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1 | INTRODUCTION

Abstract

This paper investigates a novel design and manufacturing methodology for an unmet
need in radiation therapy—dose optimization of electron beam bolus. A thin-walled
bolus design was proposed which when filled with water, optimized the dose distri-
bution for the electron beam radiation therapy. The fabrication of this design was
accomplished by the fused deposition modelling (FDM) additive manufacturing (3D
Printing) technique. Acrylonitrile butadiene styrene (ABS) and polycarbonate (PC)
materials were employed for fabricating the electron boluses. Our data show that
both the materials displayed expected radiation modulation. The designed boluses
were subjected to higher radiation doses (50 Gy) and revealed permissible defor-
mations based on the dimensional deviation analysis. Mechanical deformation tests
were performed to evaluate the bolus design and materials under different load-
ing conditions. The results showed that the ABS material had superior mechanical
strength and deformation behaviour as compared to PC. Finite element analysis
of the bolus designs revealed regions of stress concentration and potential failure
modes which were validated by experimental results. The design of experiments
analysis showed that bolus thickness and material type had a profound influence on
the mechanical deformation of the bolus. The proposed radiation device technology
is cost-effective, eco-friendly and amenable to changes in the tumour size and shape,
compared to current methods. This paper provides a framework for the design and
manufacture of radiation modulation devices that can be implemented for proton,

electron and photon cancer therapies.
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radiation therapy

cancer. Radiation therapy is a powerful and effective treatment to

treat malign tumours. However, radiation can also damage normal tis-

updates

The Centers for Disease Control and Prevention reported that there
were more than 1.5 million people in the United States suffering from
cancer, and the estimated death toll was about half a million (Murphy,
Kochanek, Xu, & Arias, 2015). Globally, the estimated deaths from can-
cer-related illness have reached about 9.6 million every year (Bray et al.,
2018). The growing number of cancer patients indicates the impor-

tance of new discoveries and inventions to effectively and safely treat

sues. Thus, optimizing radiation dose, such as electron beam dose, can
have important impact on the quality of cancer treatment. The optimi-
zation of radiation dose distribution can be accomplished by person-
alized radiation modulation devices such as compensators for photon
beams (Zhu et al., 2015) and bolus for electron beams (Ma et al., 2003).
Using high-energy radiation, radiation therapy controls the growth of

cancer cells, relieves the symptoms (Baskar, Lee, Yeo, & Yeoh, 2012)
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and damages or shrinks the DNA in the cancer cells (DeVita, Lawrence,
& Rosenberg, 2008). The art of radiation therapy is tumour eradication
with minimum damage to the normal tissue. There are several custom-
ized radiation treatment devices used to achieve this goal. They include
proton compensators (Trofimov & Bortfeld, 2003), photon compensa-
tors (Chang, Cullip, Deschesne, Miller, & Rosenman, 2004) and elec-
tron boluses (Hogstrom & Almond, 2006), all designed to optimize the
radiation dose distribution in the cancer treatment. For electron beam
therapy, customized boluses are commercially available but processing
time and cost prevents its widespread application (Dotdecimal, 2019).

Computer numerical controlled (CNC) machines are commonly
used to manufacture a range compensator (RC) that is prepared by the
treatment planning system (TPS). However, the computerized milling
machine (CMM) has limitations that includes a lower resolution of the
RC device being fabricated. The TPS does not yet consider the frame of
the actual drill bit, and the final fabricated device has a surface profile
that appears like a chopped circular cone (Li et al., 2010). The plunged
technique is another method for manufacturing radiation therapy de-
vices and is the most common method for the fabrication of compen-
sators. This technique mills the compensator over a chain of points by
traversing them one-by-one in order to reach the specific depth and
diameter. This technique involves hundreds of plunge points in order
to design the compensator, which can result in higher costs and longer
lead times affecting patient treatment (Tabibian et al., 2015). Due to
the thickness of the shape, the plunge points usually go off-target. In
addition to these limitations, a CNC machine requires a sizeable work-
space and involves a complex fabrication process (Ju et al., 2014). The
current fabrication technique offers a limited resolution to the com-
pensators’ profiles and requires dedicated machinists. Currently, hos-
pitals outsource the manufacturing of radiation devices which can take
between 72 hr or longer. Moreover, the CMM-based fabrication is a
subtractive process that leads to larger amounts of scrap material that
can harm the environment.

In recent years, the use of 3D printing technology is gaining pop-
ularity over other fabrication methods due to its simplicity of use and
relatively low cost (Hwang, Zhu, Victorine, Lawrence, & Chen, 2018).
Depending on the type of additive manufacturing equipment, different
material can be printed such as plastic, ceramic, sand, wax and met-
als (Elhoone, Zhang, Anwar, & Desai, 2019; Kruth, Leu, & Nakagawa,
1998; McKenzie & Desai, 2018; Parupelli & Desai, 2017). Additive
manufacturing (AM) popularly called as 3D printing can be used to
fabricate radiation devices layer-by-layer with a fine resolution and
at a low cost (Parupelli & Desai, 2019; Pearce et al., 2010). As com-
pared to conventional CNC machining, 3D printing has the capability
of building complex geometric profiles without specialized tooling or
programming (Desai & Haeberle, 2019; Ferrando-Rocher, Herranz-
Herruzo, Valero-Nogueira, & Bernardo-Clemente, 2018; Haeberle &
Desai, 2019). Moreover, it is a high precision technology which can
deliver a flexible treatment modality for compensators and bolus de-
vices (Burleson, Baker, Hsia, & Xu, 2015; Zou et al., 2015). In recent
years, alternative polymeric materials are being used with 3D print-
ers over the traditional metal compensators. However, compared to a

traditional 2D treatment plan, the 3D treatment plan for 3D printing

requires more complex calculations (Shafiee & Atala, 2016). Given the
promise of 3D printing technology, its usage has been expedited to
focus radiation on the target tumour site and minimize damage within
the vicinity to healthy tissue (Bennett, 2010). In spite of the fact that
3D printing technology, in theory, can produce a dose optimizing bolus,
it is challenged with non-water equivalence and density inconsistency.
We propose a technology that can address these challenges.

This research aims to develop a design and manufacturing meth-
odology for additive manufacturing (3D printing) of electron bolus
devices for radiation therapy. Our team proposes the design and
manufacture of a novel range compensator device that can be cus-
tomized for patient requirements. We plan to augment the usage of
combination media (such as water) along with a thin-walled compen-
sator design for better radiation-beam focusing properties. The pro-
posed method will permit high accuracy dosing of electron beams
at target-specific sites within the tumour and limit adverse radia-
tion effects to healthy tissue. This device technology will be highly
amenable to changes in tumour sizes and shapes which cannot be
achieved by current fabrication methods. The new design, material
and process combination will cater to all the three radiation treat-
ments (proton, electron and photon beam) with alterations to the
basic design. Further, the new design will be cost-effective, eco- and

user-friendly in hospital settings.

2 | METHODOLOGY

In this research, the design and manufacturing of electron bolus
using additive manufacturing were implemented in four steps
(Figure 1). The first step involved obtaining a computer tomography
(CT) scan of the patient's tumour to determine its shape, size and
location within the tissue. This was followed by developing a dosim-
eter algorithm to focus the radiation on the tumour site based on the
CT scan. Data from the algorithm were translated into a computer-
aided design (CAD) model to create a custom design for the bolus.
Finally, the bolus design was fabricated using a 3D printer with dif-
ferent polymeric materials and tested for in-field usage.

3D printing of the bolus enables the combination of a fillable
media such as water along with a thin-walled bolus for better radi-
ation-beam focusing properties. This method permits high accuracy
for superior tumour coverage while minimizing the adverse radiation
effects on healthy tissue. During treatment, this device technology
is more amenable to changes in the tumour size and shape, com-

pared to current methods.

2.1 | Device design

2.1.1 | Develop a novel device design

The core innovation in this research was designing the bolus as a thin-

walled hollow container which can use a recyclable fillable media such

as water. The thin-wall design makes the fabrication process much
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FIGURE 1 Methodology for design,
fabrication and testing of electron bolus

*CT scan
*Develop dosimeter
algorithm

FIGURE 2 Steps to design and
manufacture of electron bolus. (a) CT
scan of tumour (Image credit: Dr. Tong
Zhu, University of North Carolina, Chapel
Hill). (b) Extraction of tumour profile. (c)
Calculation of depth range data. (d) CAD
design (.stl format) of hollow (bottle-like)
bolus. (e) 3D printing machine. (f) Layer-
by-layer fabrication of the complex bolus
design

faster. Compared to traditional solid system design, the thin-wall de-
sign required 80% less material usage. Further, the fillable media makes
the device locally recyclable, thereby reducing the cost and carbon
footprint of the process. The 3D profile of the design was extracted
from depth range data calculated using a radiation planning algorithm.
The liquid media (water) has consistent radiation modulation proper-
ties and fills the hollow regions of the bolus. The wall thickness and
depth range data of the design can be modified to meet the require-
ments of different radiation therapies with adaptation to the basic
design. The design of the bolus was modified by using the Autodesk
MeshMixer software to create thin walls for the hollow devices. A hole
formation operation (hole diameter = 5 mm) was performed to fill the
boluses with water for water-equivalent electron bolus application or
heavy metal granules for the intensity-modulated radiotherapy (IMRT)
compensator application. Rubber (neoprene) plugs were procured to
seal the hole during its usage in clinical and testing stages. The rubber
plug is a quick method to seal the bolus which can be performed in
a few seconds versus a screw design that needs tighter manufactur-
ing tolerances. Moreover, the rubber plugs are cheap ($0.25/plug) and
reusable for different bolus designs. Different bolus shell thicknesses
were designed ranging from 0.5 to 3 mm to test for their watertight

leak-proof design.

2.1.2 | Device material

Currently, the traditional bolus designs are manufactured using

polymethyl methacrylate (PMMA) typically called (poly) for solid

eTranslate dosimeter ~ *Translate bolus design ~ *Leak-proof test

algorithm to CAD into 3D point cloud eDimensional deviation
model oSlice stereolithography ~ analysis

*Design thin-walled model into multiple *Mechanical deformation
bolus layer integrity (MDI)

#Select material (ABS  eFabricate bolus using eDesign of Experiments (DOE)
and PC) FDM technique eFinite element analysis (FEA)

piece compensators. The approach of this study was to use alternate
materials with enhanced radiation modulation and strength prop-
erties. The proposed materials were acrylonitrile butadiene sty-
rene (ABS) and polycarbonate (PC). ABS and PC materials have high
strength, rigidity and material integrity characteristics (Lambert,
Tang, & Rogers, 2001) that are essential for a hollow structure to
maintain its shape during usage. Further, these materials display
superior radiation modulation characteristics (Anbalagan, 2008)
and are readily recyclable (Antonakou & Achilias, 2013; Liu &
Bertilsson, 1999).

2.2 | Device manufacturing method

This research employed a 3D printing technology to accurately
fabricate the thin-walled bolus design (Berman, 2012; Gibson,
Rosen, & Stucker, 2014). Figure 2 shows the schematic of the
bolus fabrication method. The process consists of scanning the
tumour dimensions (shape, size and location) using radiographic
scanning such as CT or MRI (Figure 2a). Based on the radiation
dosimeter profile of the electron beam (Figure 2b), the tumour
dimensions are translated into a 3D profile for the compensator
design (Figure 2c). Using Insight® 3D manufacturing software, the
three-dimensional model was transformed into a point cloud to
be converted into a 3D solid model. This model was exported to
standard CAD software (SolidWorks) and converted into a tessel-
lated file format (.stl). The fused deposition modelling (FDM) addi-

tive manufacturing technique (Fortus 400mc printer) was used to
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slice the 3D model and fabricate the bolus (Figure 2e). The FDM
technique employs multiple micro-extrusion nozzles to extrude
filaments of the desired material layer-by-layer on a flat platform
to build the final 3D part (Figure 2f).

As compared to the conventional machining process, the 3D
printing process can build highly complex geometric profiles with-
out specialized tooling or programming. The 3D printer can be
operated by lay personnel (radiation lab technicians) without the
need for skilled machinist. In addition, the 3D feature and profile
resolutions of additive manufacturing methods are several orders
higher (microns) as compared to conventional machining (mms).
It is important to note that higher resolutions can significantly
benefit the radiation depth modulation within the profiles of the
tumour and spare normal tissue (Kudchadker, Antolak, Morrison,
Wong, & Hogstrom, 2003; Kudchadker et al., 2002). In addition,
the fabrication of a hollow (bottle-like) compensator design would
not be feasible by conventional machining and would need other
equipment-intensive manufacturing processes such as injec-
tion moulding/blow moulding which cannot cater to small part
quantities (one-off part quantity that is needed for compensator

fabrication).

2.3 | Device testing

The manufactured boluses were subjected to several tests in order
to validate their usability within clinical settings. The bolus was
checked for any leaks due to poor fabrication as it will be carrying
liguid media for radiation modulation. This was followed by a dimen-
sional deviation analysis to evaluate its deformation pre- and post-
radiation exposure during therapy. Mechanical integrity tests were
performed on the designed boluses with different sets of variables
based on its physical handling with radiation equipment in clinical
settings. Finally, a finite element analysis (FEA) was performed on
bolus designs to validate its mechanical strength with the experi-
ments. The FEA also provided guidance on both the material and
process variables for customizing the design of robust boluses for
radiation therapy.

2.3.1 | Leak-proof test

The boluses were designed to be filled with fillable media such as
water. Thus, the boluses were tested for a leak to prevent any failure
during the radiation therapy session. The boluses were filled with
water and closed with a rubber plug. Boluses lesser than 1 mm thick-
ness had crevices through which water seeped from the part. This
particularly occurred due to the irregular shape of the bolus, and the
layered approach to fabricating the part had a lower overlap of the
material causing leaks in thinner boluses. In the case of a leak, the
bolus was coated with a spray of waterproof overcoat called Clear

Acrylic Sealer Gloss. Boluses with a thickness equal to or greater

than 1 mm did not have leakage problems. Thus, 1 and 3 mm boluses
were considered for further tests.

2.3.2 | Dimensional deviation analysis

Variations in the bolus dimensions (x, y and z) were measured using
a 3D laser scanner (Escan 2.0) and validated using Cloud Compare
software. The first analysis was to compare the points of clouds for
the original CAD file (.stl format) to the bolus fabricated using the 3D
printer. This analysis validates that the customized boluses were fab-
ricated precisely with accurate dimensions. In the second analysis,
the boluses were compared pre- and post-exposure to substantially
higher levels of radiation. This test assured that the bolus was capa-
ble to handle high radiation intensities without deforming during the
therapy sessions. Dimensional changes greater than 0.3 mm (in x, y
and z) and shape profile variations beyond 2% of established stand-
ards indicate unacceptable deformations of the device. In addition,
a visual inspection was performed to check for material degradation
and scarring of the bolus.

2.3.3 | Mechanical deformation integrity testing

Electron boluses manually undergo handling during the radia-
tion procedure. In addition, they are subjected to bending forces
within the radiation equipment. We evaluated both the bolus ma-
terials (ABS and PC) for manual handling using anthropometric
data. We considered maximum finger and palm strength (80 N)
when handling the electron bolus (“Human engineering design
criteria for military systems, equipment and facilities,” 1989). The

FIGURE 3 Mechanical deformation testing setup
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mechanical test was simulated for a typical clinical use which
consisted of daily radiation exposure for 20 days. A 3-point bend
flexural and a failure test (ASTM D790_10 Standard for Flexural
Testing of Plastics; Specimens, 2014) were implemented using an
MTS hydraulic load frame (Instron 5900 series) to evaluate shape
conformance of the bolus design (Figure 3). Since the average
human finger and palm grip cannot generate force beyond 80 N,
the load was set at 80 N for the 3-point bend flexural. In addition,
the bolus was loaded for failure test in order to determine the
load and deformation that a bolus can endure before cracking.
Figure 3 shows the 3-point bending fixture and test specimen.
Load cells were attached to the setup to record the deformation
displacement at the centre point as the load was increased. A
sample size of eight devices (n = 8) for each material (ABS and

PC) with different thicknesses (1 and 3 mm) and manufacturing

orientations (horizontal and vertical) was used to test the bolus.
The StrainSmart® data acquisition software was used to read the
deformation values of the bolus.

2.3.4 | Design of experiments for the mechanical
deformation test

A design of experiments was conducted in order to evaluate the effect
of four input factors (k = 4) on the output response at two levels using
a 2% full factorial design. The factors include the following: A: design
(thin wall—1 mm and thick wall—3 mm); B: material type (ABS and PC);
C: manufacturing orientation (vertical and horizontal); and D: force (50
and 110 N) on the response variable (maximum deformation displace-

ment). The response variable values were obtained from the results of
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FIGURE 5 (a) 3D dimensional deviation analysis scanning setup.
(b) Dimensional deviation analysis of PC bolus after fabrication.

(c) Dimensional deviation analysis of PC bolus after exposure to
radiation

the mechanical deformation tests. ANOVA was used to analyse the
results of the design of experiments at o = 0.05.

2.3.5 | Finite elements analysis of bolus

A finite element analysis (FEA) was conducted on the electron bo-
luses for different materials, thicknesses and loads using Abaqus
software. The bolus was loaded with identical loading and boundary
conditions as per the mechanical bending test. The top of the bolus
was loaded with 80 N compressive load, and the bottom regions of
the bolus were supported for fixed boundary conditions (Ux, Uy,
Uz = 0). Appropriate material properties were inputted to the FEA
model with a factor to account for non-homogeneous material based
on the layered 3D part. The material properties for ABS material in-
cluded Young's modulus of 1.44e9 Pa and a Poisson rate of 0.35.
Similarly, the PC material had Young's modulus of 1.37e9 Pa and a
Poisson ratio of 0.37. A tetrahedral mesh element was used with an

aspect ratio of 1.5 to accommodate intricate geometries within the
bolus. Von Mises stress values were calculated to evaluate the bolus
design. The FEA models were validated with results from the experi-

mental runs for the mechanical tests.

3 | RESULTS AND DISCUSSION
3.1 | Material validation test

The chosen materials for the electron bolus (ABS and PC) were
tested for radiation modulation properties. These materials were
compared with polymethyl methacrylate (poly) which is the stand-
ard material used for fabricating electron boluses using CNC milling
machines. Figure 4a,b shows the radiation modulation properties
for ABS and PC as compared to poly for different intensities of ra-
diation. A (10 mm x 10 mm x 2 mm) sheet was fabricated using
3D printing of ABS and PC materials. These sheets were tested
for radiation dosage equivalency using a sensor that measures the
dosage of radiation at a depth of 10 and 30 mm, respectively. The
vertical axis is the radiation measurement ion chamber reading that
is proportional to the dose. The test pieces were subjected to dif-
ferent radiation intensities (9-21 MeV) to observe their effect on
the radiation equivalency with the poly material. As can be seen
from the graphs in Figure 4, both ABS and PC materials had equiva-
lent properties as the PMMA (poly) for different radiation inten-
sities. This experiment validated the fact that the new materials
being considered for fabricating the electron bolus had equivalent
radiation modulation properties. This finding is important as the
radiation planning software does not need to be adjusted to ac-

commodate for the new materials.

3.2 | Radiation exposure

The electron boluses were irradiated at 50 Gy to test the integ-
rity of the bolus device under radiation. The clinical dose level is in
the range of 10-20 Gy. An 18 MeV electron beam was used on a
Siemens Artiste linear accelerator. The boluses were irradiated using
a 20 x 20-cm electron cone. The deformation behaviour of the bolus
showed no significant impact after exposure to a high dosage of ra-

diation as confirmed by the dimensional deviation analysis.

3.3 | Dimensional deviation analysis

The 3D-printed boluses were scanned for both ABS and PC materials
(n = 5 for each material) for determining their dimensional deviation
from the original CAD (.stl file). Multiple images (>60 images per bolus)
were scanned at 10-degree intervals in orthogonal axes to create acom-
posite 3D point cloud file (Figure 5a). After scanning the 3D-printed bo-
luses, a point cloud was generated and compared with the point cloud

of the original CAD file. The cloud-to-cloud difference between the
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original STL file and scanned 3D-printed bolus had a mean deviation
distance of 0.12 mm and a standard deviation of 0.57 mm (Figure 5b).
The point clouds for the original CAD file and fabricated boluses were
within the prescribed threshold to conclude that the additively manu-
factured bolus had precise dimensions for radiation therapy.

The second dimensional deviation analysis was performed for
pre- and post-radiation of the boluses (n = 5 for each material type).
Figure 5c shows that there were no significant differences in the
geometry of the bolus pre- and post-exposure to radiation. The
mean deviation distance in this comparison was about 0.15 mm, and
the standard deviation was 0.32 mm. The overall shape difference
between pre- and post-radiation was 0.43% which is within the ac-
ceptable limit of 2% shape variation. These results emphasize that
the bolus maintained its dimensional and shape integrity during the
radiation session despite exposure to high radiation beams. Thus, it

could be used multiple times for several radiation sessions.

3.4 | Mechanical deformation integrity testing

Table 1 shows the deformation and load levels exerted on the bolus
designs for different materials and thicknesses. The bolus was tested
foraload of 80 N, which is the average force generated during a human
grip (Standard, 1989). In addition, the bolus was loaded through failure
for both vertical and horizontal manufacturing build orientations. As
seen in Table 1, ABS material displayed higher strength as compared
to PC material for all the loading scenarios. The typical force to failure
for ABS was higher >200 N as compared to PC for 1 mm thickness
bolus in both orientations. Similarly, the load to failure was greater in
ABS >950 N as compared to PC (around 500 N) for the 3 mm thickness
bolus. For both the materials with the bolus thickness of 1 mm, the

TABLE 1 Mechanical deformation integrity test results

vertical orientation had higher deformation at failure and subsequently
lower bolus strength as compared to the horizontal orientation. This
can be attributed to the fact that the vertical fabrication orientation
was parallel to the loading direction, thereby offering lower resistance
to deformation. The vertical direction of fabrication caused slippage
and deformation of the 3D-printed layers as the load increased to fail-
ure. The 3 mm boluses had lower deformation and higher strength as
compared to the 1 mm boluses based on the increased cross-sectional
area. These findings were consistent for both the ABS and the PC bo-
luses. Similarly, ABS boluses observed lower deformation as compared
to PC boluses which were consistent with their loading behaviour
as explained above. The ABS bolus displayed an elastic deformation
behaviour (Figure 6a) with minor cracks in the bolus device. The ABS
bolus with 1 mm thickness deformed until failure for both fabrication
orientations and recovered its shape after release of the load (closed
loop curve). A similar recovery trend is observed for the 3 mm bolus
with horizontal fabrication orientation. However, the 3 mm bolus with
vertical orientation had significant cracks and did not recover its origi-
nal shape (open deformation curve).

Figure 6b shows that the PC boluses were fractured at failure
loads due to its brittle nature. ABS bolus deforms and induces both
elastic and plastic deformation, whereas PC material is brittle and
cracks when subjected to higher loads without yielding as seen from
Figure 6a,b, respectively. Figure 6b shows that all boluses cracked
when loaded to failure and did not recover the original shape. The
3 mm PC bolus with horizontal fabrication orientation was able to
recover its shape due to higher cross-sectional area and perpen-
dicular build orientation with respect to the loading direction. The
mechanical deformation integrity test results revealed that the
designed boluses were capable of performing their intended func-
tion without any significant deformation during radiation therapy.

Maximum load Maximum displacement
Material Thickness (mm) (N) Manufacturing orientation (mm)
ABS 1 80 Horizontal 4.123
Failure (200) 11.589
80 Vertical 3.374
Failure (217) 13.817
3 80 Horizontal 2.162
Failure (957) 14.902
80 Vertical 2.930
Failure (974) 15.879
PC 1 80 Horizontal 6.862
Failure (110) 9.714
80 Vertical 5.587
Failure (144) 9.714
8 80 Horizontal 3.024
Failure (489) 8.087
80 Vertical 3.345

Failure (533)

8.467
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However, the ABS material is the preferred choice for fabricating
the boluses based on their deformation behaviour and mechanical

properties.
3.5 | Design of experiments of the mechanical
deformation integrity test

A design of experiments was performed to evaluate the bolus design

based on interactions between four different factors which include

material type, bolus thickness, loading force and fabrication orien-
tation. Table 2 shows the ANOVA results (« = 0.05). Based on the
p-values, it is clear that the bolus thickness, loading force and mate-
rial type were the significant factors in this experiment. Figure 7a
also shows that the thickness of the bolus is the most significant
factor affecting its deformation behaviour, followed by materials
type and loading force. Figure 7b shows the main effect plot for the
mean maximum displacement for the different factors considered.
Increasing the thickness of the bolus wall will reduce the maximum
displacement (inverse relationship). Moreover, the loading force
had a direct relationship with the deformation. The bolus thickness
showed differences in the mean displacement between 5.4 mm for
the 1 mm thickness and 3 mm for the 3 mm bolus thickness, respec-
tively. Significant differences in mean displacement were observed
between ABS and PC materials. Similar trends were observed for the
force levels of 50 and 100 N. However, the manufacturing orienta-
tion had a marginal effect on the displacement between horizontal

and vertical orientation in designing the boluses.

3.6 | Finite element analysis

Finite element analysis was conducted to evaluate both the defor-
mation behaviour and von Mises stresses in the boluses (scale shown
in Figure 8 are in Sl units). Figure 8a shows that the maximum defor-
mation of the ABS bolus was located at the top centre of the bolus at
the point of loading. The maximum displacement value for the ABS
bolus with 1 mm thickness was 3.813 mm (units shown in Figure 8a
are in metres) for a load of 80 N which was validated by the experi-
mental results (range between 3.3-4.123 mm). The maximum von
Mises stress was concentrated at the point of loading with a value of
7.52e7 Pa (units shown in Figure 8b are in Newton per square me-
tres) leading to stress concentration as shown in Figure 8b. Figure 8c
shows that the bolus tested experimentally at higher failure loads
fractured at this point thereby confirming the validity of the FEA
model. Similarly, PC bolus with 1 mm thickness exhibited a maximum
displacement of 6.23 mm and maximum von Mises stress of 9.93e07
Pa for a load of 80 N. It is evident that the ABS bolus had lower
displacement and von Mises stress values as compared to the PC
bolus thereby confirming the findings from the experimental results.
The FEA results provided insight into capturing the deformation and
failure behaviour of the boluses without the need to run large-scale
experiments that consume resources and time. In addition, they

TABLE 2 Analysis of variance for
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FIGURE 6 (a) Load-displacement curve for ABS bolus. (b) Load-
Source df Seq SS. Adj SS Adj MS
Material 1 10.726 10.726 10.726
Thickness 1 19.693 19.693 19.693
Force 1 17.895 17.895 17.895
Manufacturing orientation 1 0.422 0.422 0.422
Error 11 9.620 9.620 0.875
Total 15 58.356

displacement curve for PC bolus

F . .
maximum displacement
12.26 .005
22.52 .001
20.46 .001
0.48 .502
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FIGURE 7 (a) Pareto chart of the (a)
effects for maximum displacement.
(b) Main effects plot for maximum
displacement

Pareto chart of the effects
(response is max displacement, « = 0.05)
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provided a predictive tool for estimating the bolus strength for a va-

riety of material and thickness combinations.

3.7 | Impact on radiation therapy

The proposed design and manufacturing approach for bolus and
compensator devices may significantly impact radiation therapy
using photon, electron and proton beams. Table 3 shows the com-
parative analysis of traditional versus the new approach. The new
design will lead to higher accuracy dosing of malignant tissue (micron
level) as compared to conventional design (mm level). This improve-
ment will spare the healthy tissue within the proximity leading to
better patient outcomes and minimize radiation side effects. The
use of hollow (bottle-like) design has several advantages over solid
material 3D printing design, which include the following: (a) substan-
tial material savings (80% less material usage) and, thus, increasing
the affordability of radiation treatment, (b) significantly reduced 3D
printing time and (c) water equivalence of the devices, which is im-
portant for the accuracy of dose computation. The latter is impor-

tant as the 3D printing materials are not water equivalent, and the

resulting density of the 3D-printed device can vary and thus intro-
duce dose error. The ability to build customized compensator de-
signs in-house will lead to reductions in order lead times (48-72 hrin
conventional manufacturing versus 5 hr for in-house fabrication) and
the elimination of transportation costs. We envision that the ben-
efits of a better treatment modality and low-cost radiation therapy
device will translate to substantial cost savings to the US medical/

health care industry.

4 | CONCLUSIONS

This research investigated a novel design and manufacturing meth-
odology for radiation modulation devices. The core innovation in
this study was the 3D printing (additive manufacturing) of a thin-
walled hollow electron bolus device that can accommodate fillable
media such as high-Z material. A dosimeter algorithm was devel-
oped based on the CT scan and translated into a thin-walled bolus
design. Acrylonitrile butadiene styrene (ABS) and polycarbonate (PC)
materials displayed radiation modulation properties at different en-
ergy intensities (9-21 MeV). The fused deposition modelling (FDM)
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FIGURE 8 (a) Deformation behaviour
of electron bolus after finite element
analysis. (b) von Mises stresses for

ABS bolus. (c) Fractured bolus after
experimental tests
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TABLE 3 Comparative benefits of new
compensator design versus traditional
design

Criterion

Radiation dosage

Fabrication cost

Manufacture
turnaround

Environmental impact

technique was used to fabricate the boluses with 1 and 3 mm thick-
nesses, respectively. Dimensional deviation analysis pre- and post-ra-
diation exposure session displayed minimal deformation (<2%) in the
boluses. Mechanical deformation tests showed that the ABS bolus
was superior in strength and fracture behaviour under different load-
ing conditions. Design of experiments revealed that bolus thickness
and material were significant factors («x = 0.05) that affected the defor-
mation behaviour. The vertical manufacturing orientation during 3D
printing resulted in lower strength due to the layered structure of the
bolus. Finite element analysis validated the experimental testing to
identify regions of stress concentration and failure when the boluses
were loaded. The ABS bolus when loaded at the normal gripping force
of 80 N had a maximum displacement of 3.813 mm and maximum von
Mises stress of 7.52e7 Pa as compared to 6.23 mm and 9.93e7 Pa, re-
spectively, for the PC material. This research establishes a foundation
for the design and manufacture of electron bolus devices with higher

precision, lower material and cost for radiation therapy.
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