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Abstract 
Brachytherapy is a type of radiation therapy, in which a radiation source is placed directly or close to a tumor.  

It is commonly used to treat skin cancer, and enables precise irradiation treatment of affected area (planning target vol-
ume – PTV) while minimizing exposure dose to surrounding healthy tissue (organs at risk – OARs). Recently, the use 
of 3D printing has begun revolutionizing brachytherapy, as it allows manufacturing of custom-designed applicators 
for unique shape of skin topography, tumor, and surrounding tissues. Outcome of the combination of 3D printing and 
brachytherapy has several advantages over traditional treatment planning methods. Some of the advantages are intu-
itive, whereas others can be concluded from a literature overview as follows: 1) Possibility of developing patient-spe-
cific applicators that precisely match the shape of tumor area; 2) Reduction of the time required for applicator produc-
tion, especially when custom-made devices are needed; 3) Reduction of manufacturing costs; 4) Treatment procedures 
improvement; 5) Improvement of safety measures accelerated by the development of smart materials (e.g., polymer 
filaments with admixture of heavy elements); 6) Possibility of nearly instant adjustment into tumor treatment (appli-
cators can be changed as the tumor is changing its shape); and 7) Applicators designed to securely fit to treatment area 
to hold radioactive source always in the same place for each fraction. Consequently, tumor-provided dose is accurate 
and leads to effective treatment. In this review paper, we investigated the current state-of-the-art of the application of 
3D printing in brachytherapy. A number of existing reports were chosen and reviewed in terms of printing technology, 
materials used, treatment effectiveness, and fabrication protocols. Furthermore, the development of future directions 
that should be considered by collaborative teams bridging different fields of science, such as medicine, physics, chem-
istry, and material science were summarized. With the indicated topics, we hope to stimulate the innovative progress 
of 3D printing technology in brachytherapy. 
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Purpose
Skin cancer is one of the most common types of cancer 

worldwide, with an ascending trend in the incidence re-
ported every year, mainly basal cell carcinoma (BCC) and 
squamous cell carcinoma (SCC) [1-4]. Among several oth-
er modalities, the treatment of this type of cancer routinely 
involves surgery [5, 6] or radiotherapy [7]. Brachytherapy 
is commonly chosen in cases of skin cancer that cannot be 
surgically removed without serious consequences or de-
fects of cosmetic or reconstructive procedures [8]. One of 
the treatment options for skin cancer is based on radiation 
therapy that involves placing a radiation source directly 
or close to a tumor while minimizing radiation exposure 
dose to surrounding healthy tissue [9-14]. Before starting 

treatment of skin cancer using radioactive source, several 
clinical parameters, such as total dose, fraction dose, size 
of target area, and total treatment time need to be opti-
mized, as these significantly impact the final treatment 
result [15]. Applicator is another important parameter 
influencing treatment procedure. The ultimate goal is to 
use devices that can be tailored to obtain applicators that 
match patient specific skin topography. The correlation 
of skin topography scanning procedures, computer-as-
sisted designing (CAD) allowing customization and fab-
rication based entirely on 3D printing technology, make 
a set of new tools in skin cancer treatment. 3D printing 
technology has the potential to improve the accuracy 
and effectiveness of skin cancer treatment by developing 

Address for correspondence: Michal Poltorak, MSc, National Institute of Medicine of the Ministry  
of the Interior and Administration, Woloska 137, 02-507 Warsaw, Poland,  
 e-mail: michal.poltorak@cskmswia.gov.pl 

Received:  13.11.2023 
Accepted:  23.02.2024 
Published: 

mailto:michal.poltorak@cskmswia.gov.pl


Journal of Contemporary Brachytherapy (2024/volume 16/number 2)

Michal Poltorak, Maciej Szwast, Pawel Banatkiewicz, et al.2

and creating customized applicators that precisely con-
form to the shape of tumor and surrounding skin [16]. 
A high control of tumors as well as cosmetic changes can 
be achieved with brachytherapy, while maintaining the 
highest standards of treatment [17]. In this review, we 
discussed the latest achievements in the field of 3D print-
ing in skin cancer treatment, including their advantages, 
benefits, and limitations. We also highlighted selected 
studies that evaluated the use of 3D printing in skin can-
cer and reviewed their findings. A critical assessment of 
the current state-of-the-art was provided along with the 
indication of future directions that hopefully will stimu-
late the progress in the area of interest. 

Material and methods 
This review paper was based on a literature survey. 

Publications that were examined during this work were 
found via a dedicated scientific web browser (PubMed, 
Web of Science, Scopus, and Google Scholar), they were 
part of a scientific library of author’s publications, or 
were found in citation list of the reviewed publications. 
When gathering database, the following combination 
of key words were used: “HDR Brachytherapy”, “Skin 
Brachytherapy”, “Surface Brachytherapy”, “Contact Bra- 
chytherapy”, “3D Printing”, “Skin Cancer”, “Tumor”, 
“BCC”, “SCC”, “Superficial Lesions”, “Individual Appli-
cator”, “Traditional Applicator”, “Mold”, “3D Custom-
ization”, “3D Design and Fabrication”, “Benefits of 3D 
Printing”, “Filaments”, “Materials”, “Radiation Source”, 
“Treatment Planning and Delivery”, “Clinical Report on 
Use of 3D Applicator”, “Biocompatibility”, “Steriliza-
tion”, and “Future Directions of 3D Printing”. 

The current paper summarized selected aspects of 
achievements in the field of 3D printing in brachytherapy. 
These included the benefits of 3D printing in skin cancer 
treatment, advantages of printing over traditional appli-
cators in skin cancer, traditional applicators in skin cancer, 
design and fabrication of customized skin applicators us-
ing 3D printing technology, evaluation of dosimetry and 
clinical outcomes of 3D-printed skin applicators in skin 
cancer treatment using high-dose-rate (HDR) brachyther-
apy, 3D printing technology used in brachytherapy, 
investigation of the material used for 3D-printed skin 
applicators in brachytherapy, comparison of treatment 
planning and delivery between traditional applicators 
and 3D-printed applicators in skin brachytherapy, bio-
compatibility and sterilization, clinical case with the use of 
a 3D applicator in skin cancer brachytherapy, and future 
directions of 3D printing in brachytherapy. 

Conducting a comprehensive and systematic liter-
ature search is crucial when performing a review of 3D 
printing in skin brachytherapy. The process ensures that 
the review is based on the most up-to-date and relevant 
research, providing transparency and reproducibility of 
methodology used. In this literature search, publications 
specifically addressing these issues were considered. 
Taking into account applications of 3D printing, stud-
ies and papers that discussed various applications of 3D 
printing technology in the context of skin brachytherapy 
were identified showing how 3D printing is used to cre-

ate customized applicators for the treatment of skin can-
cer. Regarding technical advancements, studies exploring 
technical aspects of 3D printing in skin brachytherapy 
were considered, such as advancements in printing tech-
nology and materials used. Analyzing comparative pa-
pers, studies evaluating the benefits of 3D printing in skin 
brachytherapy and compared with traditional methods or 
alternative technologies were searched. Regarding safety 
and dosimetry, papers on safety considerations and do-
simetry in the context of 3D-printed skin brachytherapy 
devices were found. Challenges, limitations, and poten-
tial risks associated with the use of 3D printing technolo-
gy in skin brachytherapy were examined. Also, future di-
rections and emerging trends of 3D printing technology 
in skin brachytherapy as well as potential research areas 
and innovations were assessed. Therefore, this compre-
hensive approach ensured that the review encompassed 
full spectrum of relevant research in this field. In selecting 
articles for inclusion in our publication, exclusion criteria 
were considered to ensure quality and relevance of the 
chosen studies. Articles in English language related to 
medical description of skin cancer were included starting 
from 1989, and those on the appropriate topics were se-
lected from the past few years. The most recent one was 
from 2023. Additionally, studies with inadequate meth-
odology or unrelated to the research were excluded. 

Benefits of 3D printing for skin cancer treatment 
Several advantages related to 3D-printed applicators 

(over conventional solutions) for skin cancer treatment 
can be directly inferred from the current state-of-the-art. 
Figure 1 shows a scheme summarizing key benefits de-
fined for the use of 3D-printed applicators. Firstly, cus-
tomized applicators provide superior dose distribution in 
prepared treatment plans for the irradiated patient [16]. 
This is due to the specific placement of applicators and 
catheters, leading to more homogenous skin dose dis-
tribution. Also, better fitting of a 3D-printed applicator 
may reduce air gaps occurring between the applicator 
and patient skin [18]. All these influence and improve 
target volume coverage and organs at risk (OARs) spar-
ing at the same time [19, 20]. Another advantage of using 
3D-printed applicators is the high reproducibility of ap-
plicator position administered by 1) a single printout that 
can be employed several times, 2) multiple printouts that 
can be printed from a single g-code file and considered 
disposable, and 3) printouts that may be changed along 
with the changes of skin topography (swelling/shrinkage 
of the tumor, dermatological lesions) [21-23]. The overall 
intuitive conclusion is that 3D-printed applicators reduce 
variability in treatment delivery. Another undeniable 
benefit is the treatment adaptivity. 3D printing allows for 
a relatively fast creation of skin applicators [16]. In our 
opinion, applicators may be adjusted to changing pa-
tient needs, such as tumor swelling. These shortcomings 
can be solved by printing a new applicator that simply 
improves patient comfort as the pressure caused by the 
applicator is minimized. Finally, 3D printing is a cost-ef-
fective alternative, especially when compared with tra-
ditional molding techniques. It allows for the creation 
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of high-quality applicators at a very low cost, especial-
ly when inexpensive technologies, e.g., those based on 
fused deposition modeling, are involved [24, 25]. One as-
pect that still may be considered as a challenge is related 
to the printing time, as the fabrication process can last for 
a few hours for printouts with a moderate size and shape 
complexity (e.g., the ear, nose). Nevertheless, the use of 
3D printing in skin cancer allows personalized treatment, 
increase treatment efficiency in terms of dose distribu-
tion, improve treatment planning and patient comfort, 
and finally, reduce the cost of treatment. 

Advantages of printed over traditional 
applicators in skin cancer 

Custom applicators offer several advantages over 
standard ones used in skin cancer brachytherapy treat-
ment. Computed tomography (CT) scans of patient or 
other surface scanning technologies [24] are used to man-
ufacture 3D-printed applicators to perfectly fit patient 
surface contours. In case of CT, the region where cancer 
is present needs to be scanned. Based on patient anatomy, 
a 3D applicator can be designed and printed to fit the skin 

tumor and its surroundings as tightly as possible. There is 
no need to perform a plaster cast by a medical assistant as 
in case of hand-made applicators. The distance between 
the catheters and between the catheters and patient skin 
surface is another important aspect. A 3D-printed appli-
cator can be easily adjusted to provide a larger dose to 
deeper located tumors, or to achieve optimal dose distri-
bution close to an OAR while minimizing the presence 
of air gaps [19]. Printout engineering and placement of 
channels can be matched to achieve optimal dose dis-
tribution. Being challenging for hand-made applicators, 
it is not simple to accomplished. Reducing air gaps (as 
shown in Figure 2) makes a 3D-printed applicator fit 
exactly to patient surface (skin). Moreover, the delivery 
dose calculated by treatment planning system will be 
more accurate [26]. 3D-printed applicators can be either 
printed separately and further assembled, or printed by 
multi-material modules, resulting in hybrid materials as 
a mixture of catheter supports and parts acting as radia-
tion shielding [27, 28]. Of note, printable shielding ma-
terial for brachytherapy needs to be optimized and fully 
developed. Shielding efficacy, biocompatibility, especial-
ly with patient skin, and the correlation of shielding with 

Fig. 1. Graphical representation of the benefits defined for 3D-printed applicators used for skin brachytherapy treatment
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Fig. 2. Graphical representation of the advantages of printed over traditional applicators in skin cancer. A) Hand-crafted ther-
moplastic Aquaplast bolus [37]; B) 3D-printed PLA bolus [37]. Images were obtained with Elsevier’s permission

Hand-crafted

A B
3D-printed



Journal of Contemporary Brachytherapy (2024/volume 16/number 2)

Michal Poltorak, Maciej Szwast, Pawel Banatkiewicz, et al.4

absorption properties, are only a few aspects that need to 
be further clarified. A number of sophisticated works re-
ported protocols allowing for the fabrication of printable 
materials, such as bismuth nano-particles mixed with 
polylactic acid (PLA) matrix [28], boron carbide poly-
ether-ether-ketone composites [29], or a tungsten-poly-
carbonate polymer [30]. Such printable materials can be 
used as applicator parts securing OARs. Moreover, fur-
ther development of different thermoplastics blended 
with heavy metal nano-particles [31-34] is expected to 
provide a set of functional materials that can be direct-
ly used in brachytherapy applications. In general, such 
3D-printed shields ensure that OARs receive significantly 
lower irradiation doses [18, 35, 36]. 

Traditional applicators used for skin cancer 
Traditional applicators used in skin cancer brachyther-

apy include surface applicators, interstitial needles, and 
molds [38, 39]. Surface applicators are commonly applied 
for superficial skin cancer treatment. These are usually 
made of plastic or metal, and are designed to fit patient 
body surface, as shown in Figure 3. The utilization of 
such types of applicators requires the presence of an ex-
perienced user. Different types of surface applicators can 
be distinguished, including Freiburg flap applicator (Fig-
ure 3A), Valencia applicator (Figure 3B), or Leipzig ap-
plicator (Figure 3C) [11, 38-46]. Leipzig and Valencia ap-
plicators are designed to treat small areas of up to 3 cm2.  
Interstitial needles are used for treating tumors, such as 
melanoma, located in deeper parts, e.g., in the skin [47, 
48]. The needles are inserted directly into the tumor or 
tumor bed, and then secured in place. 

Molds are another type of applicator. These are typ-
ically made of silicone or other flexible materials, which 
are used to develop a customized printout of patient skin 
surface [10, 12, 49]. There are some restrictions in using 
traditional applicators, e.g., they can be unsuitable for 
treating tumors located in difficult to reach areas, or in 
patients suffering from large or irregularly shaped tu-
mors. For each of the described applicators, there are ad-
vantages and disadvantages, and the choice of applicator 
depends on the size, location, and type of tumor. Overall, 
traditional applicators are an important component of 
skin cancer brachytherapy and are effective in delivering 
radiation to skin cancer patients. Nevertheless, we expect 
that 3D-printed alternatives will progressively replace 
conventional solutions. It is significant to note that out-
comes achieved through the utilization of conventional 

applicators (non-3D-printed) already exhibit a high de-
gree of excellence regarding local control, cosmetic effica-
cy, and toxicity profiles. 

Design and fabrication of customized skin 
applicators using 3D printing technology 

The design and fabrication of customized skin appli-
cators using 3D printing technology is a relatively new 
area of research that holds great promise for improving 
patient outcomes in clinical applications, such as HDR 
brachytherapy. Researchers investigated the use of 3D 
printing technology to design and fabricate applicators 
for skin cancer or lesions located close to the skin surface 
[16, 20, 22, 37, 51-53]. For example, one study described 
the use of 3D-printed superficial applicators for skin 
HDR brachytherapy. The researchers used 3D-printed 
applicators manufactured with the use of TangoPlus Full-
Cure930 material that was printed on a Stratasys Objet 
500 Connex 1 PolyJet 3D printer. In the first step, a patient 
pre-planning CT scan was obtained and it was exported 
to treatment planning system (TPS); the ideal catheter set-
up was determined (as shown in Figure 4) to generate an 
acceptable pre-plan with proper dose distribution. To es-
tablish catheter trajectories for 3D printing, a copy of pre-
plans was developed with all dwell positions activated in 
the catheter. Next, dwell positions were sent into a text 
file and imported to MATLAB software. The script cre-
ates spaces for each exported dwell position to generate 
channels required for the catheters, in which the source 
would move according to the developed treatment plan. 
The obtained data were exported with the original CT 
scan to Mimics Medical v. 18.0. This was used to develop 
catheter trajectories in applicator volume. The contour of 
patient defines the shape of applicator. The segmentation 
was cropped to include treatment region only and ex-
ported into 3-Matic Medical v. 10.0. Using the data sent, 
a box was built around the area to be treated. The box 
was enlarged by 80 mm to include the paths that the cath-
eters would take and a margin to allow for a full-scatter 
treatment environment [54]. The MATLAB script with 
the trajectories planned was then imported, and catheter 
channels were converted into solid matter. In the next 
step, the box was cropped to the desired shape and size, 
and resulted in an applicator geometry that would cor-
respond to patient surface with proper catheter paths. 
The file was exported as a .stl file and, subsequently, into 
g-code that was exported to the printer. The catheters 
were inserted into 3D-printed catheter channels after the 

Fig. 3. Graphical representation of three traditional applicators commonly used in skin cancer. A) Freiburg flap applicator [50]; 
B) Valencia applicator [50]; C) Leipzig applicator [50]
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applicator is post-processed and cleaned. The authors 
reported that the use of a pre-plan technique for ideal 
catheter placement significantly enhanced the entire pro-
cess of superficial HDR brachytherapy treatment. They 
developed flexible, well-fitting, and high-quality applica-
tors. Their results showed a more efficient and improved 
pathway for the patient [21]. Another study described 
a designing process for a 3D-printed patient-specific ap-
plicator for HDR brachytherapy of the orbit. The applica-
tor was created with AutoCAD software. All data were 
based on a CT scan of the patient desired location. Dig-
ital imaging and communications in medicine (DICOM) 
structure set was exported into files using 3D Slicer [55]. 
Structures including the patient surface were used to 
develop an applicator adjusted to and filling the orbital 
cavity, protruding 10 mm above the surface in front of 
the supra-orbital ridge. Additional supporting parts were 
designed to provide a stable and reproducible fit to the 
patient surface. Channels were created to accommodate 
an endobronchial HDR source guide tube. The distance 
between the center of the channel was set to 9 mm. An 
acrylic photopolymer (polymerized TangoPlus® and Aqi-
lus30® Family) was chosen as the printing material due 
to its human skin-imitating properties [56]. To avoid the 
contact with the patient skin, the applicator was wrapped 
in a sterile material. Agilus30® and TangoPlus® family 
polymers were mixed at a ratio of 20/80 for the prima-
ry applicator, whereas for the sheath, the ratio was set at 
20/80. The applicator was printed on a J750 PolyJet 3D 
printer [51]. 

Overall, the design and fabrication of customized ap-
plicators using 3D printing technology represent an area 
of research with the potential to improve clinical appli-
cations. Tools (software and hardware) that are used to 
design and fabricate applicators are still under develop-
ment. We anticipate that a better association between the 
patient CT scans, software allowing for applicator .stl file 

generation, and its further adaptation (e.g., via the addi-
tion of catheter cavities) will facilitate further progress in 
the field. While there are still some challenges that need 
to be addressed, the rapid pace of technological advance-
ment suggests that the use of 3D printing technology for 
the design and fabrication of skin applicators will contin-
ue to grow. 

Evaluation of dosimetry and clinical outcomes 
of 3D-printed skin applicators in skin cancer 
treatment using HDR brachytherapy 

3D printing technology was applied to develop cus-
tomized skin applicators in HDR brachytherapy, which 
can improve dose distribution and spare healthy tissue. 
The dosimetry and clinical outcomes of 3D-printed skin 
applicators in HDR brachytherapy were evaluated in sev-
eral studies. Bassi et al. [57] analyzed the dosimetry assess-
ment of patient–specific 3D printable materials in HDR 
surface brachytherapy. The objective of the study was to 
compare the dose determined in the presence of print-
ed materials using iridium-192 (192Ir) gamma radiation 
source with the dose determined by Oncentra® treatment 
planning system, as shown in Figure 5. For this purpose, 
the researchers used GAFchromicTM (external beam ther-
apy) EBT3 films to evaluate spatial dose measurements. 
The films are effective in brachytherapy dosimetry, 
confirmed in numerous sophisticated works [53, 58-61].  
Additionally, a Physikalisch-Technische Werkstätten 
(PTW) microDiamond detector was installed in a PTW 
water phantom to assess the dosimetric properties of ma-
terials used in suitable energy and dose range [57]. Inves-
tigations were performed using three printing materials, 
such as NinjaFlex® (Airwolf3D), Wolfbend® (NinjaTek), 
and CheetahTM (NinjaTek). The measurements and 
analyses conducted by the researchers showed that the 
CheetahTM material was comparable with water at 192Ir 

Fig. 4. Graphical representation of the designed and fabricated customized skin applicators. A) Model view of an orbit appli-
cator [51]; B, C) View of the applicator at different angles [51]; D) 3D-printed applicator with the patient face printed [20]. All 
images from [20] were obtained with the permission of Elsevier
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energy. A comparison between Oncentra® Brachy and 
absolute dose measured at films showed a pass rate of 
100% with gamma analysis, with used tolerance of 2%/ 
1 mm distance-to-agreement (DTA). NinjaFlex® (NinjaTek) 
and Wolfbend® (NinjaTek) appeared to be equivalent to 
water, with good dosimetric representation of CheetahTM 
(NinjaTek) [57]. Another study presented the develop-
ment and dosimetric assessment of a patient-specific elas-
tic skin applicator in high-dose-rate brachytherapy [52]. 
The main purpose of this research was to create an elastic 
skin applicator and compare the characteristics of mate-
rials used. The materials used for printing were high-im-
pact polystyrene (HIPS) and Dragon Skin®. Dragon Skin® 
received certification from the International Organization 
for Standardization (ISO) 10993-10 as a skin-safe materi-
al as well as ISO 10993-5, meaning that it is a clinically 
usable material. This product was tested and applied in 
a few institutes for clinical applications [62-64]. HIPS and 
Dragon Skin® materials have a density equal to 1.04 g/
cm3 and 1.07 g/cm3, respectively. For HDR planning and 
exposure, the researchers used 192Ir MicroSelectron-HDR 
v.2 gamma radiation source, with the dose determined 
by Oncentra® treatment planning system. Dosimetry 
measurements were carried out using anthropomorphic 
head phantom and Gafchromic EBT3 films, which were 
positioned at the midline level of the desired volume and 
placed axially into the phantom. The source dose distri-
bution needs to be accurately described and analyzed 
before measurements [65]. To validate EBT3 films and 
air-kerma strength, re-entrant well-type ionization cham-
ber was used. Moreover, EBT3 films were calibrated at 
doses ranging from 0 to 40 Gy. Dose volumetric parame-
ters were analyzed with a dose volume histogram (DVH). 
The comparison was based on three applicators, includ-
ing Freiburg flap, HIPS-based, and Dragon Skin®-based 
materials. It was shown that minor variations presented 
no discernible impact on dosage distributions. While us-

ing Freiburg flap applicator, the planned DVH parameter 
coverage was compared with that of other applicators ap-
plied in the research. The measurements of target volume 
maximum doses for both HIPS and Dragon Skin® appli-
cators were almost twice greater than those for Freiburg 
flap applicator. V50% for the Freiburg flap applicator 
was found to be larger than for the other two applicators. 
The maximum dose for organs was slightly lower for the 
HIPS and Dragon Skin® applicators. The average gamma 
passing rates of Dragon Skin® were higher than those of 
the Freiburg flap and HIPS applicators for all gamma cri-
teria (3%/3 mm, 2%/2 mm, 1%/2 mm, 2%/1 mm, and 
1%/1 mm) according to the global gamma passing rates 
comparing film measurements and TPS-calculated dose 
distribution (3%/3 mm, 2%/2 mm, 1%/2 mm, 2%/1 mm, 
and 1%/1 mm). The elastic applicator (Dragon Skin® ma-
terial) maintained setup consistency and eliminated small 
air gaps, resulting in the highest gamma passing rates. 

3D-printed applicators provided better dose 
delivery to target 

Overall, flexible 3D-printed applicators demonstrat-
ed stronger adherence to the body surface. In this case, 
agreement between the planned and delivered dose 
distribution was at a high level. In addition, the flexible 
3D-printed applicators provided better dose delivery to 
the target volume while protecting OAR compared with 
the Freiburg flap applicators. 3D-printed flexible applica-
tors may be effectively implemented in HDR brachyther-
apy skin treatment [52]. 

3D printing technology used in brachytherapy 
Based on the current state-of-the-art, six main 3D 

printing technologies were used so far to produce devices 
employed during brachytherapy. 

Fig. 5. Graphical representation of the evaluation of dosimetry and clinical outcomes. Calculated dose distribution with  
A) Freiburg Flap applicator [52], B) rigid applicator [52], C) patient-specific applicator [52], and D) applicator immobilized in 
the orbit [51]
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Table 1. Summary of different types of brachytherapy applicators along with technical details influencing 
fabrication process 

Applicator type Software 3D printing 
technology 

Materials used 3D printer Scanning  
technology 

Ref. 

Universal MeshLab, MATLAB FFF ABS 3D Touch CT [25] 

Superficial 
applicator 

MATLAB, Mimics 
Medical v.18.0 

PJ TangoPlus FullCure 
930 

Stratasys Objet 500 
Connex 1 PolyJet 3D 

CT [20] 

Skin, legs N.A. FFF VisiJet M2 ENT (MJP) ProJet MJP 2500 Plus 3D CT [18]

Facial Beben-DICOM FDM PLA Prusa i3 MK3S+ CT [16] 

Facial Mesh Mixer FFF PLA BCN3D Sigma Sense 3D Scanner [22] 

Universal 3D Slicer, Solid 
Works 2017 

FFF, SLA PLA Monoprice IIIP, Creality 
CR-10, Form 2 SLA 

CT [24] 

Facial + uni-
versal 

Blender MJF, FDM PA12 HP Jet Fusion 5200,  
HP Jet Fusion 580 

CT [74] 

Skin, universal SketchUp, Slic3r FFF PLA Fusematic 3D N.A. [75] 

Right arm, 
phantom 

Meshroom, Blender, 
MeshLab, Slicer 3D 

LPD ABS Zortrax M200 3D iPhone, CT [76] 

Phantom study Blender FFF NinjaFlex Lulzbot Taz 5 CT [36] 

Skin tumor, 
arm of a hu-
man phantom 

SolidWorks 2018 FFF PET Prusa i3 iPhone [77, 
78] 

Universal N.A. FFF NinjaFlex, Cerrobend Lulzbot TAZ6 3D CT [78] 

Phantom study 3D Bolus App N.A. NinjaFlex, Wolfbend, 
CheetahTM 

N.A. N.A. [57] 

Skin, universal TinkerCAD FDM ABS Hamlet 3DX100 N.A. [61] 

Universal Blender, Cura FFF PLA Fusematic CT [79] 

Surface  
applicator 

N.A. FFF ABS UP! 3D N.A. [80] 

Surface  
applicators 

Beben-DICOM FDM PLA MarkerBot Replicator+ 
3D 

CT [53] 

Penile surface Mesh Mixer, Inventor SLA Accura ClearVue N.A. CT, dental alginate [35] 

Surface  
applicators 

N.A. N.A. N.A. N.A. CT [81] 

Surface  
applicators 

Mesh Mixer v.11 FDM PLA, NinjaFlex TPU MakerBot Z18, LulzBot 
TAZ 5 

CT [37] 

Nose Rhinoceros 3D & 
Grasshopper, Sim-

plify3D 

N.A. PLA N.A. CT [26] 

Superficial 
applicator 

N.A. N.A. Colloidal hydrogel  
(Cl2 and starch) 

Aether 1 bioprinter Micro-CT [82] 

Surface mold, 
nose 

N.A. N.A. Plastic N.A. CT [83] 

Skin tumors SolidWorks, Slic3r SLA Methacrylate photo-
polymers 

Formlabs N.A. [84] 

Facial N.A. LPD Dragon Skin®, HIPS Zortrax M300 CT [52] 

Skin surface G-Scan FDM PC FDM TITAN TI Optic body scan [85] 

Nose applicator 
+ thermoplastic 
mask 

3D Slicer N.A. N.A. N.A. CT [86] 

Fingers Mimics and 3-Matic PJ TangoPlus Objet500 Connex1 CT [87] 

Orbits AutoCAD Inventor 
Suite, 3D Slicer 

PJ TangoPlus, Agilus30 J750 PolyJet 3D CT [51] 

ABS – acrylonitrile butadiene styrene, CT – computed tomography, FDM – fused deposition modeling, FFF – fused filament fabrication, HIPS – high-impact polysty-
rene, LPD – layer plastic deposition, MJF – multi jet fusion, MJP – multi jet printing, N.A. – not available, PA12 – polyamide 12, PC – polycarbonate, PET – polyethylene 
terephthalate, PJ – PolyJet, PLA – polylactic acid, SLA – stereolithography apparatus 
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1.  Fused filament fabrication (FFF) is one of the most pop-
ular 3D printing technologies that is affordable and 
widely available. It produces 3D objects by melting 
plastic filaments via layer-by-layer extrusion. FFF print-
ers can create reasonably big components and are typi-
cally simple to use, although the quality of final product 
might not be as good as with other printing techniques. 
Materials, such as acrylonitrile butadiene styrene (ABS; 
a near-water equivalent material [66]), VisiJet M2 ENT®, 
PLA, Ninjaflex®, and polyethylene terephthalate (PET) 
can be used with FFF technology [67]. 

2.  Fused deposition modeling (FDM) is a 3D printing 
technology similar to FFF, but with higher precision 
and quality. To print a 3D item, molten plastic is ex-
truded via a nozzle and deposited one layer at a time. 
FDM printers have become popular due to their ac-
cessibility and low cost. However, they frequently re-
quire post-processing in comparison with other print-
ing techniques. Materials, such as PLA, polyamide 12 
(PA12), ABS, and polycarbonate (PC) can be used with 
FDM [68]. 

3.  PolyJet (PJ) is a 3D printing technology that uses photo-
polymerization to create high resolution parts. Layers 
of liquid photopolymer are jetted onto a construction 
tray, where they are subsequently exposed to UV cur-
ing. Complex geometries and precise details can be 
produced with PJ printers, which are known for their 
potential. Materials, such as TangoPlus® FullCure930 
and Agilus 30® can be applied in PJ [69]. 

4.  Multi Jet Fusion (MJF) uses a powder-based material 
and a liquid binding agent to produce high quality 
parts. It operates by carefully jetting a binding agent 
onto a powder bed, which is then heated to fuse the 
powder and form a solid item. MJF printers are well-
known for their speed and capacity to create highly 
accurate working parts. Materials, such as PA12 can be 
used in MJF [70]. 

5.  Stereolithography (SLA) uses a liquid photopolymer 
resin to produce high quality parts. It works by using 
layer-by-layer selective laser curing of the resin to pro-
duce a solid component. SLA printers are popular for 
medical applications due to their capacity to produce 
intricate and high resolution parts. Materials, such as 
Accura ClearVue can be applied in SLA [71]. 

6.  Layer plastic deposition (LPD) is a type of 3D print-
ing technology that works by extruding plastic mate-
rial layer-by-layer to build a 3D object. In this process, 
a spool of plastic filament is fed through a heated noz-
zle, which melts the plastic and deposits it in precise 
locations to build an object layer-by-layer. Materials, 
such as ABS, Dragon Skin® [52, 72], and HIPS can be 
applied in LPD [73]. 

Each 3D printing technology is associated with ad-
vantages and drawbacks. FFF, FDM, and LPD are well-
known for their accessibility and speed of producing larg-
er applicators, whereas PJ, SLA, and MJF are recognized 
for their high resolution and accuracy. The ideal solution 
for a specific brachytherapy technique will rely on par-
ticular needs of the process. Additionally, we would like 
to encourage scientists to further explore other printing 
techniques that can be used in skin cancer treatment. 
Other techniques may bring new qualities into applicator 
geometry and can open access to alternative materials. 
Table 1 shows a comprehensive overview of the printing 
technologies along with materials and scanning technol-
ogy applied. An indicated summary is a list of references 
with readily available protocols describing the design, 
printing, and characteristics of applicators.

Comparison of treatment planning and delivery 
between traditional applicators and 3D-printed 
applicators in skin brachytherapy 

Planning the treatment of skin cancer is one of the 
most critical aspects, as it involves the calculation of 
optimal radiation dose to deliver to the irradiated tar-
get, minimizing the dose reaching surrounding healthy 
tissue at the same time [88-90]. The calculated dose dis-
tribution is based on the radioactive source position in-
side the applicator. Planning of the patient path can be 
challenging. The applicator shape must precisely contact 
the patient skin, as shown in Figure 6. Inaccurate posi-
tioning can result in sub-optimal dose distribution and 
possibility of under- or over-dosing [91]. Treatment plan-
ning involves the selection of an appropriate applicator 
that can be used in skin brachytherapy. 3D-printed ap-
plicators offer several advantages for treatment planning 
in skin brachytherapy. Firstly, the applicator is designed 

Fig. 6. Images with 3D-printed applicator. Using a 3D-printed applicator reduced air gaps between the skin and the applicator 
to a minimum. CT made by the authors of this work

3D-printed applicator with 
and without target structure

No air gaps between the skin 
and the applicator 
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based on the patient anatomy, allowing for a custom-fit 
design that conforms precisely to the skin surface. This 
approach can improve the accuracy of dose distribution. 
Applicators that do not adopt to the shape of patient sur-
face, do not allow reproducibility, which can reduce the 
rate of dose distribution to irradiation issues, especial-
ly due to occurrence of air gaps between the applicator 
and the patient skin, and algorithms used in treatment 
planning systems to calculate dose distribution [92, 93]. 
Once the 3D-printed applicator is designed, printed, and 
scanned with the patient, a treatment planning system is 
used to calculate the optimal dose distribution based on 
the radioactive source position. This process involves ra-
diation source strength and activity. The treatment plan-
ning system using accurate algorithms and appropriate 
applicators allows for precise calculation of dose distri-
bution to achieve the desired therapeutic effect [94, 95]. 
In summary, treatment planning is a critical component 
of skin brachytherapy, and the use of 3D-printed appli-
cators can offer several advantages over traditional ap-
plicators, including improved dose distribution accuracy, 
enhanced patient comfort, irradiation of the tumor with 
the planned therapeutic dose, and reduced radiation ex-
posure to healthy tissue. The precise design and calcula-
tion of dose distribution with 3D-printed applicators may 
contribute to better outcomes for patients undergoing 
skin brachytherapy. 

Biocompatibility and sterilization 
Biocompatibility needs to be considered when 

discussing medical devices applied in skin cancer 
brachytherapy. The term “biocompatibility” refers to the 
interaction between the biological tissue and biomedical 
devices [96, 97]. 3D printing technology offers process-
ing methodology and biocompatible materials applied 
in brachytherapy. Materials used for printing applica-
tors often have a direct contact with patient skin. In such 
a case, the International Organization for Standardization 
(ISO) is one of the organizations, which provide a set of 
tests for biocompatibility of medical devices [98, 99]. Af-
ter passing appropriate tests and obtaining positive re-
sults, the tested material receives ISO certification. For ex-
ample, materials, such as PC-ISO [100] and Dragon Skin® 
[52] received ISO certification, including skin safety.  
The use of materials without certificates is also possible, 
but only when a certified biocompatible coating is ap-
plied or a thick film is placed between the skin and the 
applicator. Eventually, other materials can be used, but 
only for applicators that are designed for non-medical use 
[25]. Generally, the materials used have to be non-toxic, 
non-carcinogenic, and able to withstand radiation expo-
sures without breaking or releasing harmful substances. 
Sterilization is another very important aspect of applica-
tors that have contact with patient skin. The sterilization 
process needs to be efficient at killing micro-organisms. 
However, it also has to be suitable to avoid damaging the 
applicator. For example, some materials may be sensitive 
to certain sterilization methods, while others are resis-
tant. Ethylene oxide (ETO) sterilization method is widely 
applied in brachytherapy [101, 102]. ETO is a colorless, 

flammable gas that penetrates materials and destroys 
micro-organisms. It is particularly useful for sterilization 
of heat-sensitive materials. Heat sterilization is not rec-
ommended, as the applicator can be damaged, especially 
when thermoplastics, e.g., compatible with FDM or FFF, 
are employed. At this point, we would like to highlight 
that printing, in which the filament is heated to a tem-
perature > 150°C, leads to initial sterilization. Moreover, 
the utilization of alcohols (e.g., ethanol or isopropanol) is 
not recommended when PLA, a very popular material,  
is used, as these solvents can affect printout structure. Af-
ter each sterilization, the applicator should be inspected. 

Clinical report on using 3D applicator in skin 
cancer brachytherapy 

In a study published by Chatzikonstantinou et al. [81], 
clinical experience of facial skin cancer treated with the 
use of individualized 3D printer-based molds was ex-
plored. Fifteen patients underwent HDR brachytherapy 
treatment in 2020. All patients had a tumor located on the 
facial skin, especially in the periorbital, nasal, and cheek 
regions. The median age was 77 years (range, 70-90 years), 
and there were eight males and seven females. With re-
gards to diagnosis, seven patients had SCC, five BCC, 
one patient had melanoma in situ, one lentigo maligna 
melanoma, and one had melanoma. The main treatment 
indication was microscopically non-radical (R1) resection 
(6 patients), radical treatment (6 patients), and recurrence 
after surgery (3 patients). The total prescribed dose was 
39 Gy (13 fractions at daily doses of 3 Gy). Only one pa-
tient with melanoma in situ received 42 Gy (14 fractions 
at daily doses of 3 Gy). The median treatment time was  
20 days, and the median follow-up was around 12 months. 
Only one patient, with melanoma, experienced a local re-
currence and satellite metastasis after 16 months of fol-
low-up. The authors also assessed acute and late toxici-
ties. Acute radiation dermatitis grade 3 was observed in 
3 patients, grade 2 occurred in 11, and grade 1 in one pa-
tient. Late toxicity as skin atrophy grade 1 was observed 
in 11, telangiectasia in 6, and hypopigmentation in 6 pa-
tients. One person experienced cataract grade 4. The cos-
metic result was rated as good, and this was considered 
sufficient. Excellent local control was demonstrated in 
several studies [43, 103-106]. The authors concluded that 
brachytherapy in skin cancer performed with 3D-printed 
molds was a well-tolerated and safe treatment alternative 
for patients who were not candidates for primary surgery 
due to comorbidities or tumor location. With the growing 
prevalence of skin cancer, multidisciplinary collaboration 
between dermatologists and radiation oncologists is be-
coming increasingly important in order to provide the 
optimal treatment strategy for patients. 

Future directions of 3D printing in brachytherapy 
The analysis of the literature and our own clinical 

observation allowed us to conclude that technologies re-
lated to the use of 3D printing in supporting brachyther-
apy treatment will be developed in the coming years.  
The usefulness of employing applicators produced by 3D  
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printing is supported by the already mentioned proper-
ties, such as production speed, relatively low cost, and 
reduction of air gaps contributing to better delivery of 
radiation dose to the tumor. The development of 3D 
printing for the need of brachytherapy in the coming 
years will mainly concern the issue of imaging patient 
body structure and faithful reproduction of geometry 
during printing, selection of materials for prints, and 
meeting expectations of clinicians and medical engi-
neers [107, 108]. Regarding imaging of patient body 
structure, medical engineers have a wide range of pos-
sibilities. They can use a computed tomography (CT), 
magnetic resonance imaging (MRI), positron emission 
tomography (PET), single-photon emission tomography 
(SPECT), or ultrasonography (USG) [109-114]. To create 
a numerical model of the patient body geometry for the 
purpose of 3D applicator printing, medical images col-
lected during the patient oncological diagnosis can and 
should be used at first. This minimizes the exposure of 
patient to additional doses of ionizing radiation, and 
allows the use of test data that may not be available in 
every treatment center. However, tumors may change 
the shape and size during cancer treatment (they are ex-
pected to shrink). In such a case, an applicator prepared 
on the basis of images collected before the therapy ceases 
to fulfill its function, and it is necessary to prepare a new 
applicator. This, in turn, must be preceded by collecting 
new images of the patient body geometry. This is where 
new challenges should be sought in the process of pre-
paring applicators for HDR brachytherapy created by 3D 
printing. Obviously, the patient can be examined again 
with a tomographic method, but it exposes him to an-
other dose of ionizing radiation. Therefore, methods of 
imaging that are safe for the patient as well as fast and 
accurate, are required. Imaging related to skin cancer is 
simpler because it does not require penetration into pa-
tient body; it is only necessary to map external anatomy 
of the tumor and its surroundings. Therefore, attempts 
are made to use images obtained using smartphones [77]. 
Such a method is fast, easily accessible, and safe for the 
patient. The image obtained is high resolution thanks to 
the quality of cameras used in mobile phones. However, 
it seems that this method can only be applied in mapping 
of flat tumors (2D) geometry. In case of convex tumors 
that change their shape and size during treatment pro-
cess, the 2D imaging method will not work. There are 
high expectations from a non-invasive and safe method 
of laser scanning [22]. Laser devices are not expensive, 
and their utilization has already been documented in 
various fields, such as digital reconstruction of art works, 
reconstruction of machine parts, civil engineering appli-
cations [115], and orthopedic imaging for the purposes 
of rehabilitation or prosthetic limbs [116]. This method 
consists of illuminating the tested object with laser light 
in visible light range and analysis of the reflected light. 
Basically, such a scanner must contain a transmitter 
and receiver, which today’s cameras often incorporate 
in one device. Such a device enables non-contact mea-
surements. Depending on the method, the measurement 
system analyzes reflection time proportional to the dis-

tance, phase shift of electro-magnetic wave, or deforma-
tion of raster grid illuminating the tested object [117]. As 
a consequence, a digitized image of the measured object 
is obtained, which is important from the point of view 
of preparing HDR applicators. Regarding skin cancers, 
it is possible to visualize spatial structures of such tu-
mors. Studies showed that this method might be repro-
duced with an accuracy superior to 100 µm [118], which 
seems to be sufficient for imaging purposes for manu-
facturing HDR applicators, especially since accuracy 
of techniques, such as CT and MRI, is only an order of 
magnitude [119]. In terms of the selection of materials 
for future prints, the direction of development of mate-
rials was discussed in another part of this review paper. 
Basically, the development should focus on the search of 
materials that are inexpensive, sterilizable, and charac-
terized by a low radiation absorption value. With regard 
to expectations reported by clinicians and medical engi-
neers, it is necessary to mention the need to solve prob-
lems in the future, including processing time, accuracy, 
cost, and limited printing area [120]. Notably, in terms of 
reducing processing time, both the use of laser scanners 
and modern 3D printers can bring significant savings in 
the preparation of applicators. Similarly, accuracy is the 
sum of accuracy of imaging and printing methods. Both 
the development of imaging techniques and subsequent 
computer post-processing as well as the development of 
3D printers will lead to an increase in the accuracy of 
applicators in the coming years. The reduction of pro-
duction costs seems to be possible in the coming years 
also due to the dissemination of imaging methods (laser 
scanning imaging in particular) and 3D printing. Similar-
ly, the last of the mentioned expectations of doctors and 
engineers, e.g., limited printing area, seems to be close to 
being met thanks to the development of new 3D print-
ers, in which working area can already reach 1,000 mm  
× 1,000 mm × 1,000 mm. 

Economic benefits of 3D printing 
There are various economic benefits of 3D printing 

technology used in skin brachytherapy. 3D printing can 
significantly reduce the time and cost associated with cre-
ating custom-made molds [22]. Traditional mold-making 
processes require more time, which means it is a more 
time-consuming and more expensive process. Moreover, 
3D printing has the potential to improve the efficien-
cy and precision of treatment. Enhanced precision may 
contribute to achieving better patient outcomes, while 
the need for additional costly procedures is reduced.  
3D printing has the potential to increase patient experi-
ence and satisfaction (e.g., by reducing patient discom-
fort). Also, the use of 3D printing can help a medical fa-
cility to achieve a competitive advantage by providing 
an innovative treatment option. This may attract new 
patients and referrals, and increase the revenue of the fa-
cility. 

The overall economic benefits of 3D printing in skin 
brachytherapy are numerous, including reduced costs, 
increased efficiency, improved patients experiences, and 
competitive advantages of medical facilities. 
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Conclusions 
The review showed the need for a search of modern 

solutions in brachytherapy of skin cancer. Modern meth-
ods, such as 3D printing of the applicator based on CT 
scans demonstrate significant advantages over previous-
ly used applicators prepared manually. Individual skin 
cancer applicators printed with 3D technology help to 
achieve accurate dose distribution and fewer air gaps be-
tween the applicator and patient surface. 3D-printed ap-
plicators are an alternative to traditional applicators, and 
are customized to fit each patient unique anatomy in skin 
cancer. This individualization can improve the accuracy 
and effectiveness of treatment, while minimizing damage 
to healthy tissue. When compared with traditional man-
ufacturing methods, 3D printing technology allows for 
faster and more cost-effective production of applicators. 
In general, 3D printing of individual skin cancer applica-
tors is a potential method of improving the precision and 
outcomes in radiation therapy. It is therefore advisable 
for radiotherapy centers to implement this type of solu-
tions into clinical practice. 

Disclosure
The authors report no conflict of interest.

References
1. Bath-Hextall F, Leonardi-Bee J, Smith C et al. Trends in in-

cidence of skin basal cell carcinoma. Additional evidence 
from a UK primary care database study. Int J Cancer 2007; 
121: 2105-2108. 

2. Neville JA, Welch E, Leffell DJ. Management of nonmelano-
ma skin cancer in 2007. Nat Clin Pract Oncol 2007; 4: 462-469.

3. Bray F, Ferlay J, Soerjomataram I et al. Global cancer statis-
tics 2018: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J Clin 
2018; 68: 394-424. 

4. Lear JT, Szeimies RM, Madan V. Non-melanoma skin can-
cer. Lancet 2010; 375: 673-685.

5. Rowe DE, Carroll RJ, Day CL. Prognostic factors for local 
recurrence, metastasis, and survival rates in squamous 
cell carcinoma of the skin, ear, and lip Implications for 
treatment modality selection. J Am Acad Dermatol 1992; 26:  
976-990.

6. Rowe DE, Carroll RJ, Day CL. Mohs surgery is the treat-
ment of choice for recurrent (previously treated) basal cell 
carcinoma. J Dermatol Surg Oncol 1989; 15: 424-431.

7. Skowronek J. Brachytherapy in the treatment of skin cancer: 
An overview. Postepy Dermatol Alergol 2015; 32: 362-367.

8. Gerbaulet A, Potter R, Mazeron JJ et al. The GEC ESTRO 
Handbook of Brachytherapy, ESTRO 2002.

9. Niu H, Hsi WC, Chu JCH et al. Dosimetric characteristics 
of the Leipzig surface applicators used in the high dose rate 
brachy radiotherapy. Med Phys 2004; 31: 3372-3377.

10. Kowalik Ł, Łyczek J, Sawicki M et al. Individual applicator 
for brachytherapy for various sites of superficial malignant 
lesions. J Contemp Brachytherapy 2013; 5: 45-49.

11. Köhler-Brock A, Prager W, Pohlmann S et al. The indica-
tions for and results of HDR afterloading therapy in diseas-
es of the skin and mucosa with standardized surface appli-
cators (the Leipzig applicator). Strahlenther Onkol 1999; 175: 
170-174.

12. Guix B, Finestres F, Tello JI et al. Treatment of skin carcino-
mas of the face by high-dose-rate brachytherapy and cus-

tom-made surface molds. Int J Radiat Oncol Biol Phys 2000; 
47: 95-102.

13. Ghaly M, Zinkin H, Dannenberg M et al. HDR brachyther-
apy with standardized surface applicators in the treatment 
of superficial malignant skin lesions. Int J Radiat Oncol Biol 
Phys 2008; 72: S505-506.

14. Gauden R, Pracy M, Avery AM et al. HDR brachytherapy 
for superficial non-melanoma skin cancers. J Med Imaging 
Radiat Oncol 2013; 57: 212-217.

15. Malicki J, Lobodziec W, Slosarek K. Dose-rate distribution 
under partially shielded beams. Strahlenther Onkol 1990; 
166: 733-737.

16. Bielęda G, Chicheł A, Boehlke M et al. 3D printing of indi-
vidual skin brachytherapy applicator: Design, manufactur-
ing, and early clinical results. J Contemp Brachytherapy 2022; 
14: 205-214. 

17. Rodriguez S, Santos M, Richart J et al. High-dose-rate 
brachytherapy in skin cancers: Patient convenience, local 
control and cosmetical results. Brachytherapy 2008; 7: 159.

18. Casey S, Bahl G, Awotwi-Pratt JB. High dose rate 
192-Ir-brachytherapy for basal cell carcinoma of the skin  
using a 3D printed surface mold. Cureus 2019; 11: e4913.

19. Bellis R, Rembielak A, Barnes EA et al. Additive manufac-
turing (3D printing) in superficial brachytherapy. J Contemp 
Brachytherapy 2021; 13: 468-482.

20. Jones EL, Tonino Baldion A, Thomas C et al. Introduction of 
novel 3D-printed superficial applicators for high-dose-rate 
skin brachytherapy. Brachytherapy 2017; 16: 409-414. 

21. Villalba SR, Perez-Calatayud MJ, Bautista JA et al. Novel 
simple templates for reproducible positioning of skin ap-
plicators in brachytherapy. J Contemp Brachytherapy 2016; 8: 
344-348. 

22. Arenas M, Sabater S, Sintas A et al. Individualized 3D 
scanning and printing for non-melanoma skin cancer 
brachytherapy: A financial study for its integration into 
clinical workflow. J Contemp Brachytherapy 2017; 9: 270-276.

23. Arenas M, Sabater S, Gascón M et al. Colomer, Quality assur-
ance in radiotherapy: Analysis of the causes of not starting 
or early radiotherapy withdrawal. Radiat Oncol 2014; 9: 260. 

24. Chmura J, Erdman A, Ehler E et al. Novel design and devel-
opment of a 3D-printed conformal superficial brachyther-
apy device for the treatment of non-melanoma skin cancer 
and keloids. 3D Print Med 2019; 5: 10.

25. Harris BD, Nilsson S, Poole CM. A feasibility study for us-
ing ABS plastic and a low-cost 3D printer for patient-specif-
ic brachytherapy mould design. Australas Phys Eng Sci Med 
2015; 38: 399-412. 

26. Lecornu M, Silva M, Barraux V et al. Digital applicator by 
3D printing in contact brachytherapy. Cancer Radiother 2019; 
23: 328-333.

27. Botero-Valencia JS, Mejia-Herrera M, Pearce JM. Design 
and implementation of 3-D printed radiation shields for en-
vironmental sensors. HardwareX 2022; 11: e00267.

28. Elsafi M, El-Nahal MA, Sayyed MI et al. Novel 3-D print-
ed radiation shielding materials embedded with bulk and 
nanoparticles of bismuth. Sci Rep 2022; 12: 12467.

29. Wu Y, Cao Y, Wu Y et al. Neutron shielding performance 
of 3D-Printed boron carbide PEEK composites. Materials  
(Basel) 2020; 13: 2314.

30. Shemelya CM, Rivera A, Perez AT et al. Mechanical, elec-
tromagnetic, and X-ray shielding characterization of a 3D 
printable tungsten-polycarbonate polymer matrix compos-
ite for space-based applications. J Electron Mater 2015; 44: 
2598-2607.

31. Elango G, Roopan SM. Green synthesis, spectroscopic in-
vestigation and photocatalytic activity of lead nanoparticles. 
Spectrochim Acta A Mol Biomol Spectrosc 2015; 139: 367-373.



Journal of Contemporary Brachytherapy (2024/volume 16/number 2)

Michal Poltorak, Maciej Szwast, Pawel Banatkiewicz, et al.12

32. Karami H, Karimi MA, Haghdar S et al. Synthesis of lead 
oxide nanoparticles by Sonochemical method and its appli-
cation as cathode and anode of lead-acid batteries. Mater 
Chem Phys 2008; 108: 337-344.

33. Din MI, Rehan R. Synthesis, characterization, and applica-
tions of copper nanoparticles. Anal Lett 2017; 50: 50-62.

34. Abulayazied DE, Saudi HA, Zakaly MH et al. Novel nano-
composites based on polyvinyl alcohol and molybdenum 
nanoparticles for Gamma irradiation shielding. Opt Laser 
Technol 2022; 156: 108560.

35. D’Alimonte L, Ravi A, Helou J et al. Optimized penile sur-
face mold brachytherapy using latest stereolithography 
techniques: A single-institution experience. Brachytherapy 
2019; 18: 348-352.

36. Clarke S. 3D Printed surface applicators for high dose rate 
brachytherapy. Dalhousie University Halifax 2016.

37. Zhao Y, Moran K, Yewondwossen M et al. Clinical appli-
cations of 3-dimensional printing in radiation therapy. Med 
Dosim 2017; 42: 150-155.

38. Tagliaferri L, Ciardo FG, Fionda B et al. Non-melanoma 
skin cancer treated by contact high-dose-rate radiotherapy 
(brachytherapy): A mono-institutional series and literature 
review. In Vivo (Brooklyn) 2021; 35: 2313-2319.

39. Guinot JL, Rembielak A, Perez-Calatayud J et al. GEC- 
ESTRO ACROP recommendations in skin brachytherapy. 
Radiother Oncol 2018; 126: 377-385.

40. Duckworth T, Wang H, Barbee D. Implementation of 
a Leipzig surface HDR treatment program with 3D print-
ing. Brachytherapy 2017; 16: S96.

41. Delishaj D, Laliscia C, Manfredi B et al. Non-melanoma 
skin cancer treated with high-doserate brachytherapy and 
Valencia applicator in elderly patients: A retrospective case 
series. J Contemp Brachytherapy 2015; 7: 437-444.

42. Tormo A, Celada F, Rodriguez S et al. Non-melanoma skin 
cancer treated with HDR valencia applicator: Clinical out-
comes. J Contemp Brachytherapy 2014; 6: 167-172. 

43. Pellizzon A, Fogaroli R, Jenwey Chen M et al. High-dose-
rate brachytherapy using Leipzig applicators for non-mel-
anoma localized skin cancer. J Contemp Brachytherapy 2020; 
12: 435-440.

44. Pérez-Calatayud J, Granero D, Ballester F et al. A dosimet-
ric study of Leipzig applicators. Int J Radiat Oncol Biol Phys 
2005; 62: 579-584.

45. Lloyd S, Alektiar KM, Nag S et al. Intraoperative high-dose-
rate brachytherapy: An American Brachytherapy Society 
consensus report. Brachytherapy 2017; 16: 446-465. 

46. Fulkerson RK. Dosimetric characterization of surface ap-
plicators for use with high dose rate 192 Ir and electronic 
brachytherapy sources. ProQuest Dissertations and Theses; 
Thesis (Ph.D.), The University of Wisconsin, Madison, 2012.

47. Alam M, Nanda S, Mittal BB et al. The use of brachythera-
py in the treatment of nonmelanoma skin cancer: A review.  
J Am Acad Dermatol 2011; 65: 377-388.

48. Cisek P, Kieszko D, Bilski M et al. Interstitial HDR 
brachytherapy in the treatment of non-melanocytic skin 
cancers around the eye. Cancers (Basel) 2021; 13: 1-9.

49. Svoboda HJ, Kovarik J, Morris F. High dose-rate microselec-
tron molds in the treatment of skin tumors. Int J Radiat Oncol 
Biol Phys 1995; 31: 967-972.

50. Lopes A, Sabondjian E, Baltazar AR. In vivo dosimetry for 
superficial high dose rate brachytherapy with optically 
stimulated luminescence dosimeters: A comparison study 
with metal-oxide-semiconductor field-effect transistors.  
Radiation 2022; 2: 338-356.

51. Subashi E, Jacobs C, Hood R et al. A design process for a 3D 
printed patient-specific applicator for HDR brachytherapy 
of the orbit. 3D Print Med 2020; 6: 15.

52. Park SY, Kang S, Park JM et al. Development and dosimet-
ric assessment of a patient-specific elastic skin applicator 
for high-dose-rate brachytherapy. Brachytherapy 2019; 18:  
224-232.

53. Bielęda G, Marach A, Boehlke M et al. 3D-printed surface 
applicators for brachytherapy: A phantom study. J Contemp 
Brachytherapy 2021; 13: 549-562.

54. Granero D, Perez-Calatayud J, Vijande J et al. Limitations of 
the TG-43 formalism for skin high-dose-rate brachytherapy 
dose calculations. Med Phys 2014; 41: 021703.

55. Fedorov A, Beichel R, Kalpathy-Cramer J et al. 3D Slicer as 
an image computing platform for the Quantitative Imaging 
Network. Magn Reson Imaging 2012; 30: 1323-1341. 

56. Edwards C, Marks R. Evaluation of biomechanical proper-
ties of human skin. Clin Dermatol 1995; 13: 375-380.

57. Bassi S, Langan B, Malone C. Dosimetry assessment of 
patient-specific 3D printable materials for HDR surface 
brachytherapy. Phys Med 2019; 67: 166-175.

58. Devic S. Radiochromic film dosimetry: Past, present, and 
future. Phys Med 2011; 27: 122-134. 

59. Sarfehnia A, Kawrakow I, Seuntjens J. Direct measurement 
of absorbed dose to water in HDR i 192 r brachytherapy: 
Water calorimetry, ionization chamber, Gafchromic film, 
and TG-43. Med Phys 2010; 37: 1924-1932.

60. Uniyal SC, Naithani UC, Sharma SD. Evaluation of Gafchro-
mic EBT2 film for the measurement of anisotropy function 
for high-dose-rate 192Ir brachytherapy source with respect 
to thermoluminescent dosimetry. Rep Pract Oncol Radiother 
2011; 16: 14-20.

61. Ricotti R, Vavassori A, Bazani A et al. 3D-printed applicators 
for high dose rate brachytherapy: Dosimetric assessment at 
different infill percentage. Phys Med 2016; 32: 1698-1706. 

62. Dagdeviren C, Shi Y, Joe P et al. Conformal piezoelectric 
systems for clinical and experimental characterization of 
soft tissue biomechanics. Nat Mater 2015; 14: 728-736.

63. Sike Á, Wengenroth J, Upīte J et al. Improved method for 
cannula fixation for long-term intracerebral brain infusion.  
J Neurosci Methods 2017; 290: 145-150.

64. Yap HK, Lim JH, Nasrallah F et al. Characterisation and 
evaluation of soft elastomeric actuators for hand assistive 
and rehabilitation applications. J Med Eng Technol 2016; 40: 
199-209. 

65. Nath R, Rivard MJ, DeWerd LA et al. Guidelines by 
the AAPM and GEC-ESTRO on the use of innovative 
brachytherapy devices and applications: Report of Task 
Group 167. Med Phys 2016; 43: 3178-3205. 

66. Craft DF, Kry SF, Balter P et al. Material matters: Analysis of 
density uncertainty in 3D printing and its consequences for 
radiation oncology. Med Phys 2018; 45: 1614-1621.

67. Haryńska A, Janik H, Sienkiewicz M et al. PLA-potato 
thermoplastic starch filament as a sustainable alternative 
to the conventional PLA filament: Processing, characteriza-
tion, and FFF 3D printing. ACS Sustain Chem Eng 2021; 9:  
6923-6938.

68. Mazzanti V, Malagutti L, Mollica F. FDM 3D printing of 
polymers containing natural fillers: A review of their me-
chanical properties. Polymers (Basel) 2019; 11: 1094.

69. Patpatiya P, Chaudhary K, Shastri A et al. A review on poly-
jet 3D printing of polymers and multi-material structures. 
Proc Inst Mech Eng C J Mech Eng Sci 2022; 236: 7899-7926.

70. Chand R, Sharma VS, Trehan R. Investigating mechan-
ical properties of 3D printed parts manufactured in dif-
ferent orientations on Multijet printer. 2021, https://doi.
org/10.21203/rs.3.rs-247844/v1.

71. Della Bona A, Cantelli V, Britto VT et al. 3D printing restor-
ative materials using a stereolithographic technique: a sys-
tematic review. Dent Mater 2021; 37: 336-350.



Journal of Contemporary Brachytherapy (2024/volume 16/number 2)

Brachytherapy and 3D printing for skin cancer: A review paper 13

72. Park JM, Son J, An HJ et al. Bio-compatible patient-specific 
elastic bolus for clinical implementation. Phys Med Biol 2019; 
64: 105006.

73. Pandian A, Belavek C. A review of recent trends and chal-
lenges in 3D printing. 2016, https://asee-ncs.org/proceed-
ings/2016/faculty_regular_papers/2016_ASEE_NCS_pa-
per_10.pdf.

74. Robar JL, Kammerzell B, Hulick K et al. Novel multi jet fu-
sion 3D-printed patient immobilization for radiation thera-
py. J Appl Clin Med Phys 2022; 23: e13773.

75. Ferreira C, Johnson D, Rasmussen K et al. A novel confor-
mal superficial high-dose-rate brachytherapy device for 
the treatment of nonmelanoma skin cancer and keloids. 
Brachytherapy 2017; 16: 215-222. 

76. Douglass J, Caraça Santos AM. Application of optical pho-
togrammetry in radiation oncology: HDR surface mold 
brachytherapy. Brachytherapy 2019; 18: 689-700.

77. Pashazadeh A, Boese A, Friebe M. Surface anatomy lead-
ing to personalized surface applicator: 3D printing for 
brachytherapy of skin tumors. AMMM 2019; 1: 3-21.

78. Rapchak AK, Likhacheva AO, Page CM et al. Custom 3-D 
printed skin shielding for skin surface brachytherapy. 
Brachytherapy 2018; 17: S65.

79. Guthier CV, Devlin PM, Harris TC et al. Development and 
clinical implementation of semi-automated treatment plan-
ning including 3D printable applicator holders in complex 
skin brachytherapy. Med Phys 2020; 47: 869-879.

80. Buchauer K, Henke G, Plasswilm L et al. EP-2020: Vertical 
type surface brachytherapy applicator improvement with 
a 3D printed dose compensation body. Radiother Oncol 2016; 
119: S954. 

81. Chatzikonstantinou G, Diefenhardt M, Fleischmann M 
et al. Customized 3D-printed molds for high dose-rate 
brachytherapy in facial skin cancer: First clinical experience. 
J Dtsch Dermatol Ges 2023; 21: 35-41. 

82. Pashazadeh A, Castro NJ, Morganti E et al. Feasibility of 3D 
printing for customized radiotherapeutic models to be used 
in superficial skin cancer therapy. AMMM 2019; 1. 

83. Diefenhardt M, Chatzikonstantinou G, Meissner M et al. 
HDR brachytherapy with individual epithetic molds for fa-
cial skin cancer: techniques and first clinical experience. Int 
J Dermatol 2021; 60: 717-723.

84. Pashazadeh A, Boese A, Castro NJ et al. A new 3D printed 
applicator with radioactive gel for conformal brachythera-
py of superficial skin tumors. Annu Int Conf IEEE Eng Med 
Biol Soc 2019; 2019: 6979-6982.

85. Schreiber S, Reitemeier B, Herrmann T et al. A process for 
making cutaneous radiation applicators based on digital 
data. Strahlenther Onkol 2006; 182: 349-352.

86. Schumacher M, Lasso A, Cumming I et al. 3D-printed sur-
face mould applicator for high-dose-rate brachytherapy. In: 
Medical Imaging 2015: Image-Guided Procedures, Robotic 
Interventions, and Modeling, SPIE, 2015: 94152E.

87. Aldridge S, Jones EL, Tonino A et al. Skin HDR brachyther-
apy treatment using a mould made with a 3D printer. 
Brachytherapy 2016; 15: S147-S148.

88. Mayer C, Gasalberti DP, Kumar A. Brachytherapy. Stat-
Pearls Publishing, Treasure Island (FL) 2024.

89. Skowronek J. Current status of brachytherapy in cancer 
treatment – short overview. J Contemp Brachytherapy 2017; 
9: 581-589.

90. Chargari C, Deutsch E, Blanchard P et al. Brachythera-
py: An overview for clinicians. CA Cancer J Clin 2019; 69:  
386-401.

91. De Boeck L, Beliën J, Egyed W. Dose optimization in high-
dose-rate brachytherapy: A literature review of quantitative 
models from 1990 to 2010. Oper Res Health Care 2014; 3: 80-90.

92. Papagiannis P, Pantelis E, Karaiskos P. Current state of 
the art brachytherapy treatment planning dosimetry algo-
rithms. Br J Radiol 2014; 87: 20140163.

93. Rivard MJ, Venselaar JLM, Beaulieu L. The evolution of 
brachytherapy treatment planning. Med Phys 2009; 36:  
2136-2153.

94. Taylor JM, Dasgeb B, Liem S et al. High-dose-rate 
brachytherapy for the treatment of basal and squamous cell 
carcinomas on sensitive areas of the face: A report of clini-
cal outcomes and acute and subacute toxicities. Adv Radiat 
Oncol 2021; 6: 100616.

95. Kalaghchi B, Esmati E, Ghalehtaki R et al. High-dose-rate 
brachytherapy in treatment of non-melanoma skin cancer 
of head and neck region: preliminary results of a prospec-
tive single institution study. J Contemp Brachytherapy 2018; 
10: 115-122.

96. Reeve L, Baldrick P. Biocompatibility assessments for med-
ical devices–evolving regulatory considerations. Expert Rev 
Med Devices 2017; 14: 161-167.

97. Ghasemi-Mobarakeh L, Kolahreez D, Ramakrishna S et al.  
Key terminology in biomaterials and biocompatibility. 
Biomed Eng 2019; 10: 45-50.

98. Anderson JM, Langone JJ. Issues and perspectives on the 
biocompatibility and immunotoxicity 1 evaluation of im-
planted controlled release systems. J Control Release 1999; 
57: 107-113.

99. Guttridge C, Shannon A, O’Sullivan A et al. Biocompatible 
3D printing resins for medical applications: A review of 
marketed intended use, biocompatibility certification, and 
post-processing guidance. Ann 3D Print Med 2022; 5.

100. Cunha JAM, Mellis K, Sethi R et al. Evaluation of PC-
ISO for customized, 3D printed, gynecologic 192Ir HDR 
brachytherapy applicators. J Appl Clin Med Phys 2015; 16:  
246-253. 

101. Skinner LB, Niedermayr T, Prionas N et al. Intensity mod-
ulated Ir-192 brachytherapy using high-Z 3D printed appli-
cators. Phys Med Biol 2020; 65: 155018.

102. Fowler TL, Buyyounouski MK, Jenkins CH et al. Clinical 
implementation of 3D printing for brachytherapy: Tech-
niques and emerging applications. Brachytherapy 2016; 15: 
S166. 

103. Renard S, Salleron J, Py JF et al. High-dose-rate brachyther-
apy for facial skin cancer: Outcome and toxicity assessment 
for 71 cases. Brachytherapy 2021; 20: 624-630.

104. Gogineni E, Cai H, Carillo D et al. Computed tomogra-
phy-based flap brachytherapy for non-melanoma skin can-
cers of the face. J Contemp Brachytherapy 2021; 13: 51-58.

105. Laliscia C, Fuentes T, Coccia N et al. High-dose-rate 
brachytherapy for non-melanoma skin cancer using tai-
lored custom molds – a single-centre experience. Contemp 
Oncol (Pozn) 2021; 25: 12-16.

106. Roberson J, Patel R, Slutshy JB et al. Tumor control and 
cosmetic outcome of weekly iridium-192 high-dose-rate 
brachytherapy for nonmelanoma skin cancers in the elder-
ly. Brachytherapy 2021; 20: 818-827.

107. Huo W, Ding Y, Sheng C et al. Application of 3D printing 
in cervical cancer brachytherapy. J Radiat Res Appl Sci 2022; 
15: 18-24.

108. Ballard DH, Trace AP, Ali S et al. Clinical applications of 3D 
printing: Primer for radiologists. Acad Radiol 2018; 25: 52-65.

109. Filippou V, Tsoumpas C. Recent advances on the devel-
opment of phantoms using 3D printing for imaging with 
CT, MRI, PET, SPECT, and ultrasound. Med Phys 2018; 45: 
e740-e760. 

110. Rengier F, Mehndiratta A, Von Tengg-Kobligk H et al. 3D 
printing based on imaging data: Review of medical applica-
tions. Int J Comput Assist Radiol Surg 2010; 5: 335-341.



Journal of Contemporary Brachytherapy (2024/volume 16/number 2)

Michal Poltorak, Maciej Szwast, Pawel Banatkiewicz, et al.14

111. Goyanes A, Fernández-Ferreiro A, Majeed A et al. PET/CT 
imaging of 3D printed devices in the gastrointestinal tract of 
rodents. Int J Pharm 2018; 536: 158-164.

112. Ebert LC, Thali MJ, Ross S. Getting in touch-3D printing in 
forensic imaging. Forensic Sci Int 2011; 211: e1-6.

113. Gillett D, Marsden D, Ballout S et al. 3D printing 18F radio-
active phantoms for PET imaging. EJNMMI Phys 2021; 8: 38.

114. De Schepper S, Gnanasegaran G, Dickson JC et al. Absolute 
quantification in diagnostic spect/ct: The phantom premise. 
Diagnostics (Basel) 2021; 1: 2333.

115. Rakitina E, Rakitin I, Staleva V et al. An overview of 3D 
laser scanning technology. Proc Int Sci Conference, 26-28 
June, Varna, Bulgaria 2008.

116. Macgillivray M, Domina T. 3D laser scanning: A model of 
multidisciplinary research. 2007. https://www.research-
gate.net/publication/228625999.

117. Ebrahim MAB, Abdel-Bary M. EBRAHIM, 3D laser scan-
ners’ techniques overview. 2015. https://www.research-
gate.net/publication/282753883.

118. Shah S, Sundaram G, Bartlett D et al. The use of a 3D laser 
scanner using superimpositional software to assess the ac-
curacy of impression techniques. J Dent 2004; 32: 653-658. 

119. Haleem A, Javaid M. 3D scanning applications in medical 
field: A literature-based review. Clin Epidemiol Glob Health 
2019; 7: 199-210.

120. Rooney MK, Rosenberg DM, Braunstein S et al. Three-di-
mensional printing in radiation oncology: A systematic re-
view of the literature. J Appl Clin Med Phys 2020; 21: 15-26.


	_Hlk155271750
	_Hlk155201370
	_Hlk155274021
	_Hlk155274257
	_Hlk155274495

