
phantom using readily available materials.

Methods

Phantom module design

These characteristics are mandatory for a QA phantom 
design of MR-LINAC: (I) no ferromagnetic components; 
(II) lightweight and compact design; and (III) motors should 
not affect the MR imaging (MRI) and unaffected by the 
magnetic field. Thus, we customized the MR-compatible 
motor driver, which could drive the water tank under the 

MR environment without inference. The motor driver was 
made of ceramic piezo, with traveling-wave piezoelectric 
effects (10,11), and the motor could move smoothly in a 
quasi-stepwise way under a magnet environment.

The homemade MR distortion phantom was scanned 
under a computed tomography (CT) machine and MR 
machine with the same center. To study the effect of the 
presence of a 1.5 T magnetic field, all of the tests were 
repeated with the distortion phantom in the MRI scanners 
Siemens MAGNETOM Aera 1.5 T (Siemens Healthcare, 
Erlangen, Germany). The scanning plan was delivered by 
the clinical 1.5 T MR environment SIGNA Artist MRI 
(GE Medical Systems, Milwaukee, WI, USA), and CT 
images were acquired from the Philips Brilliance Big Bore 
(Philips Medical Systems, Cleveland, OH, USA). Both 
image data were reconstructed by the built-in software with 
1.5-mm-thick slices. The MR sequence included localizer,  
T1-weighted, and T2-weighted images. The setting of the 
CT acquisition was referred to clinical use. After scanning, 
the displacement of the fusion image was measured to 
analyze the MR homogeneity.

To reach the objective of affordability, we restrict the 
total cost of materials to no more than $10,000 US dollars.

QA experiment

Compatibility and homogeneity were tested in the MR 
environment and the system-related distortion were also 
checked. Geometric distortion is an inevitable problem 
when objects are used in MR environments due to imperfect 
MR system hardware and changes in the magnetic field (12). 
The heterogeneity of the magnetic field might affect the 
image quality and the further planning dose of RT. Thus, in 
this study, we highlighted the image distortion experiment 
while acquiring the image data.

The distortion phantom was made of polymethylmethacrylate 
(PMMA), which contained several fish oil capsule radical 
placements. The purpose of designing 60 fish oil capsules is 
to provide more standard geometric structures and to easily 
differentiate the interface between air and oil. Anatomic 
landmark point-based measurements were performed 
between the corresponding MR and CT images to quantify 
the distortions with CT considered the undistorted ground 
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truth. In the QA experiment, the distortion phantom was 
placed in front of the water phantom, presenting as a whole 
entity, which provided the X-Y positioning correction, 
preventing the X-Y direction distortion resulted from 1.5 T 
magnet field.

For dosimetry measurement, the experiment was done in 
the tomotherapy environment (Tomotherapy Hi-Art System, 
Madison, WI, USA). The UNIDOSE universal dosimeter 
(Farmer type, PTW30013) with MP3-T Semiflex chamber 
holding device was used for output measurement. For water 
phantom scan, the A1SLMR ion chamber (https://www.
standardimaging.com/) was set up in treatment room and 
connected to the channel 2; while the A17 ion chamber was set 
up in control room and connected the channel 3, which was 
used for pseudo-reference. The both mentioned ion chamber 
were supplied with −300 V, and the TomoElectrometer  
8 channel electrometer was used to supply the charge.

The TEMS 2 software was applied for processing beam 
profile analysis under Window 7 system. The output beam 
profile would undergo re-processing to eliminate the digital 
signal spike.

Results

Homemade MR-compatible water phantom

The low-cost MR-compatible water phantom consists 
following parts.

Phantom box
The water phantom system contained three parts: phantom 
box, dose measurement tools, and drive system. The 
phantom box was made of 8 mm-thick PMMA, with inner 

dimensions of 40×20×20 cm3 (Figure 1A,1B).

Drive system
For the drive system, we referred to the past review about 
the piezoelectric-related linear movement, trying to follow 
the principle that had been proposed. The homemade 
motor was made by local manufacturers, and all of the 
components, including toothed wheels, arms, and other 
related kits, were made of plastic or PMMA. The stator 
section of the piezoelectric linear motor constructed with 
a meander-line structure. A series of bimorph actuators is 
arranged in a line, and the neighboring actuators are linked 
through connectors between them.

The odd and even actuators were driven by phase-split 
alternating current (AC) power to generate a traveling wave. 
The traveling wave was transferred to the carriage via gear 
teeth mounted on the meander-line structure and created 
the linear movement.

The bimorph actuator consists of a piece of metal 
sandwiched between two pieces of ceramic. Deformation 
occurs when the piezoelectric ceramics are driven by AC 
power.
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where s1 and σ1 are the strain and the stress of the ceramics 
in the 1 direction, respectively; E3 and D3 are the electric 
field and the dielectric displacement of piezoelectric 
ceramic in the 3 direction, respectively; 11

Es  is the mechanical 
stiffness of piezoelectric ceramic given encountered 
with constant electric field in the 1 direction; d31 is the 

A B

Figure 1 The configuration of the phantom. (A) The design drawing of the phantom. (B) The finished product of the phantom.
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piezoelectric constant in the 31 direction; 33
Tε  is the dielectric 

of piezoelectric ceramic given by constant stress in the  
3 direction; 1

ms  is the strain of the metal in the 1 direction; 
11
ms  is the mechanical stiffness of the metal; 1

mσ  is the stress of 
the metal in the 1 direction. The strain energy method is 
used to compute the deformation of the bimorph (13). The 
index upz represents the energy of the piezoelectric ceramics, 
and the index um represents the energy of the metal.

Assuming that a force PF is applied to the bimorph, the 
moment is given by:

( ) ( )21M =
2 F pz pzP Lz w z−

 
[3]

wpz is the width of the piezoelectric ceramics; Lpz is the 
length of the piezoelectric ceramics. The external and the 
three-axes direction placement of motor driver system 
are shown in Figures 2,3A,3B. Overall, an MR-compatible 
trolley was used in this experiment for storage and 
equipment transportation (Figure 3C).

Control system
These 2 N piezo motors combine with PMD401 positioning 
control using piezo slides. The X and Y axes have both 
manual and electric interfaces. The board is powered with 
a 48 V direct current (DC) power supply (±5%). Current 
consumption at 48 V is 0.02 A when the motor is stopped and 
a maximum of 0.4 A when the motor is running at maximum 
speed. The save command Y32 is used to store the axis 
address (and other settings) in flash memory, or pinouts and 
connectors, connects to the host via universal serial bus (USB) 
[virtual communication port (COM port)]. Use the data 
terminal software of choice and send commands in American 
Standard Code for Information Interchange (ASCII) format. 
Standard USB mini-B connector for connection to personal 
computer. Upon driver installation, a Future Technology 
Devices International (FTDI) virtual COM port will open 
for serial communication.

A target command will enter “target mode” (closed 
loop), and a stop command will end “target mode”. An open 
loop run command will end “target mode” as well. The 
closed loop normally runs every 1 ms, except for some slow 
serial synchronous interface encoders where the target loop 
iterates every 2 ms. There is no error checking for 32-bit 
encoder position rollover, but there are position limits that 
can be used to prevent this situation in closed loops.

A high level of “analog enable” activates “analog”. 
The amplifier enables (AENs) the signal from the motion 
controller to connect to the AEN input and unpark the 
motor at a high level. Alternatively, connect the AEN signal 
from the motion controller to “analog enable” and use a 
separate signal for park/unpark control.

The serial peripheral interface (SPI) signals are AC-
terminated at 120 Ω in series with 1 nF capacitors. Single-Figure 2 The motor driver system.

A B C

Figure 3 The motor driver with three-direction arrangement. (A) The arrangement in X-direction. (B) The arrangement in Y-direction. 
(C) The arrangement in Z-direction. The black arrows pointed out the different position of the motor driver, which could deliver the water 
phantom in one-direction movement.
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ended signals may be used if all inverted inputs are tied 
together and buffered with a 100 nF capacitor.

Connect “analog enable” to ground connection (GND) 
or leave it unconnected. The AENs the signal from the 
motion controller to connect to the AEN input and unpark 
the motor at a high level. The SPI master out, slave in 
(SPI_MOSI) input controls the motor speed. The motor 
will stop when the input SPI data are =0. The PMD301 
expects regular speed updates and will stop the motor if no 
SPI data have been received for approximately 10 ms. The  
16-bit signed SPI data give linear speed control (stepping 
rate). Note that the motor step is not constant, and a 
position sensor (encoder) is necessary for feedback to the 
motion controller. More details could be found at the 
technical manual (Piezo LEGS® Controller PMD401).

Homemade distortion phantom

The customized distortion phantom was prepared with sixty 

radically placed fish oil capsules (Figure 4). The cylindrical 
container was made of 0.5-cm-thick PMMA with a height 
of 3 cm, and the bottom was a 30 cm diameter concentric 
circle with a hollow diameter of 4 cm. The fish oil capsules 
aimed to provide more standard geometric structures and to 
differentiate the interface between air and oil easily, which 
were placed in radical alignment.

MR homogeneity

To ensure MR uniformity, the distortion phantom was 
scanned under MR and CT separately. The results showed 
that the displacement of MR images could be confined 
within 1 mm based on CT images. The fusion image shown 
in Figure 5 demonstrates that the image shift could be 
ignored with naked eye discrimination.

Compatibility

The integration of MR distortion phantom and the QA 
water phantom was placed on the MR compatible trolly 
(Figure 3C) and scanned under the MR environment 
(Figure 6A).

The results showed that the water phantom was operated 
smoothly in the MR simulator without any artifacts on the 
images (Figure 6B). The high-intensity magnet field did not 
influence the motor of the water phantom. With normal 
use, the moving speed of the phantom could reach 5 mm/s 
with a position difference confined to 1 mm under the MR 
simulator.

Availability

To test the availability, the water phantom equipped with Figure 4 The structure of distortion phantom.

Figure 5 The fusion MR and CT image of distortion phantom. CT, computed tomography; MRI, MR imaging; MR, magnetic resonance.
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Figure 6 The execution of QA water phantom under MR environment. (A) The scanning situation of QA phantom in MR machine. (B) 
The MR image of distortion phantom. QA, quality assurance; MR, magnetic resonance.

A B

Figure 7 The beam profile of QA water phantom. The designed phantom was scanned by 6 MV photon beam with y=10 mm (left) and  
y=25 mm (right) under QA mode without gantry rotation. QA, quality assurance; MV, megavoltage.
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ion chamber was scanned under the Tomotherapy Hi-
Art System. The 1.5-depth gamma beam profile of the 
prototype water tank was shown in Figure 7. The results 
showed that the water tank could work normally and 
the gamma index was accepted reasonable for current 
condition.

Besides, the percent depth dose (PDD) of the water 
phantom was depicted in Figure 8. The 14/10 ratio was 
0.757, comparing to reference (0.756, acquiring from annual 
QA record) presented the extraordinary dose distribution. 
Limit to temporary motor driver moving range, the PDD 
calculation only could be executed with 14/10 ratio instead 
of 20/10 protocol.

Given the above, a novel piezoelectric-driven motor system 
that can run in an MRI environment has been developed. The 
design also shows the great flexibility, which can be applied in 

different commercial MR-linac systems such as TomoTM Hi-
Art system, Varian HalcyonTM, UnityTM Elekta, and MRIdian-
LINAC ViewRay. Noted that the size of water tank should be 
customized to fit the various field size of different MR-LINAC 
system (ViewRay 0.35 T: 0.2×0.425–27.4×24.1 cm2; Unity  
1.5 T: 0.5×0.5–57.4×22 cm2).

Discussion

This 30 cm size multi-function MR compatible phantom 
could be a solution to meet the regulation of TG 51 (14) 
and TRS 398 (15) concomitantly and cost effectively 
phantom (less than US $10,000) to help physicists to do 
monthly QA easily. Its weight is lighter, suitable for the 
most of the radiation therapy external beam system, and 
could do radiation energy check, PDD check, and a part of 
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beam profiles.
With better soft tissue contrast and radiation-free 

characteristics, MRI has been commonly used in medical 
diagnosis. The concept of the combination of a LINAC and 
MR image has also become popular, which provides better 
image quality and biological and functional information, 
increasing the treatment accuracy. In addition, compared 
to a conventional LINAC equipped with cone beam CT,  
MR-LINAC provided on-time images during treatment 
without irradiation exposure. Currently, accumulating 
research on the clinical application of MR-LINAC has 
shown the new trend of this device. Meanwhile, with 
increasing interest, there is a need to focus on the regular 
check-ups and maintenance package of MR-LINAC. 
However, limited to a strong magnet field, QA of the 
MR-LINAC was challenging because of magnet field 
interference (6).

In this study, piezoelectric materials were introduced and 
applied to a motor system to avoid magnet interference and 
to do actuate and simultaneously measure (16). The power 
was delivered from the mutual interaction of piezoelectric 
ceramics. With the AC current supplied, the wriggling 
compartments pushed the gear teeth and then moved the 
carried object without producing any current. This study 
first tests the availability of the designed motor in the MR 
environment and further apply it to the annual QA of MR-
LINAC. The results demonstrated that the homemade 

motor with a water phantom could be used safely in the 
MR environment in the compatibility test. Here, due to 
the safety and the cost of performing the experiment in 
MR-LINAC, we performed this experiment in the MR-
simulator. To ensure the MR uniformity and correct the 
image distortion, we also designed a homemade distortion 
phantom, which was made up of several fish-oil capsules in 
radical alignment. To our knowledge, this two-dimensional 
(2D) point-like phantom was primarily introduced for MR 
homogeneity. In our experiment, the distortion phantom 
was scanned under CT and MR machine. While CT images 
presented as a template for MR images correlation, the 
neatly arranged targets could be somehow needless. Also, 
the fusion of the two images could further process the X-Y 
plane distortion map and be managed in excel work sheet. 
As the measured PDD statistics of beam scan entered in, 
through the mentioned map, the slight distortion could be 
automatically corrected. Noted that the distortion phantom 
could be used alone, or cooperated with different functions 
phantom, measuring the image contrast or image uniformity.

After ensuring the feasibility in homogeneous MR 
environment, we draw the comparison between our device 
and current marketed water phantom, THALES 3D 
MR SCANNER (https://www.lap-laser.com/products/
thales-3d-mr-scanner/) and BEAMSCAN® MR 3D 
water phantom (https://www.ptwdosimetry.com/en/
application-pages/mr-guided-radiotherapy/), by set-
up time, traveling velocity, measuring range, step size, 
and measuring accuracy. First, it took us 15 min to set 
up a water phantom, as same as those devices in the 
devices mentioned above. Next, the traveling speed of 
the homemade motor with a water phantom could reach 
5 mm/s. Although the marketed water phantom showed 
better traveling speeds (30 mm/s) than our device, the 
slower velocity also meets the most clinical need (fine: 
1 mm/s; coarse: 6 mm/s) (17). The delivering range of 
designed water phantom was 170 mm for independent 
axis .  In mentioned devices,  370×373×237 mm3 of 
measuring range in THALES 3D MR SCANNER was 
reported; 568×145×355 and 408×248×355 mm3 for Elekta 
and ViewRay respectively in BEAMSCAN® MR 3D water 
phantom. To lower the cost, one-axis motor was designed 
with reducing by one-third expenditure. With repeating 
the one-axis motor manipulation, we could measure more 
than 568 mm in one direction. Meanwhile, we also could 
measure volumetric parameter with three-dimension 
adjust. In comparison of other mechanical parameters, 
our water phantom provided the modest step size of 
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Figure 8 The PDD of QA water phantom. PDD, percent depth 
dose; QA, quality assurance.
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0.1 mm as same as aforementioned machines reported. 
Besides, THALES 3D MR SCANNER showed the great 
measuring accuracy (±0.25 mm), however, piezoelectric-
drive motor could not achieve the high accuracy under the 
speedy movement due to its physical characteristics. In 
fact, in our experiment, the real position could be showed 
timely with the installation of optical linear encoder.

To meet the goal of the affordable, the one-axis 
movement was manufactured as a prototype, which 
could only perform linear movement but not multiple 
axes movement at the same time. As a result, in further 
experiments, we tended to change the component in 
the device and improve it so that it could move freely 
and measure the volumetric dose profile, shortening the 
procedure time. Developing affordable medicine and 
medical LINACs is an issue to be discussed (18,19). As 
our previous experience on multi-function and low-cost 
phantom innovation (20,21), to reach maximum benefit 
with minimum resources meets clinical needs could be a 
way to help people to approach modern RT.

In addition, we plan to build a position feedback system. 
In the study, we manipulated the drive motor and measured 
the distance artificially. To improve the precise location 
of the water phantom, the computed feedback system was 
installed into the device, providing the exact location of the 
ion chamber. With the stable operation of the device and 
successful pre-experiment result, the high-level motor could 
be induced in, providing the farther measuring range and 
load increment.

Finally, during the experiment, we also observed that the 
appearance of the water phantom should be remodeled. In 
our opinion, the position of the drainage of the phantom 
should be changed from the side face to bottom so that 
more space of the scanning bed in MR could be released. 
Additionally, considering the measurement accuracy, 
the size of the water phantom should be customized for 
different uses. The MR images of the smaller phantom 
with the coil covered tightly presented better image 
resolution than the larger phantom. To acquire the best 
result, we need to choose the favorable size of the water 
tank to meet the different tasks in the QA procedure. In 
the future, we expect to design a smaller phantom that can 
meet the needs of the clinic, showing portability and easy-
to-use characteristics (22).

Based on the problem we posed, this prototype still 
had a long way to go. In the future, we plan to upgrade 
the fundamental functions, such as traveling speed, three-
orientation movement, and positioning feedback system, 

and improve the water phantom appearance to maximize 
the efficiency of the QA water phantom. We expected that 
with this designed system, the duration of the QA test will 
be shortened and relieve the MR-LINAC users’ burden. In 
summary, the pilot experiment showed a novel concept that 
the innovative carriage device could play its effectiveness in 
the annual QA of MR-LINAC.

Conclusions

We have built a low-cost, innovated MR-compatible water 
phantom for annual QA of MR-LINAC machine. To the 
best of your knowledge, our innovation is first to combine 
the affordable materials to do multi-function and MR-
compatible phantom and will help the MR based RT in the 
future.
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