
FIL A MENT  MA TE RIAL  EVAL U A TION  FOR  BREAST
PHAN TOM  FAB RI CA TION  US ING  THREE-DIMENSIONAL  PRINT ING

by

Jin-Soo LEE 1, Yong-In JO 2, Yeong-Rok KANG 2, Yong-Uk KYE2,
Il PARK 3, and Dong-Yeon LEE 2*

1 Inje Uni ver sity Haeundae Paik Hos pi tal, Busan, Re pub lic of Ko rea
2 Dongnam In sti tute of Ra dio log i cal and Med i cal Sci ences, Busan, Re pub lic of Ko rea

3 Ko rean As so ci a tion for Ra di a tion Ap pli ca tion, Seoul, Re pub lic of Ko rea

Sci en tific pa per
https://doi.org/10.2298/NTRP2004372L

In this study, a method of di rectly eval u at ing the dose re ceived by the highly ra di a tion-sen si -
tive mam mary gland dur ing mam mog ra phy was in ves ti gated, and a cor re spond ing breast
phan tom was pro duced that ex presses a mam mary gland, as an al ter na tive to the ex ist ing
mixed-form phan tom. Af ter de sign ing this breast phan tom by per form ing Monte Carlo sim -
u la tions, the glan du lar dose was eval u ated and com pared with that of a mixed-form phan tom. 
Then, dose eval u a tion was con ducted for cur rent com mer cial fil a ment ma te ri als that could be
used to fab ri cate the phan tom by 3-D print ing. The re sults showed that the dose re ceived by
the mam mary gland was in the range of 1.089-1.237 mGy, and the av er age dif fer ence from
that de ter mined us ing the mixed-form phan tom was ap prox i mately 1.2 %. Among the fil a -
ment ma te ri als, polylactic acid showed the dose that was the most sim i lar to that of the mam -
mary gland tis sue, dif fer ing by ap prox i mately 2.4 %. Over all, the re search re sults sug gest that 
it is mean ing ful to eval u ate the glan du lar dose us ing the de vel oped phan tom in stead of a
mixed-form phan tom. Be sides, polylactic acid is the most ap pro pri ate ma te rial for fab ri cat ing 
the mam mary gland tis sue us ing a 3-D printer.
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IN TRO DUC TION

Ac cord ing to the Ko rea Cen tral Can cer Reg is try, 
breast can cer is the sec ond most com mon can cer in
women af ter thy roid can cer [1]. Hence, the Ko rean
Min is try of Health and Wel fare pro vides breast can cer
screen ing tests ev ery two years for women over 40
years of age. The global in ci dence of breast can cer is
also high, ac count ing for 25 % of all can cer di ag no ses
in women [2]. There fore, breast can cer test ing is es -
sen tial for women. Breast can cer test ing meth ods in -
clude com puted to mog ra phy, mag netic res o nance im -
ag ing, and ultrasonography, but the most ba sic method 
is mam mog ra phy. Mam mog ra phy is known to be the
most ef fec tive and gen eral method of early breast can -
cer di ag no sis and screen ing [3]. Com pared with other
breast can cer test ing meth ods, mam mog ra phy has ad -
van tages in terms of time and cost, and above all, it is
highly ad van ta geous for de tect ing microcalcification.
Fur ther more, the in tro duc tion of dig i tal mam mog ra -
phy equip ment has en hanced the di ag nos tic abil ity and 
max i mized the con ve nience of this method [4]

How ever, some re ports have claimed that mam -
mog ra phy can in crease ra di a tion ex po sure be cause it
uses a low tube volt age and high tube cur rent, thereby
in creas ing the in ci dence of can cer [5-10]. There fore,
ac cu rate eval u a tion of the amount of ra di a tion en ter -
ing the breast when con duct ing mam mog ra phy is im -
por tant. In par tic u lar, the breast con sists of ad i pose
and mam mary gland tis sues, and the mam mary gland
tis sue is sen si tive to ra di a tion. In other words, a quan -
ti ta tive eval u a tion of the dose re ceived by the mam -
mary gland is re quired.

Cur rent meth ods of glan du lar dose eval u a tion in -
volve mea sur ing the air kerma rate, in ci dent dose, and
emit ted dose us ing an Amer i can Col lege of Ra di ol ogy
(ACR) or polymethylmethacrylate (PMMA) phan tom
for im age eval u a tion and then con vert ing the mea sure -
ments us ing fac tors ac cord ing to the ra tio be tween the
mam mary gland and ad i pose tis sues [11-13]. Fur ther -
more, in most stud ies us ing Monte Carlo sim u la tions,
the breast has been ex pressed as a mixed form in stead of 
eval u at ing the mam mary gland and ad i pose tis sues sep -
a rately [14-16]. In other words, the pre vi ous stud ies in -
volv ing an eval u a tion of the dose re ceived by the mam -
mary gland have been lim ited in that the eval u a tion has
been per formed in di rectly rather than di rectly. 
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There fore, a method of di rectly eval u at ing the
glan du lar dose needs to be de vel oped. One means of
achiev ing this ob jec tive is to pro duce a phan tom that
ex presses the mam mary gland in the breast us ing a 3-D 
printer and to eval u ate the glan du lar dose us ing this
phan tom. To fab ri cate a phan tom us ing a 3-D printer, a
phan tom that ex presses the mam mary gland was de -
signed in this study by per form ing Monte Carlo sim u -
la tions, and a fil a ment ma te rial sim i lar to an ac tual
mam mary gland tis sue was searched through dose
eval u a tion.

MA TE RI ALS AND METH ODS

Be fore fab ri cat ing the breast phan tom that ex -
presses the mam mary gland us ing a 3-D printer, ex per -
i ments were per formed to eval u ate the dose re ceived
by the mam mary gland di rectly and to find a fil a ment
ma te rial re sem bling the mam mary gland tis sue for use
in the phan tom. For this sim u la tion, we used MCNP
6.1 [17], which is based on the Monte Carlo method,
and the rel a tive er ror was kept within 3 % to en sure the
re li abil ity of the ex per i men tal re sults.

Sim u la tion of mam mog ra phy
equip ment

Fig ure 1 shows the mam mog ra phy equip ment
sim u lated us ing MCNP. Gen eral mam mog ra phy
equip ment was sim u lated by re fer ring to ex ist ing re -
ports [13, 15, 16, 18] based on the Selenia model pro -
duced by HOLOGIC in the U.S. The over all struc ture
of the sim u lated mam mog ra phy equip ment was di -
vided into an X-ray tube, a tar get, a unique fil ter, an
added fil ter, a com pres sion pad dle, and a sup port plate. 
To ex am ine these com po nents in more de tail, the tar -
get ma te rial was set to mo lyb de num (atomic num ber
42, den sity 10.28 gcm–3) or tung sten (atomic num ber
74, den sity 19.25 gcm–3). The tilt ing an gle of the tar get 

was set to 16°, and the size of the fo cus of thermion
col li sion with the tar get was set to 0.3 mm. The unique
fil ter was sim u lated us ing be ryl lium (atomic num ber
4, den sity 1.85 gcm–3) with a thick ness of 0.5 mm. The
added fil ter was sim u lated us ing rho dium (atomic
num ber 45, den sity 12.41 gcm–3) and mo lyb de num
with a thick ness of 0.06 mm. Fi nally, the com pres sion
pad dle and sup port plate were sim u lated us ing
polycarbonate (den sity 1.2 gcm–3), and the thick -
nesses of the com pres sion pad dle and sup port plate
were set to 2 mm and 5 cm, re spec tively.

Breast phan tom sim u la tion

Fig ure 2 shows the com pressed breast dur ing
mam mog ra phy ex pressed with the breast phan tom
sim u lated in this study, which is di vided into the skin,
ad i pose tis sue, and mam mary gland tis sue. Ta ble 1
sum ma rizes the com po si tions and den si ties of the tis -
sues that make up the breast phan tom. First, the over all 
geo graphic struc ture of the breast was sim u lated based 
on ex ist ing stud ies [11, 18]. Then, this struc ture was
com ple mented by ap ply ing the char ac ter is tics of Ko -
rean women. The shape was set as a half-cyl in der with
a ra dius of 8 cm, and the com pres sion thick ness of the
breast was sim u lated as 4.5 cm. The skin thick ness was 
set to 1.5 mm as re ported by Lee et al. [19], who in ves -
ti gated the skin thick ness of each body part for Ko rean
adults, and it was sim u lated as a shape sur round ing the
breast pa ren chyma. The breast pa ren chyma was ex -
pressed as an el lip ti cal shape be cause it is com posed of 
the mam mary gland and ad i pose tis sues, and the mam -
mary gland tis sue usu ally ex tends from the nip ples to -
ward the chest wall. Other parts of the breast pa ren -
chyma ex clud ing the mam mary gland tis sue were set
as ad i pose tis sue. Since the pro por tion of the mam -
mary gland tis sue var ies by in di vid ual, phan toms were 
sim u lated with three pro por tions of the mam mary
gland tis sue (25 %, 50 %, and 75 %) to eval u ate the
dose ac cord ing to the pro por tion of the mam mary
gland tis sue.
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Fig ure 1.
Mam mog ra phy
equip ment sim u lated 
in a vir tual 3-D space
us ing MCNP



Pho ton spec trum anal y sis

Since the dose re ceived by the mam mary gland
dur ing mam mog ra phy was eval u ated quan ti ta tively in
this study, it was crit i cal to en sure that the sim u lated
mam mog ra phy equip ment was suf fi ciently resemblant
to the ac tual equip ment. Thus, the spec trum of the
X-rays that oc curred in the sim u lated mam mog ra phy
equip ment was eval u ated and com pared with that ob -
tained us ing the SRS-78 pro gram [20] and the re sults of
ex ist ing stud ies to en sure re li abil ity. 

To ob tain the sim u lated spec trum, as shown in
fig. 3, a vir tual sphere with a ra dius of 5 cm was set as a
de tec tor 20 cm from the fo cus, and the spec trum was
ana lysed  in 0.5  keV  in ter vals with a tube volt age of
28 kVp and a tube cur rent of 1 mAs. The X-rays ac -

quired through the de tec tor were ana lysed and rep re -
sented in terms of the num ber of par ti cles per unit vol -
ume (par ti cles per cm3).

Eval u a tion of glan du lar dose

The most no ta ble dif fer ence be tween this study
and the ex ist ing stud ies is the ex pres sion of the mam -
mary gland. As shown in fig. 2, the mam mary gland
and ad i pose tis sues have been ex pressed in a mixed
form pre vi ously, whereas, in this study, the mam mary
gland and ad i pose tis sues were ex pressed sep a rately.
There fore, the doses re ceived by the mam mary gland
were com pared be tween the mixed and non-mixed
forms, and their trend was ex am ined. The dose re -
ceived by the mam mary gland was cal cu lated first by
set ting the tube volt age to a 28 kVp ac cord ing to the
com bi na tion of the tar get and added fil ter. Then, this
dose was con verted into the dose ab sorbed by the
mam mary gland by set ting the tube cur rent to 55 mAs
[14]. Af ter ac quir ing data us ing the en ergy per unit
mass (MeVg–1) by set ting the tally to 6, the ab sorbed
dose (mGy) was ob tained.

Eval u a tion of fil a ment ma te rial

In gen eral, the breast phan tom used to eval u ate
glan du lar dose is an ACR phan tom made of PMMA
ma te rial. The ACR phan tom is used in a uni form ex -
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Fig ure 2. Mod els of mixed and
non-mixed breast phan toms
sim u lated us ing MCNP code

Ta ble 1. Com po si tions and den si ties of breast tis sues
[15, 18]

El e ment
Com po si tion [%]

Skin Glan du lar Ad i pose

H 10 10.6 11.4

C 20.4 33.2 59.8

N 4.2 3 0.7

O 64.5 52.7 27.8

Na 0.2 0.1 0.1

P 0.1 0.1 –

S 0.2 0.2 0.1

Cl 0.3 0.1 0.1

Den sity [gcm–3] 1.09 1.02 0.95

Fig ure 3. Ring de tec tor used to
ana lyse the pho ton spec trum in
MCNP code



pres sion with out sep a rat ing the mam mary gland and
fat. [13] That is, the PMMA ma te rial is rep re sen ta -
tively used when man u fac tur ing a phan tom with a hu -
man equiv a lent ma te rial. How ever, be cause the den -
sity and com po si tion of hu man or gans dif fer
de pend ing on the or gan, a sim ple ex pres sion can be
used for an or gan with one PMMA ma te rial. There -
fore, in this study, we at tempted to fab ri cate a breast
phan tom us ing a ma te rial most sim i lar to the fat, mam -
mary gland, and skin tis sues that make up each breast.
To fab ri cate a phan tom ex press ing the mam mary
gland us ing a 3-D printer, it was nec es sary to per form
dose eval u a tion for the fil a ment ma te rial. In other
words, as the goal was to fab ri cate a phan tom sim i lar
to the hu man body, it was crit i cal to se lect a fil a ment
ma te rial that re sem bled the mam mary gland, which
was the fo cus of this study. Thus, we searched for a
com mer cial fil a ment ma te rial sold in the mar ket that
could re place the mam mary gland tis sue. Ta ble 2 sum -
ma rizes the de tails of the se lected com mer cial fil a ment 
ma te ri als that have com po si tions and den si ties sim i lar
to the hu man body [21]. Af ter eval u at ing the dose of
each ma te rial, we searched for the fil a ment ma te rial
that showed a dose that was the most sim i lar to that of
an ac tual mam mary gland tis sue. The phan tom with a
50 % mam mary gland ra tio was se lected as a rep re sen -
ta tive one, and the dose was eval u ated and com pared
among four dif fer ent tar get and fil ter com bi na tions.

RE SULTS

X-ray spec trum anal y sis

To en sure the re li abil ity of the X-rays in this
study, the spec trum and av er age en ergy of the X-rays
from the mam mog ra phy equip ment were ana lysed as
shown in fig. 4.

The av er age en ergy is higher in the MCNP, but
the dif fer ence is not sig nif i cant, be ing in the range of
only 0.5-2.8 %. Re gard ing the X-ray spec trum, the
graphs are gen er ally sim i lar in terms of the peak en -
ergy area, but there are slight dif fer ences. The peak
height is higher by ap prox i mately 25-30 %, and the
peak en ergy area is higher by 0.5 keV.

Eval u a tion of glan du lar dose

Fig ure 5 com pares the ra di a tion doses re ceived
by the mam mary gland de ter mined us ing a mixed form 
with no dis tinc tion be tween the mam mary gland and
ad i pose tis sues and a non-mixed form in which the
mam mary gland and ad i pose tis sues were sep a rately
ex pressed. 

The ab sorbed doses are gen er ally in the range of
1.089-1.237 mGy. There is al most no dif fer ence in
dose by tar get type, but the dose is quite high with the
Rh added fil ter. Spe cif i cally, when the Rh fil ter is used, 
the dose is higher by ap prox i mately 0.099 mGy than
when the Mo fil ter is used. Also, the higher the mam -
mary gland ra tio, the lower the cal cu lated dose when
the mam mary gland and ad i pose tis sues are ex pressed
sep a rately. Fur ther more, the higher the mam mary
gland ra tio, the higher the eval u ated dose when the
mixed form is used.

Eval u a tion of fil a ment ma te rial

The dose was eval u ated to find a fil a ment ma te -
rial sim i lar to the mam mary gland tis sue for breast
phan tom fab ri ca tion us ing a 3-D printer. Seven com -
mer cial fil a ment ma te ri als that were sim i lar to hu man
tis sues were se lected and eval u ated. Fig ure 6 pres ents
the eval u a tion re sults.

Among the fil a ment ma te ri als, the ma te rial that
shows the val ues that are the most sim i lar to those of
the ac tual mam mary gland tis sue is PLA, which ex hib -
its a dif fer ence of ap prox i mately 2.4 %.

DIS CUS SION

In this study, the ra di a tion dose re ceived by the
mam mary gland tis sue was eval u ated by per form ing
Monte Carlo sim u la tions. This was a pre lim i nary
study fo cused on quan ti fy ing the doses sep a rately for
mam mary gland and ad i pose tis sues, rather than in a
mixed form, and eval u at ing the ap pro pri ate fil a ment
ma te rial be fore fab ri cat ing a hu man-like breast phan -
tom us ing a 3-D printer.
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Ta ble 2. The el e men tal com po si tions of the sub sti tute ma te ri als [21]

Ma te rial Den sit
[gcm–3]

Com po si tion [%]

C N O Na Mg Al Si S Cl K Ca

Polylactic acid (PLA) 1.25 54.76 – 44.99 – – – – 0.13 – 0.12 –

Acrylonitrile bu ta diene sty rene (ABS) 1.05 92.44 – 5.68 1.79 – – – 0.09 – – –

Poly eth yl ene terephthalate (PETG) 1.27 70.45 – 29.33 0.07 – 0.11 – 0.15 – – –

Ther mo plas tic elas to mers (TPE) 0.935 96.71 – 2.69 0.13 – 0.06 0.10 0.13 0.09 – 0.13

Ther mo plas tic poly ure thane (TPU) 1.1 66.63 8.98 24.13 – – – – – – – 0.09

High-im pact poly sty rene (HIPS) 1.045 97.88 1.88 0.11 – – – – 0.13 – –

Polyamide-ny lon (PA-ny lon) 1.16 69.53 13.16 17.31 – – – – – – – –

WOOD 1 61.48 – 37.65 – 0.26 – 0.47 – 0.15 – –



First, to quan tify the glan du lar dose and en sure
the re li abil ity of the re sults, it was nec es sary to ver ify
that the gen er ated X-rays were sim i lar to the ac tual ra -
di a tion. There fore, the X-ray spec trum gen er ated in
the sim u lated X-ray tube was cal cu lated and com pared 
with the spec trum ac quired from the SRS-78 pro gram

[20] in terms of av er age en ergy, peak en ergy, and spec -
trum shape. The re sult ing spec tra showed nu mer i cally
small dif fer ences of 2.8 % at most and ex hib ited sim i -
lar shapes in gen eral. Al though there were small nu -
mer i cal and mor pho log i cal dif fer ences, these ap -
peared to be due to dif fer ences in the pro gram
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Fig ure 4. Com par i son of X-ray spec tra ob tained through the SRS-78 pro gram and MCNP6

Fig ure 5. Com par i son of
glan du lar dose ac cord ing to
tar get fil ter com bi na tion
and glan du lar ra tio:
(a) Mo tar get and
(b) W tar get



cal cu la tion meth ods, de tailed geo met ric struc tures,
and spec trum mea sure ment po si tions. Fur ther more,
when the re sults of this study were com pared with
those of pre vi ous stud ies [22-24], they showed the
same trends in terms of the spec trum shape and peak
en ergy. There fore, it is be lieved that the X-rays gen er -
ated in this study were re li able.

Sec ond, the doses re ceived by the mam mary
gland were com pared be tween a mixed form of the
mam mary gland and ad i pose tis sues and a non-mixed
form, and the re sults were com pared with those of pre -
vi ous stud ies to en sure re li abil ity. The mixed form
pro duced a trend of in creas ing doses as the mam mary
gland pro por tion in creased, and the same trend was
found in the re sults of Park et al. [14] and Dance [18].
Mean while, in the non-mixed case, the doses tended to 
de crease as the mam mary gland pro por tion in creased.
These val ues were sim i lar to the re sults of Tzamicha et
al. [25], who eval u ated the mam mary gland us ing a
voxel phan tom through sim u la tions. The rea son that
the re sults cor re spond ing to the mixed and non-mixed
forms showed dif fer ent trends is that the ab sorbed
dose was cal cu lated as the en ergy ab sorbed per unit
mass. In the mixed case, the en ergy of the in ci dent ra -
di a tion was con sid ered while the unit mass was fixed,
whereas, in the non-mixed case, the unit mass changed 
de pend ing on the pro por tion of the mam mary gland
tis sue, lead ing to dif fer ent re sults.

Fi nally, the doses were eval u ated to se lect an ap -
pro pri ate fil a ment ma te rial to re place the mam mary
gland in the fab ri ca tion of a breast phan tom with a
non-mixed form us ing a 3-D printer. The PLA, which
has a den sity of 1.25 gcm–3, yielded the most sim i lar
cal cu lated doses, which dif fered by only about 2.4 %.
The den sity of PLA is slightly higher than those of the
other ma te ri als con sid er ing that the den sity of the
mam mary gland tis sue is 1.02 gcm–3. Nev er the less, it
pro duced the doses that were the most sim i lar to those
of the mam mary gland, and the com po nent ma te ri als
and pro por tions ap pear to have played a ma jor role.
Spe cif i cally, C and O ac count for about 75 % of the
mam mary gland tis sue, and the ra tio of C to O is 3:7.
Mean while, C and O ac count for about 85 % of PLA,
and the ra tio of C to O is 3:5. There fore, among the ex -
ist ing fil a ment ma te ri als, the com po si tion of PLA is
the most sim i lar to that of the mam mary gland tis sue.
These val ues are the same as those re ported by
Alssabbagh et al. [21], who at tempted to find fil a ment
ma te ri als with sim i lar dose dis tri bu tions ac cord ing to
the an a tom i cal po si tion.

CON CLU SION

The ob jec tive of this study was to eval u ate the
glan du lar dose quan ti ta tively and di rectly by ex press -
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Fig ure 6. Com par i son of es ti mated doses ac cord ing to glan du lar and fil a ment ma te ri als: (a) Mo-Mo com bi na tion, (b)
Mo-Rh com bi na tion, (c) W-Mo com bi na tion, and (d) W-Rh com bi na tion



ing the breast and mam mary gland tis sues in a
non-mixed form in stead of a mixed form. As a pre lim i -
nary study for pro duc ing a breast phan tom us ing a 3-D
printer, the ra di a tion dose re ceived by the in de pend -
ently ex pressed mam mary gland was de ter mined by
per form ing Monte Carlo sim u la tions, and var i ous fil a -
ment ma te ri als were ana lysed to find ap pro pri ate ma -
te rial for the phan tom. The glan du lar dose was found
to dif fer be tween the mixed and non-mixed forms. It is
con sid ered rea son able to per form ab sorbed dose eval -
u a tions us ing the non-mixed form. Ev ery in di vid ual
has uniquely shaped mam mary glands, and their pre -
cise sim u la tion is lim ited. How ever, mean ing ful re -
sults can be ob tained by tak ing a con ser va tive ap -
proach in glan du lar dose eval u a tion. Next, PLA was
found to be the most ap pro pri ate fil a ment ma te rial to
re place the mam mary gland. The PLA was con sid ered
to be suit able as a breast phan tom ma te rial in this study 
due to its high util ity in that it is low-cost and com mer -
cial ized. Fi nally, the dose eval u a tion data ob tained for
the fil a ment ma te ri als in ves ti gated in this study will be
use ful as ba sic data for the cur rent ac tive re search on
the 3-D print ing of hu man phan toms.
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PROCENA  VLAKNASTOG  MATERIJALA  ZA  PROIZVODWU
FANTOMA  DOJKE  KORI[]EWEM  3-D  [TAMPE

U ovom radu istra`ena je metoda direktne procene doze koju je tokom mamografije
primila visoko osetqiva mle~na `lezda i proizveden je odgovaraju}i fantom dojke koji odgovara
mle~noj ̀ lezdi, kao alternativa postoje}em fantomu me{ovitog oblika. Nakon dizajnirawa ovog
fantoma dojke izvo|ewem Monte Karlo simulacija, doza ̀ lezde je procewena i upore|ena sa dozom
fantoma me{ovitog oblika. Zatim je izvr{ena procena doze za sada komercijalne vlaknaste
materijale koji bi se mogli koristiti za proizvodwu fantoma 3-D {tampawem. Rezultati su
pokazali da je doza mle~ne `lezde bila u opsegu od 1.089-1.237 mGy, a prose~na razlika od one
utvr|ene kori{}ewem fantoma me{ovitog oblika bila je pribli`no 1.2 %. Me|u materijalima sa
nitima, polimle~na kiselina je pokazala dozu koja je bila najsli~nija onoj u tkivu mle~ne ̀ lezde,
koja se razlikovala za pribli`no 2.4 %. Ukupni rezultati istra`ivawa upu}uju da je smisleno
proceniti dozu `lezda pomo}u razvijenog fantoma umesto fantoma me{ovite forme. Pored toga,
polilakti~na kiselina je najprikladniji materijal za izradu tkiva mle~nih `lezdi pomo}u 3-D
{tampa~a.

Kqu~ne re~i: fantom dojke, doza `lezde, simulacija, 3-D {tampa~, vlaknasti materijal


