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A B S T R A C T

This study evaluates alternative shielding materials to lead for protecting the scalp and nails during total skin 
electron irradiation. We tested a silicone helmet, tungsten-doped silicone mittens, and planar aluminum and 
copper shields. The helmet and mittens were created using 3D modeling software and fused filament fabrication 
printing, while the planar shields were machined and assembled with printed hardware. Transmission mea
surements showed transmission rates of 4.5%–6.8% for the mittens, 5.8%–9.1% for the helmet, and 7.5% for the 
planar shields. The silicone-based devices improve comfort and usability, and slight design changes can enhance 
coverage and application.

1. Introduction

While total skin electron irradiation (TSEI) is successfully used to 
treat Mycosis fungoides (MF) T-cell cutaneous lymphoma [1–5], com
mon toxicities include partial or complete alopecia and nail loss in the 
range of 10 to 36 Gy to the skin [6–8]. To minimize toxicity, hands, feet, 
whole head or just the scalp may be shielded for hair preservation, nail 
preservation, cataract avoidance and other needs. Lead gloves, lead 
helmets, or face and foot shields are often used to provide shielding. The 
lead, however, adds significant risks to patients and staff, who are 
handling several kilograms of lead objects daily. There is no safe expo
sure level of lead and even micrograms in the blood are known to be 
deleterious to health [9].

Existing Lead-free shielding solutions for the scalp include molded 
thermoplastic and commercial bolus [10]. Patient specific and generic 
non-toxic shielding solutions include a milled wax polyethylene helmet 
[11]. Generic head shields using a 3D printed mold and silicone have 
also been reported [12,13]. Our previous work involved preparing a 
patient specific, 3D printed helmet made from polylactic acid (PLA) 
plastic fitted with 3 mm thick commercial bolus, while patient specific 
silicone boluses made from filling 3D printed molds were demonstrated 
by Canters et al. and Chiu et al. [13–15]. Silicone offers mechanical 
flexibility and density close to tissue, low backscatter, and low Brems
strahlung. Our study aims to build upon this prior work by introducing 
generalized silicone helmets, silicone mittens doped with tungsten 
powder, and non-toxic aluminum and copper foot and head shields for 

clinical TSEI treatments. While this work focusses on solutions for the 
Stanford TSEI six dual beam technique [1], the shielding geometry and 
requirements are broadly transferable to rotational TSEI and other 
techniques [2,3].

2. Materials and methods

2.1. On-patient shield designs and manufacture

The lead-free gloves (Fig. 1A and 1B) were made by combining a 3D 
hand model from free3d.com database and the contour of a real hand 
using Fusion 360 and Meshmixer software (Autodesk, San Francisco, 
CA). Meshmixer was then used to create a mold for a glove with 10 mm 
thick walls. The mold was 3D printed using PLA filament and an Ulti
maker S5 3D printer (Ultimaker, Utrecht, Netherlands). Tungsten pow
der (Atlantic Equipment Engineers, Upper Saddle River, NJ) was mixed 
with silicone rubber (SORTA-Clear™ 37, Smooth-On, Macungie, PA) for 
volume-efficient shielding in a ratio of 2:1 by weight with a target 
density of 2.5 g/cc. The silicone and tungsten mixture were poured in 
stages such that settling of the tungsten powder was limited to each 
poured segment.

The helmet was created by expanding the contour of a previous pa
tient’s head by 22 mm and refining it into a helmet shape with Mesh
mixer. A conical hole was placed in the top of the helmet with 
Meshmixer where a 3D printed hook was installed to hang the helmet by 
a rope and improve wearability. 23 mm of equivalent water thickness is 
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required to attenuate 90 % of the incident beam, and the helmet was 
designed to include a 1 mm margin for 24 mm of equivalent water 
thickness when filled with silicone rubber that has a density of 1.1 g/cc 
(see section 2.3 for detail) [13]. To save weight, the top of the helmet 
was thinned to 16 mm, since the full thickness was not required due to 
the obliquity of the fields. The silicone rubber was poured all at once 
because of the lack of tungsten powder (see section 2.3).

2.2. Planar shield design and manufacture

The foot and head shields are composed of 9.35 mm thick aluminum 
6061 alloy (McMaster-Carr) and 1.57 mm thick copper 110 alloy sheets 
(McMaster-Carr) sandwiched together by 3D printed fasteners. 
Aluminum was chosen due to its low cost and low atomic number (Z) of 
13, which minimizes bremsstrahlung creation, as well as its strength and 
machineability. Copper was added to the upstream side to provide 
slightly improved attenuation of photons due to its greater atomic 
number, while the Aluminum can absorb electrons and any copper k- 
edge fluorescence generated. Using the general energy loss rule of 2 
MeV/cm of water, the 0.9 cm of aluminium and the 0.15 cm of copper 
were expected to roughly stop electron beams up to 6 MeV, as shown in 
Equation 1 in the supplementary equations.

2.3. Transmission measurements of on-patient shields and glove 
homogeneity

Transmission measurements were performed in a TSEI booth 4.5 m 
from the radiation source (Fig. 1E). The gloves were irradiated with a 
Varian TrueBeam and 4000 MU of a 9 MeV high dose rate electron beam, 
that has been degraded to 4.6 MeV through two PMMA degraders (total 
thickness 1.6 mm) and 4.5 m of air. Two gantry angles of 72 and 108 
degrees were used. This setup optimizes skin dose while reducing 
penetration [13]. Two OSL dosimeter nanoDots (Landauer, Glenwood, 
IL) were taped to 1 cm thick wax and placed in the fingertips, thumb, 
and palm of the gloves and compared to six nanodots taped to the sur
face of 10 cm of solid water placed vertically in the booth (Fig. 1A and 
1B). Each nanodot was readout three times. The transmission through 
the helmet was measured by placing six nanodots along the forehead 
and on top of an anthropogenic head phantom (CyberKnife® Head and 
Neck Phantom, Accuray Madison, WI, USA), see Fig. 1C and 1D. The 
orientation of the head phantom was chosen to mimic the AP positions 
of the Stanford “6 dual field” technique for a total of 12,000 MU [1]. 
Homogeneity of the gloves were checked by placing each glove on the 
EPID imager at 110 SID and taking a 6 MV portal image. The pixel in
tensities through the gloves in five regions of interest in the thumb, 
palm, and fingers were measured with ImageJ (ImageJ U.S., National 
Institutes of Health, Bethesda, Maryland). The interquartile range, me
dian, and robust measure of scale (Sn) were then calculated for each 
region. Sn describes the spread around the median of skewed data like 
the standard deviation does for a normally distributed population [16]. 
See supplemental Figs. 2 and 3 for visual representations of the data.

2.4. Transmission measurements of planar shields

Transmission measurements for the non-toxic head and foot shields 
were made using an Exradin A10 ion chamber (Standard Imaging, 
Middleton, WI, USA) with 500 MU of high dose rate 9 MeV electrons 
delivered at 108 and 72 degrees. The transmission for each non-toxic 
shield was compared to the prior lead shield which consisted of 3 mm 
thick lead placed between two sheets of 5 mm thick plywood. Surface 
dose and 5 mm deep measurements were made to assess both the dose 
delivered to skin and tissue at 5 mm depth. Measurements were made 
with the surface of the solid water phantom 20 cm behind the spoiler, as 
shown in supplemental Fig. 1.

2.5. Bremsstrahlung measurements of planar shields

The degraded electron beam was found to have an energy of 4.6 MeV 
at the phantom surface from depth dose measurements [13]. A total of 5 
cm of solid water was placed in front of the ion chamber to determine 
the amount of Bremsstrahlung radiation transmitted at a depth beyond 
the range of the electrons. This transmission is expressed as the ratio of 
charge produced between an open and shielded beam and can be found 
in Table 1.

Fig. 1. OSLD placement on the head phantom and gloves (A and C) and their 
placement in the TSEI booth (B and D). The experimental setup is illustrated 
in E.

Table 1 
Transmission measurements for nontoxic and lead head and foot shields, all 
uncertainties are less than 0.3%. Transmission is an average of gantry angles 72 
and 108.

Measurement 
Depth [cm]

Wood and Lead Shield 
Transmission [%]

Copper and Aluminum Shield 
Transmission [%]

Surface 8.5 % 7.5 %
0.5 cm 5.4 % 4.8 %
5.0 cm 6.1 % 6.1 %
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3. Results

3.1. Transmission measurements of on-patient shields, density and glove 
homogeneity

The final density of the gloves was found to be 2.40 g/cc with an 
equivalent water thickness of 24 mm. The dose delivered to the six 
nanodots in each glove was averaged and compared to the average dose 
delivered to the unshielded nanodots for transmission measurements 
(see Fig. 1 for nanodot locations). The left-hand glove transmitted 4.5 % 
while the right-hand glove transmitted dose was 6.8 %. The 24 mm 
water equivalent thick silicone helmet transmitted 9.1 % at the forehead 
and 5.8 % of the delivered dose along the top. The variable homogeneity 
of the gloves can be illustrated by the median pixel values of the thumb, 
fingers, and palms of each glove. For example, the median between the 
palm and fingers of the right hand glove differ by 21.5 % and 17.5 % in 
the left and right hand gloves (see supplemental Table 1 for more detail).

3.2. Transmission and Bremsstrahlung measurements of planar shields

The transmission measurements of the non-toxic planar head and 
foot shields are summarized in Table 1. The copper and aluminum 
provided comparable shielding to the wood and lead shields, with 7.5 % 
of the dose delivered to the surface and 4.8 % of the dose found at 5 mm 
below the surface. The transmission of Bremsstrahlung radiation was 
identical to the conventional shields.

4. Discussion

The introduction of tungsten doped silicone gloves represents a new 
avenue for shielding hands and nails during TSEI without the use of lead. 
This work has demonstrated the ability to reduce the dose delivered to 
fingertips to less than 1 Gy during a 12 Gy treatment using the Stanford 
technique, reducing the chances of dystrophy and nail loss [6]. One 
limitation of compound tungsten silicone mixtures is homogeneity, as 
the tungsten powder tends to settle under gravity as the liquid silicone 
rubberizes, this was minimized in the manufacture (see methods 2.1). 
Despite the variation in intensity in the portal images (see section 3.1), 
these only reflect a change in transmission of 3.2 %, and each glove 
shielded over 90 % of the incident beam. The small 1–3 % discrepancy 
between left and right hand gloves is assumed to be a combination of 
nanodot uncertainty. The manufacturer stated absolute dose uncertainty 
of these nanodots is 5 %. Further our clinical commissioning data, from 
hundreds of repeated readings in known dose conditions, confirms the 
nanodot uncertainties are a combination of calibration error (3–5 %), 
readout noise (1–2 %), energy dependency (1–2 %). Imprecise mea
surement position (approx. 2 mm uncertainty), and the glove homoge
neity add further uncertainties. The current design has the back side of 
the hand exposed. Further full coverage designs may be pursued using 
the same method.

The silicone helmet presented here offers an advantage over previous 
hard plastic 3D printed helmets by negating the need for additional 
Superflab for patient comfort [10]. The addition of a 3D printed hook to 
the design also allows the 2 kg helmet weight to be supported with rope, 
reducing the burden on the patient. Elmahmoud et al. demonstrated the 
use of a similar patient-specific polyethylene helmet that weighed 1.3 kg 
[11]. However, our facility’s use of a higher energy beam produced 4.6 
MeV electrons that required a thicker helmet to achieve similar shielding 
results. The primary drawback of our approach is that not all facilities 
may have access to a 3D printer, but the low cost of commercially 
available printers makes these methods a viable option for clinics that 
wish to manufacture patient specific devices.

Sterilization and or disinfection of the on-patient devices is a concern 
for clinical use. The silicone may be steam-sterilized in an autoclave, or 
it can also be able to be wiped with isopropyl alcohol for disinfection. 
The planar head and foot shields are not in direct contact with the 

patient, making sterilization less critical, but may be wiped down with 
isopropyl alcohol for disinfection.

The non-toxic planar head and foot shields presented here demon
strate the feasibility of a simple and affordable alternative to lead 
shields. Shin et al. created a thimble shaped head shield made from 
silicone for a 6 MeV electron beam, but the authors noted how the 4.7 kg 
device may make it too heavy to be placed on a patient’s head [12]. Our 
head shield acts as a direct replacement to lead shields that can be hung 
in the path of the beam without needing to be worn. The measurements 
made at 5 cm depth demonstrated that there was no difference in 
Bremsstrahlung contamination between the two shielding types. This 
can be explained as most Bremsstrahlung comes from the linac head, 
with the shields providing a much smaller Bremsstrahlung contribution. 
Future work in non-toxic patient shielding could include generating 
patient specific shields, as well as tungsten filled silicone internal shields 
for the oral cavity.
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