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Introduction
Head and neck cancers encompass malignant tumors 
in regions such as the oral cavity, larynx, and pharynx, 
accounting for 6–8% of global cancer cases [1], with 
approximately 710,000 new cases reported in 2018, pri-
marily consisting of oral cancer, laryngeal cancer, and 
nasopharyngeal carcinoma [2–4]. Radiotherapy has 
emerged as a cornerstone modality for X-ray-sensitive 
tumors like nasopharyngeal carcinoma, tonsil cancer, 
and laryngeal cancer, due to its precision and organ pres-
ervation benefits. It achieves local control by disrupt-
ing the DNA of tumor cells with high-energy radiation, 
while minimizing surgical damage to functions such as 
swallowing and speech [5–9]. Its indications span cura-
tive treatment, postoperative adjuvant therapy, and 
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Abstract
Radiotherapy is a crucial treatment modality for head and neck tumors. Precise patient positioning is vital for 
ensuring the reproducibility and accuracy of the treatment. Clinically, thermoplastic head and neck masks are used 
for positioning, and patients often require openings in these masks. However, the relationship between opening 
locations and the fixation effectiveness of the masks has not been thoroughly studied. This study reconstructs a 
patient’s imaging data to create finite element models with 10 different opening patterns. By assigning various 
thicknesses and material properties to the fixation masks, we analyzed the displacement distribution of different 
opening models under diverse loading conditions. The results indicate that the opening location significantly 
impacts fixation effectiveness under different loading conditions. In particular, the opening in the forehead area has 
the most significant impact on the fixation effect of the mask near the region of interest (ROI). Therefore, in clinical 
practice, the design of openings in the forehead area should be carefully considered. This study provides valuable 
insights into the fixation effectiveness of thermoplastic masks and serves as a reference for future personalized 
positioning treatments.
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multimodal combination therapy, significantly reducing 
the risk of recurrence and optimizing functional out-
comes [10–12].

Therefore, the role of radiotherapy in the treatment of 
head and neck tumors is significant and worthy of our 
enough attention. It can effectively control disease pro-
gression while enhancing patients’ quality of life and pro-
longing survival duration. However, radiotherapy may 
also bring some side effects, such as vocal cord edema, 
dry mouth, change of taste, nausea, etc [13, 14]. There-
fore, there are high demands for the precision of radio-
therapy for head and neck tumors.

Image-guided techniques are often used in radiother-
apy to correct positional errors [15, 16]. These techniques 
include kilovoltage cone-beam CT (CBCT), megavoltage 
cone-beam CT (MVCT) etc., which can correct errors 
in X, Y, Z axis. Nevertheless, most medical linear accel-
erators in developing countries remain incapable of com-
pensating for 3D rotational deviations (pitch, roll, and 
yaw) frequently observed in head and neck radiotherapy 
patients. While 6D couch systems are increasingly incor-
porated into standard clinical protocols, their corrective 
capacity remains constrained for head and neck malig-
nancies due to the inherent deformative characteristics 
of planning target volumes (PTVs). Hirotaki et al. found 
that the anatomy of the head and neck undergoes sig-
nificant changes during the course of radiotherapy, with 
positional errors in various directions varying with the 
number of treatment days [17]. For instance, in the ante-
rior-posterior direction, the positional errors of struc-
tures such as vertebrae are large and increase over time; 
similar trends are also observed in the pitch direction for 
some structures. Despite the use of Six Degrees of Free-
dom (6DOF) automatic image registration methods with 
different regions of interest (ROIs), complete resolution 
of the issues arising from anatomical changes and posi-
tioning errors remains elusive in intensity-modulated 
proton therapy. The effectiveness of reducing the dose 
to organs at risk (OARs) is also suboptimal, highlighting 
the limitations of relying solely on 6DOF alignment for 
complete positional correction [17]. Therefor, this study 
emphasizes the critical role of immobilization efficacy in 
achieving optimal dose conformity.

Most of the auxiliary fixation devices used in radio-
therapy for head and neck tumors nowadays are head and 
neck immobilization masks with mesh openings, which 
are made of a special thermoplastic material with a spe-
cific softening point temperature [18]. During the pro-
cess, the thermoplastic film is heated to a softening point 
and then applied to the patient’s head and neck area. The 
thermoplastic film is attached to the treatment bed by 
means of surrounding clasps and immobilization is com-
pleted when the material has cooled and hardened.

However, in clinical practice, it is often necessary to 
make openings in different parts of the head and neck 
immobilization mask based on the patient’s specific con-
ditions. For example, during the treatment process, some 
patients may experience symptoms of claustrophobia and 
need to have openings made in specific locations in the 
fixation membrane to alleviate the symptoms [19, 20]. 
Elsner et al. found that up to 49% of head and neck can-
cer (HNC) patients experience distress and anxiety due 
to immobilization devices during the course of radiother-
apy, particularly before treatment commences [21]. In 
addition, some patients require special procedures such 
as nasal feeding, tracheal intubation, or the use of an 
oral mouthpiece, which also requires perforation at spe-
cific sites to ensure therapeutic efficacy and safety. Some 
patients may have wounds on the head and neck, which 
may also need to be pierced to avoid infection.

Open-Face Masks (OFMs) significantly enhance patient 
comfort by exposing specific facial areas, such as the 
forehead, eyes, and nose, while maintaining immobiliza-
tion accuracy and repeatability. Lastrucci et al. reviewed 
the heterogeneous research on the application of OFMs 
in head and neck and brain cancer radiotherapy, finding 
diverse types and usage patterns. However, most studies 
demonstrated that OFMs combined with Surface Guided 
Radiation Therapy (SGRT) offer significant advantages 
in patient comfort and positioning accuracy [22]. Keane 
et al. conducted a randomized controlled trial showing 
that open-face masks markedly improve patient comfort, 
with the majority of patients preferring them over tradi-
tional masks [23]. Chen X et al. innovatively developed 
an open-face mask compatible with SGRT, which, when 
used with a custom headrest and bite block for brain 
stereotactic radiotherapy, exhibited superior position-
ing precision and stability compared to the traditional 
closed-face mask combined with the Fraxion positioning 
system [24].

However, there is a lack of intuitive and quantitative 
evaluation research on the relationship between the loca-
tion, shape, and other parameters of the openings and the 
effectiveness of the head and neck immobilization mask 
fixation. Fisher et al. performed a pre-clinical evaluation 
of a fixation system for patients receiving radiotherapy 
for head and neck tumors [25]. They used CT images of 
the patient’s face to extract facial features and created a 
4 mm thick mask model. The CT scans were re-scanned 
with the mask attached, and analyzed using Hausdorff 
distance. The study showed a median “worst case” toler-
ance of about 4 mm for more than 80% of slices, suggest-
ing that the resulting mask is capable of achieving a fixed 
level similar to the current system. However, the study 
only considered the construction of the facial model and 
did not connect it to the treatment Table [25]. Chen et 
al. proposed an automatic framework for constructing 
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and manufacturing a fixation mask for head and neck 
radiotherapy [26]. Loja et al. extracted geometric infor-
mation of the standard human head using both CT and 
3D scanners, and designed three types of radiotherapy 
head fixation masks with different openings. Finite ele-
ment methods were used to evaluate the stress and strain 
of the various opening masks under typical loads [27]. 
However, the models they used were standard models of 
human heads, and did not consider the research process 
for patients with large individual differences in clinical 
practice. Additionally, the opening structures required 
by different patients may not be the same, thus further 
analysis of fixation effectiveness under different opening 
conditions is still needed to be explored.

In this study, a personalized head and neck fixation 
membrane model was established for a patient undergo-
ing radiotherapy for head and neck tumor. Ten opening 
conditions were designed, and finite element analysis was 
used to analyze the deformation size and location of dif-
ferent opening models under various loads. The results 
of this study can help physicians better understand the 
effect of fixed membrane opening on the fixation effect 
in radiotherapy of head and neck tumors, and guide phy-
sicians to select the appropriate location and size of the 
opening to improve the fixation effect, radiotherapy effi-
cacy and patient treatment experience. Additionally, this 
study provides a new research idea for issues related to 
opening structures of fixation masks.

Materials and methods
Data acquisition
In this study, we selected head and neck CT localization 
images of a patient with sinus cancer diagnosed by the 
Cancer Center of Shanxi Bethune Hospital. The patient 
was a 55-year-old female who was admitted on Janu-
ary 29th, 2023. We performed a localization CT scan of 
the patient using the Philips Brilliance Bigbore and 
planned to administer TOMO radiotherapy. This study 
was approved by the Ethics Committee of Shanxi Bet-
hune Hospital (YXLL-2022-127), and strictly complied 
with the relevant regulations of medical ethics and the 
requirements of patients’ informed consent.

Head and neck thermoplastic mask model
The scanning layer thickness of radiotherapy localization 
CT images for head and neck tumor patients was 3 mm, 
with 165 slices in total. The images were reconstructed 
using the CT reconstruction software, and the thickness 
of the reconstructed slice was 1 mm, with a total of 423 
slices. Subsequently, the images were imported into MIM 
Software Inc, and the body, headrest, and bed were delin-
eated and moderately smoothed to obtain their respec-
tive structures and exported as STL files. The above 
geometric models were smoothed by Laplacian using 
Materialise 3-matic software to obtain higher quality and 
smoother geometric models, as shown in the Fig. 1.

By cropping the geometric model of the head and 
neck, we neatly remove the part of the head behind the 
ear in the sagittal plane. Then, we stretch along the inci-
sion in the sagittal plane towards the back of the model 
until it reaches the bed, obtaining the geometric model of 
the head and neck fixation mask. Ten common types of 
openings required for head and neck fixation membranes 
during radiotherapy were selected, they are mouth, 
nostrils and forehead (A), mouth, nostrils and eyes (B), 
mouth, nostrils, eyes and forehead (C), mouth and nose 
(D), mouth, nostrils and chin (E), mouth, nostrils and 
throat (F), mouth, nostrils and shoulders (G), mouth, 
nostrils and collarbone (H), mouth and nostrils (I), full 
face (J), as shown in the Fig. 2.

Masks’ material properties
A total of five different materials of unperforated thermo-
plastic films were selected, two from Guangzhou Klarity 
Medical & Equipment were labeled as M1, M2, and three 
from Guangzhou Renfu Medical & Equipment were 
labeled as M3, M4, and M5, respectively.

The thermoplastic film is regarded as a linear elastic 
material, and the modulus of elasticity and Poisson’s ratio 
need to be set in the simulation software. Five sets of 
standard tensile test samples are prepared for each mate-
rial according to the national standard GB/T 1040.2–
2022, and the shape of the specimens is shown in Fig. 3. Fig. 1  Head and neck geometry mode
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Quasi-static tensile tests were performed on an Instron 
5544 universal testing machine with the stretching rate 
set at 0.5 mm/min. Since the thermoplastic film has large 
deformations in the scale-spaced section during stretch-
ing, the measured engineering stress σe and engineering 
strain εe are not the true stress σt and true strain εt of the 
material. These values must be corrected using the fol-
lowing equation:
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where F is the tensile force, A0 and At are the initial and 
true cross-sectional areas of the spar section, Lt and L0 
are the length of the true interval and the initial interval, 
L is the specimen length, and V is the volume of the spar 
section. During yielding and subsequent plastic flow, the 
volume change due to material flow is negligible because 
the effect of increased length is offset by the decrease in 
cross-sectional area. Before necking, the strain remains 
the same along the entire length of the specimen. The 
elastic modulus of the material was calculated according 
to the real stress-strain curve fitting after conversion, and 
Poisson’s ratio was calculated by measuring the size of 
the standard distance segment of the thermoplastic film 
in the linear elastic stage, and the average value of the five 
groups of data was obtained.

Fig. 3  Tensile test samples

 

Fig. 2  Ten kinds of models
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Finite element simulation
The thicknesses of the head, neck and shoulder fixa-
tion membranes commonly used at present are 1.6 mm, 
2.0 mm, 2.4 mm and 3.0 mm. In this paper, 200 models 
are modeled by setting the above four thicknesses for 
each type of opening and assigning the above tested five 
material properties to them respectively. The stresses and 
displacements occurring in various models of the human 
head under two working conditions, left rotation and 
flexion, were simulated in the finite element commercial 
software Abaqus 2020. Abaqus is a powerful engineer-
ing simulation software based on finite element method. 
It can solve problems ranging from simple linear prob-
lems to very complex nonlinear simulations. Because 
of its powerful simulation function, it is used by engi-
neering researchers all over the world, and has become 
the most widely used finite element analysis software in 
simulation research. Abaqus provides users with a wide 
range of functions and is very easy to use. Therefore, this 
paper chooses the 2020 version of Abaqus software as the 
simulation tool. The analysis process of Abaqus usually 
has three steps: pre-processing, simulation calculation, 
and post-processing. In the pre-treatment process, the 
geometric model should be established first. Secondly, 
the model is endowed with material properties; Loads 
and boundary conditions are then applied to the model. 
The calculation process usually runs in the background. 
Save the output data as stl format file. The post-process-
ing process is carried out interactively in the graphical 
environment through the visualization module. Display 
binary results as image results or graphs. A total of 400 
simulations were calculated. The size of the applied load 
comes from a study by Almosnino [28], who used sensors 
to measure the forces generated by athletes’ heads when 
they turned left and when they bent, and obtained forces 
of 157.2 N and 149.7 N, respectively.

The force values of 157.2 N and 149.7 N applied to the 
mask were based on the research data of Almonsino et 
al., rather than the results of mechanical experiments 
conducted on patients by us. The 55-year-old patient 
did not participate in the head-turning and head-lifting 
experiments under the 10 types of opening models, and 
it is difficult for the human body to precisely control the 
magnitude of the force applied during head-turning and 
head-lifting. We used the CT image of one patient to cre-
ate a 3D model of the mask by reconstructing the surface 
of the body, and then applied the head-turning and head-
lifting forces in the finite element simulation software 
according to the force values obtained in the study by 
Almonsino et al. During the simulation process, we were 
able to precisely control the magnitude and application 
range of the head-turning and head-lifting forces under 
the 10 types of opening models, ensuring their complete 

consistency, thereby making the opening type the only 
variable.

The boundary condition is a kind of restrictive con-
dition that constrains the finite element model. In this 
study, the boundary condition is a restrictive condition 
that constrains a certain part of the model, thus keeping 
the model fixed. Boundary conditions are also crucial to 
ensure the accuracy and reliability of the analysis results. 
In finite element analysis, the determination of bound-
ary conditions is an important part of the establishment 
of finite element model, and reasonable determination of 
the boundary conditions of finite element model is the 
basic requirement for successful finite element analysis 
of structures. In the clinic, the thermoplastic film needs 
to be fixed and tightly attached to the treatment bed. 
Therefore, the fixed part of the thermoplastic film and 
the treatment bed sets the region for the boundary con-
ditions. The boundary conditions and load diagram are 
shown in Fig. 4. The red line in Fig. 4 (a) is the area where 
the boundary conditions are applied. In the finite element 
software, the displacement and angle range of the red 
line region are all set to 0. Through the calculation in the 
finite element software, we can obtain the deformation of 
different open mask models under the two loads. In the 
finite element calculation results, we can see the specific 
size of the deformation at any point on the mask. For the 
loading of 10 kinds of masks and related test content, all 
work is done on the computer. Specifically, we contoured 
the body of the patient’s CT image and reconstructed the 
part in three dimensions and modeled it. All mask types 
and the load application process were carried out in a 
computer, not with a real mask, and were not tested on 
the patient body.

Results and discussion
The elastic modulus of the mask
The displacement-force curve of the tensile test is shown 
in the Fig. 5. The elastic modulus of the five materials is 
shown in Table 1. The results reported by Loja et al. [26] 
are close to those calculated in this paper.

The effect of thickness on the deformation of the mask
When the material modulus was set to M1, the maximum 
deformation of the head and neck shoulder fixation mask 
with 10 types of openings under two loads is shown in 
the following Fig. 6. After calculating, the results of other 
elastic modulus parameters were similar.

The figure shows the maximum deformation (unit: cm) 
under different loading conditions (roll and up) for four 
different mask thicknesses (1.6  mm, 2.0  mm, 2.4  mm, 
and 3.0  mm). With the increase of mask thickness, the 
maximum deformation gradually decreases under all 
types of openings. At the thickness of 1.6 mm, the defor-
mation ranges from 2.15 cm to 3.95 cm; at the thickness 
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of 2.0 mm, the range of deformation narrows to 1.21 cm 
to 2.08  cm; at the thickness of 2.4  mm, the deforma-
tion further reduces to 0.56 cm to 1.22 cm; finally, at the 
thickness of 3.0  mm, the maximum deformation is the 
smallest, ranging from 0.31 cm to 0.69 cm.

It can be seen from the figure that under the rotation 
and upward load conditions, the maximum deforma-
tion of the head and neck shoulder fixation mask with 
10 types of openings is the greatest when the thickness is 
1.6 mm, and decreases successively when the thickness is 
2.0 mm, 2.4 mm, and 3.0 mm. In general, the maximum 
deformation decreases with increasing mask thickness.

This trend indicates that increasing thickness can effec-
tively reduce the deformation of the fixation mask, sug-
gesting that choosing a thicker fixation mask can help 
reduce positioning errors. Currently, the most com-
monly used thickness for head and neck shoulder fixation 
films in clinical radiotherapy is 2.4 mm. Whenever pos-
sible, masks with a thickness of 3.0 mm should be used 
to minimize positioning errors. It is worth noting that 

although increasing the thickness of the mask can sig-
nificantly enhance the immobilization effect, it may also 
exacerbate claustrophobia in patients, particularly among 
sensitive patient groups. Thicker masks can restrict the 
perception of breathing and enhance the sensation of 
physical pressure, potentially inducing anxiety or panic 
reactions, which may lead to treatment interruptions or 
positional shifts. Therefore, in clinical practice, it is nec-
essary to balance the immobilization requirements with 
the psychological tolerance of patients. In the future, we 
will further quantify the correlation between mask thick-
ness and claustrophobia scores and explore thickness 
thresholds or personalized designs to better reconcile 
the trade-off between immobilization effectiveness and 
patient comfort. Additionally, thicker masks may also 
have a certain impact on patient skin dose. The yield of 
low-energy scattered photons increases in thicker masks, 
potentially raising the absorbed dose to the epidermis, 
especially when using low-energy beams (such as kilo-
voltage X-rays). During radiotherapy, the mask is in close 

Fig. 4  The diagram of boundary condition and loading. (a) boundary condition, (b) loading area, (c) rotating load, (d) upward load
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contact with the skin. Thicker masks may enhance the 
emission of secondary electrons, leading to an increase 

in surface dose. Moreover, thicker masks may alter the 
build-up effect of the primary beam, which needs to be 
corrected in the treatment planning system using Monte 
Carlo algorithm or measured data. In Intensity-Modu-
lated Radiation Therapy (IMRT), the dose distribution 

Table 1  Material properties
Material type M1 M2 M3 M4 M5

Modulus(GPa) 3.83 2.68 3.57 2.45 3.43

Fig. 6  (a) The maximum displacement of the mask under rotating load when the elastic modulus of the material is M1. (b) The maximum displacement 
of the mask under upward loading when the elastic modulus of the material is M1

 

Fig. 5  Sample load-displacement curve
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should be re-validated to ensure that the skin dose does 
not exceed the tolerance limits.

The effect of material properties on mask deformation
The elastic modulus of the five thermoplastic membrane 
materials is shown in Table 1. When the material thick-
ness is set at 2.4 mm, the maximum deformation of the 
head and neck shoulder fixation masks with ten types of 
openings under two types of loads varies with the elastic 
modulus of the materials, as illustrated in Fig. 7. Similar 
calculations were conducted for the other materials as 
well. The results show that regardless of the elastic mod-
ulus of the material, the trend in the maximum defor-
mation curves for the fixation masks remains consistent 
with the trend observed in Fig. 7.

The figure shows that under both rotational and 
upward loads, the maximum deformation of the 10 types 
of head and neck shoulder fixation films decreases lin-
early with increasing material elastic modulus. This indi-
cates that a higher elastic modulus of the material results 
in smaller positioning errors when using the of head and 
neck shoulder fixation films.

In practice, the head and neck shoulder fixation masks 
are composed of various materials such as PMMA, low-
density polyethylene, and paraffin, making them not truly 
linearly elastic materials. In this study, the fixation films 
were simplified as linearly elastic materials for the follow-
ing reasons: First, the fixation film materials exhibit vis-
coelastic or elastoplastic properties, and the constitutive 
relationships for these properties are complex, making it 
difficult to determine the parameters of the constitutive 
models. Second, the loading conditions in the simulation 
involve relatively small forces and deformations. In the 
small deformation regime, the stress-strain relationship 

of the fixation films can be approximated as linear. There-
fore, it is reasonable to treat the fixation films as linearly 
elastic in the simulation.

Additionally, variations in the composition of fixation 
films from different manufacturers lead to differences 
in elastic modulus results. The five materials selected 
for elastic performance measurement in this study may 
not be fully representative and should be considered as 
references.

The effect of opening position on mask deformation
The strains occurring in the head and neck shoulder fixa-
tion masks with 10 different opening types, commonly 
utilized in clinical settings with a material elasticity mod-
ulus of M1 and a thickness of 2.4  mm under rotational 
loading, are presented in Fig. 8.

From the displacement diagram, it can be observed 
that the maximum displacement occurs near the nose 
for both opening types A (mouth, nostrils, and fore-
head) and C (mouth, nostrils, eyes and forehead), with 
the maximum displacements being 0.9  cm and 1.1  cm, 
respectively. For the remaining eight opening methods, 
the maximum displacements all occur at the bottom edge 
of the head and neck immobilization mask. The range of 
maximum displacement is from 0.75 cm to 1.2 cm.

In clinical practice, we focus more on the displace-
ment of the head and neck immobilization masks. 
Smaller displacements indicate better fixation perfor-
mance. Research has demonstrated that precise position-
ing is critical for ensuring accurate dose delivery, with 
improved fixation directly correlating to enhanced dos-
ing accuracy [29]. For the A and C opening patterns, the 
opening area on the forehead is relatively large. More-
over, the force is applied to the side of the face, which 

Fig. 7  (a) The maximum displacement of the mask under rotating load when the thickness is 2.4 mm. (b) The maximum displacement of the mask under 
upward loading when the thickness is 2.4 mm
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can lead to an overall decrease in the fixation effect on 
the face. Although the J model also has a large opening 
area, the reduced force application on the face results in 
smaller overall facial displacement. As for the other eight 
models besides A and C, there is a larger displacement at 
the edge of the chest. This is due to the poor constraint at 
the edge of the chest area of the model.

Under upward loading conditions, the strains of the 10 
types of head and neck fixation masks are shown in Fig. 9.

From the displacement diagram, it can be observed 
that the range of maximum displacement is from 0.55 cm 
to 1.22 cm. The models with poorer fixation performance 
are A, B, H, and J. For model A, the maximum displace-
ment occurs near the nose, with a maximum value of 
0.55 cm. For model B, the maximum displacement is also 

Fig. 8  The displacements of head and neck shoulder fixation masks with 10 different opening types (A: mouth, nostrils, and forehead; B: mouth, nostrils 
and eyes; C: mouth, nostrils, eyes, and forehead; D: mouth and nose; E: mouth, nostrils and chin; F: mouth, nostrils, and throat; G: mouth, nostrils, and 
shoulders; H: mouth, nostrils, and collarbone; I: mouth and nostrils; J: full face) under rotational loading
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near the nose, with a maximum value of approximately 
0.75 cm. For model H, significant displacement near the 
nose is observed, around 0.59 cm. For model J, the maxi-
mum displacement is at the cheek area, with a maximum 

value of about 1.2  cm. Comparing these results, while 
model C has the largest opening area, its displacement 
is not as high. However, model J has the largest displace-
ment and the poorest fixation effect. This also indicates 

Fig. 9  The displacements of head and neck shoulder fixation molds with 10 different opening types (A: mouth, nostrils, and forehead; B: mouth, nostrils 
and eyes; C: mouth, nostrils, eyes, and forehead; D: mouth and nose; E: mouth, nostrils and chin; F: mouth, nostrils, and throat; G: mouth, nostrils, and 
shoulders; H: mouth, nostrils, and collarbone; I: mouth and nostrils; J: full face) under upward loading
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that the position of the opening has a significant impact 
on the fixation effect.

In our study, we found that the impact of the mask 
opening area on the fixation effect differs from the com-
mon understanding. Traditionally, it is believed that 
larger opening areas lead to worse fixation effects, as big-
ger openings may cause more loosening or instability. 
However, our experimental results indicate that there is 
no direct linear relationship between the opening area 
and the fixation effect. Specifically, an increase in the 
opening area does not necessarily lead to a significant 
decline in the fixation effect and can even maintain sta-
bility in some cases. This finding may be closely related 
to the mask’s structural design, the shape of the open-
ings, and the distribution of forces. Given the anatomi-
cal variations in the head and neck regions of different 
patients, the structure of the mask also exhibits diversity. 
The irregular anatomy of the head and neck leads to an 
irregular 3D shape of the mask, making it impossible to 
simply infer the fixation effect based on the size of the 
opening area. For instance, larger openings may compen-
sate for potential losses in fixation effect through opti-
mized opening shape design. Moreover, the uniformity of 
force distribution may play a crucial role in maintaining 
fixation stability, even with larger openings. In summary, 
our study demonstrates that the opening area is not the 
sole determinant of the fixation effect. In the design pro-
cess, it is necessary to consider a variety of factors, such 
as structure, shape, and force distribution, rather than 
relying solely on the conventional understanding of open-
ing size. In future research, we will further explore other 
key factors that may affect the fixation effect to provide a 
more comprehensive theoretical basis for mask opening 
design.

In clinical practice, patients can experience significant 
involuntary body movements during treatment, which 
may not be limited to the two scenarios calculated in 
this study. Involuntary movements are influenced by 
psychological factors and neurological regulation, mak-
ing it challenging to accurately measure the forces gen-
erated by these movements while the patient is lying on 
the treatment table, which can affect the accuracy of the 
simulations. Therefore, the force values obtained from 
experiments in the literature are adopted in this study. 
However, this force is derived from the maximum force 
measured on an athlete’s head. Patients do not generate 
such a large force while lying on the treatment bed. The 
simulated conditions can be considered an extreme case 
of the model under force. As a result, the displacement 
values calculated in this study should be considered for 
semi-quantitative or qualitative analysis only. The dis-
placement magnitude in the simulation indicates the fixa-
tion performance, while the stress magnitude reflects the 
comfort level to some extent. In treatment, the primary 

concern is the fixation effect, that is, the maximum dis-
placement. Therefore, we focus on the impact of dis-
placement, disregarding the impact of stress distribution.

In this study, we mainly utilized finite element software 
to conduct virtual simulations on the displacement con-
ditions of mask models with different opening designs 
under two typical loading conditions, with a focus on the 
influence of different opening designs on the structural 
stability of the masks. In clinical practice, the position-
ing effect of patients is usually monitored by cone-beam 
CT (CBCT). In the future, we will further evaluate the 
fixation effect of the masks based on the CBCT images 
taken during the treatment of patients with mask open-
ing requirements. This study focuses on the effect of 
optimizing the parameters of shape, size and position of 
the mask opening on the fixation effect in conventional 
radiotherapy. In conventional radiotherapy, patients are 
usually treated with cone beam CT (CBCT) for image 
guidance to ensure treatment accuracy.

A comprehensive analysis of Figs. 8 and 9 reveals that 
mask models with different structural designs exhibit dif-
ferentiated displacement characteristics under mechani-
cal loading: Under rotational and upward loading 
conditions, significant facial displacements are observed 
in models A and C, which may be associated with insuf-
ficient edge structural constraints resulting from the 
forehead opening design. This phenomenon suggests 
that local constraint reinforcement in the forehead area 
should be a priority, and it is recommended to enhance 
stability by adding reinforcement structures or optimiz-
ing the opening shape. Comparative analysis shows that 
the maximum displacements of models B, D, E, F, G, and 
I under both types of loading are concentrated in the 
chest edge region, which is consistent with the inherent 
open structural characteristics of this area in head and 
neck shoulder masks. The computational results vali-
date the clinical observation that the chest edge is prone 
to displacement, indicating that this conventional open-
ing design has a limited impact on overall stability. In 
clinical applications, the fixation effect of the chest edge 
area should be closely monitored. It is noteworthy that 
model H exhibits a significant increase in chest displace-
ment under upward loading, confirming that clavicle area 
openings can significantly reduce the structural rigidity 
of the mask. It is recommended that when implementing 
clavicle area openings in clinical practice, the length of 
the opening should be strictly controlled, and compensa-
tory measures such as elastic padding should be used.

The ‘J’ opening mask designed in this study is a pro-
posed design for the opening that may be used in con-
ventional radiotherapy. Displacement diagram (Figs.  8 
and 9) shows that the maximum displacement of the 
mask under rotational load is concentrated at the edge 
of the chest, while under upward load, the maximum 
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displacement is located in the cheek area, indicating that 
its fixation effect is direction-dependent. Notably, it is the 
most commonly used open design in clinical practice, has 
an opening shape highly similar to the 5-point commer-
cial masks (such as the CIVCO Tranquility Series) com-
patible with the SGRT system. Surface Guided Radiation 
Therapy (SGRT) is a non-invasive and radiation-free 
radiotherapy positioning technique that uses an optical 
camera to capture 3D images of the patient’s body surface 
in real time to monitor changes in the patient’s position 
during the treatment process, thus ensuring the accu-
racy and safety of the treatment. Keane et al.‘s random-
ized self-controlled study confirmed that, although the 
5-point commercial masks have limitations in terms of 
inter-fraction longitudinal displacement (2.18 ± 5.76 mm) 
and rotational errors (e.g., roll 0.80 ± 0.61°) in fraction-
ated cranial radiotherapy, dynamic error correction can 
be achieved through the SGRT system [23]. The results of 
this study further indicate that the fixation performance 
characteristics of the J mask are similar to those of the 
5-point commercial mask, which relies on image-guided 
technology to compensate for inter-fraction errors. This 
provides important evidence for optimizing the design of 
open masks: while preserving patient comfort, it is nec-
essary to specifically reinforce the mechanical support of 
the mask in certain loading directions (e.g., vertical load) 
or combine it with real-time monitoring through SGRT 
to improve overall positioning accuracy.

The force value used in this study differs significantly 
from the force value generated by patients during the 
treatment process. This discrepancy directly leads to dif-
ferences between our calculated results and clinical real-
ity. However, there are several reasons for selecting such 
a large force value. First, the force generated by patients 
in an unconscious state is very small. We have previously 
attempted calculations using a finite element model. The 
deformation effects produced by different models under 
smaller forces did not show significant differences. In this 
study, we aimed to observe a more pronounced deforma-
tion outcome. Choosing a larger force value for calcula-
tion can amplify the deformation effect. Additionally, 
from a mechanical perspective, the forces generated by 
humans in an unconscious state, whether in terms of the 
direction or absolute magnitude of force, are extremely 
difficult to measure. Our team collaborated with 
researchers specializing in mechanics to attempt related 
studies. We attached strain gauges and force sensors to 
patients’ bodies to measure the forces and displacements 
resulting from involuntary movements. However, the 
quality of measurement results were poor. It is difficult to 
accurately assess the scope and magnitude of the force. 
Accurately measuring the forces generated by patients 
during actual treatment remains a topic for further in-
depth research in the future. Therefore, we still opted to 

use the force values measured from athletes for our simu-
lation calculations.

This study has several limitations. First, the effect of 
friction between the human body and the fixation mask 
was not considered in the finite element analysis. Typi-
cally, the presence of friction force would enhance the 
fixation effect of the mask. Second, the fixation masks 
currently in use are usually porous, rather than the 
solid material used in this experiment. Considering the 
convergence issues and computational costs of porous 
material models in finite element calculations, the study 
simplified the model. Therefore, this also contributes to 
the discrepancies between the calculated results and 
clinical outcomes. Lastly, this study only examined the 
fixation effectiveness based on opening positions. How-
ever, the opening size and shape also significantly impact 
fixation performance, and further quantitative studies are 
needed to explore these factors. We can only observe the 
maximum displacement and position of the surface of the 
head and neck mask with different opening designs and 
the deformation of the whole mask. Based on this infor-
mation, we can take appropriate measures to enhance the 
fixed effect. However, this study was unable to directly 
quantify the specific effects of mask deformation on dose 
distribution, which is also a limitation of the study.

Openings in the forehead area of thermoplastic masks 
have the most pronounced impact on fixation effective-
ness in the facial region. This finding suggests that in clin-
ical practice, the design of openings in the forehead area 
should be approached with caution. The purpose of this 
study was to analyze the effect of opening position and 
area of thermoplastic film on the fixation effect accord-
ing to the actual situation of patients. It is expected to 
provide patients with a comfortable and effective fixation 
method and improve the accuracy and effectiveness of 
treatment.

Conclusion
This study employed finite element analysis to investi-
gate the impact of opening configurations in thermoplas-
tic fixation masks on fixation effectiveness in radiation 
therapy. The location of the opening significantly affects 
the fixation performance of the thermoplastic masks. In 
particular, openings in the forehead area of thermoplas-
tic masks have the most pronounced impact on fixation 
effectiveness in the facial region. This finding suggests 
that in clinical practice, the design of openings in the 
forehead area should be approached with caution. This 
research offers insights into the fixation effectiveness and 
comfort of thermoplastic masks and provides valuable 
references for future personalized medical applications.
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