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Abstract

The teaching of instrumentation has consistently been the subject of undergraduate program in
radiological technology (RT). However, opportunities for students to engage in face-to-face operation of
linear accelerator machine (LINAC) during their education and training processes have been limited by
financial and timeframe considerations. So, the aim of this study is to integrate a 3D-printed model and
assess its effectiveness in teaching LINAC to RT undergraduate students. For this purpose, a LINAC physical
model was developed using a fused deposition modeling 3D printer, with access through free online
software. Color coding was implemented alongside with explanatory color cards to enhance understanding.
A total of 114 participants were randomly divided into two groups: a control eroup and a 3D model group.
Compare the theoretical scores of the 3D model group were found to be significantly higher than those of
the control group, with p-value < 0.05. Moreover, the increase in student opportunity for hand-on training
prior to their apprenticeships allowed participants in the 3D model group to reduced anxiety and better
performance in clinical situation. To summarize participant feedback regarding the integration of this novel
3D technology in the context of LINAC learning and training. Results indicated that over 94% of students
perceived the alternative teaching method as essential for enhancing both of their understanding and
practical performance. In conclusion, the use of modern 3D-printed models technology, presents a
potential tool for stimulating teaching and training activities, thereby improving overall educational

outcomes in RT programs.
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1. Questionnaire with 10-scale scoring to assess student usefulness 12
satisfaction of the 3D models

2. Comparison of learning knowledge results of the student’s subgroup 15
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1. Three-dimensional illustration of the LINAC printed model included the
couch and gantry

2. Prototypes of separate couch and gantry of the LINAC machine made
with PLA

3. Represent of unique color designed of different LINAC geometry with an
example of green and pink color-card instructions provided to experimental
student group

4. Performance distribution of students by quartiles: pre-test (left) and
post-test results (right)

5. Scatter plot representing an apprentice performance of the students in
control group (blue) versus experimental group (orange)

6. Reported overall helpful satisfaction feedback questionnaire of the
integration of 3D LINAC models in radiological technology undergraduate

program (n = 57)
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Al 2. Prototypes of separate couch and gantry of the LINAC machine made with PLA.

A1l 3. Represent of unique color designed of different LINAC geometry with an

example of green and pink color-card instructions provided to experimental student

group.
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Aeatuies o LINAC uwuseanidu 2 dundn de msidsuudasanuimanguiuaznis
Lﬂ§SULLUaﬂﬁﬂE$ﬂﬂiﬂﬁﬁa ANSVABUNI Mg Bl AZLULAL 30 AZLUY Lﬁaﬂﬁmﬁummﬁu
nMsiFoud nansusziiiuinananugndeslagldiag e 1uAsLLLUY optical mark reader
AzLULUEAYNYBINTIAdEYBYR 0.77 dagnmsiaaeunaidedeldlaglians Cronbach’s Alpha
(Tavakol & Dennick, 2011)

wasannIsseuduig 4 weu Undnwinnauladignisiinaulusdiinadaluiuwsn
mMeUszdiummannsalumsiinaugnvilaegrmugunsiinau 2 auddiuszaunmsalinnnit 5
9 nMsvssdunruanunsalduuuasuauianun 16 4o ngliazuuudoud 1 89 5 azuuu las
AzLuUTigInInarmInefisauassadiangy uuvasunmatiuluiinisUssifiuinue nsuoR
vastindnwiianizluiedes LINAC Fsfinnsanssiuarusivlaveifou szognainisnovauss
wazanfiltlunsieiiiiada mevssdiueudssesendlundazdegnaraaeuuaziingey
lneinsIvdeUdaTy 2 AU Tnensvadeunudedolduesrduusyavslaeu (Cohen’s Kappa)

TWinaft 0.79 (McHugh, 2012)
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nsuszfiuanunanelanaluna 3 4R (3D model satisfying assessment)
Igfinsuanuuuaeuniade 9 $1uru 12 do Fesamfsinnanedaifielingunaass
povlunauineesnsiineu lnsuvuasunudgnldiievssduaufisnelalunisldeuluna
Fuuuy 3 ffvenaies LINAC iieTnszduanufianela 1998mslvazuuudaus 1 8¢ 10 o
n3fnwilag Wake uaganiz (Wake et al, 2019) dauvsszduanudemdesendu “lid
Uselewl”, “droidnidos”, “dreuiunats” wag “9relauin” (No help, Mild help, Moderate

help and Great help) lnsAziuugiaug 1 83 10 aufiuandlunnsned 1

m’iwﬁ 1. Questionnaire with 10-scale scoring to assess student usefulness satisfaction of

the 3D models.

No help Mild help Moderate help Great help

1 2 3 4 5 6 7 8 9 10

1. Quality and detail of the 3D
models material used

2. 3D models in helping you
understand LINAC structures.

3. 3D models improved your
ability  to visualize and
comprehend LINAC machine
concepts

4. Integration of 3D models has
impacted your academic learning
knowledge in LINAC machine
topic

5. 3D models making learning
more engaging and interactive

6. 3D models have enhanced your
overall performance in apprentice
7. 3D models have enhanced your
ability to work effectively with
LINAC machine in a clinical
setting

8. 3D models have increased your
confidence in operating LINAC
machine after using 3D models for
practice

9. The unique color designs of 3D
models enhance your ability to
differentiate and identify key
features in LINAC structures

10. Unique colors of 3D models
improve your memory retention
and recall of information

11. 3D models with color card help
you understand the functionality of
LINAC structures

12. 3D models with color card
contribute to your understanding
of the maintenance of LINAC
structures
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N15AATIZINIERR (Statistical analysis)

Yoyansiagnuanaduadfidanssaun (descriptive statistics) Insuanadurade
(mean), dUuLﬁﬁJﬂLuummgm (standard deviation, SD) kaza1sa29lna (interquartile range,
Q) finswrnslosidudnuwANg1e (percentage difference, PD) 5M319NqUAIUANKAZNGY
naasslus Az UUNg B kasAzLUURNIIY (Moonkum et al., 2022; Tochaikul, 2021) N3
Aasginsadfliniaeaaey ttest wuuduguesind@nw (student paired t-test) FsAfiuns
Taglusunsu OriginPro leU3suiiieuszninsaeangs Tnesyfuamnuidesiunsadngnivuai

SYAUAIILLTDIU 95%
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uni 4

NaN1INAADY tazanUsenNa

NANT1INNABY

aslmelulad isiunaufifieadslunain3os LINAC Haeliaiunsadavuinves
Tuald Tnsangludiudsznouneuonildlunisinenigifunies LINAC AauA1wting
IgSunsmoususgrsianinine Janansternuitenelasgrssnn nansuszsfiudeuiunaein
AswSeuiiouTiea 3D Aula3 osdunuvasinuilassasswedluinaanasis 99% Tagls

NANTENUADAINAILITO FUNISHENLELDIAUTENDUNGNVDIATD

v @

ASANENLAAILTUNISAVRNANE 114 AUINNUMAINGTIF LNV ULAINTaluUsENAlng

6

Sewlvniieitesivaunsalsedsnwikasid il naululsmeiuia nansiiesieilinun 1y

WANANNTBIAZLUUADUNITNAABUIT NI NNAUNAADILAZNANAIVAN (P > 0.05) 9e3lshnu waa

[ ~

i = va & X | Ao o = 9 ' o a
MINAEeU NaunaaeinLATiuTuedildydAailameuiungualunu (P < 0.05) Toyallis
adfveInvuuLEEn fnan Anade waziUesiiusmiagnuandlunisgi 2 Tnenuinaguuumnanis
NAFBULNLTUUTENIM 13% TN AZLUNNBUNITNAABUAINATLEY 1% JUAMA 4 uans

[

AMTIMVBIALUUULAZMIAIUINM Q Ya9idNTNTNAaal taunquatuAudulngdreain Q2

U Q3 daunqunaassdiean Q2 U Q4 Feazdiouliniuiingunaassinisieouinaniing

AIUAY
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AT 2. Comparison of learning knowledge results of the student’s subgroup.

Study group Maximum score | Minimum score Mean + SD PD p-value
Control 16.00 8.00 13.20+2.45 o
Pre-test ¢ perimental 16.50 8.50 13.35 £ 2.60 1.14% 0.21
Control 25.00 18.00 21.33+ 1.79 . -
Posttest ¢, Derimental 2850 22.00 24.03 + 1.54 12.66% 2.74e
Pre-test: Quartile score report Post-test: Quartile score report
Ql Q2 Q3 ‘ Q4 Ql Q2 Q3 Q4
8.77% 64.91% 26.32% 0% 0% 0% 82.46% 17.54%
KN RN
\ \\ 3
Ql Q2 y Q3 Q4 Ql Q2 QWi
i A > "‘._;/‘
0% 66.67% 33.33% 0% 0% 0% 28.07% 71.93%

#4484 Controt grovp

¥4 Experimcotal group Expe

AWl 4. Performance distribution of students by quartiles: pre-test (left) and post-test

results (right).

woNNL NISUSHUMIETINYEAITHNUIERINNAUAIVANLALNE UNAARIITRATNET
¥ U Y d' -dl L% 1 % 5 1 = Ly = -dl v a A

donnaeaiu Aeiiuandlugun 5 lagldunsdiunisianud 1 s 5 dniseunlanzuuuiu 3 fe
Friunaein1sUseily AzkuuisvesdnissuagNUsENIM 8.5 WAy 11.5 9nkuuasuay
Manun 16 Yo dnSunguAIUANLAENAUNARBININEIAU BN JUsTliudmuauuanm1g
n¥aRulunITLeNLezUTEANTBIEIUYTENBY AINUYNABIVBIAINBY NITTEYUNUINIUNNT
aAUTENAFOU Wazvinwen1sUURMUTEnINNEeIngd ndunaastaniaukiuggadulung
asansnwazldiaidesaslunisviiwuunaasy wiiUseansn1naznudu e ddanesnen

wmsgulunisguagunsaiuasuiinungainudasnde wenaindl giinsiuiidluea 3 GRds

wanaANiulanNnINgUnlEIsNsHUUALGY
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B Control Group Experimental Group
20

Scores
=)
L ]
L ]
L ]
L 2
L ]

¢ . . . Mean = 8.51

° ° . . ® . oo o SD = 1.64

0 pvalue = 3.32E
0 10 20 30 40 50 60

Number of students

Al 5. Scatter plot representing an apprentice performance of the students in control

group (blue) versus experimental group (orange).

nsussliuauisweladauszansnmveslung 3 I

Idfimsuszfiumnuieweladeusyansmwvesluna 3 fdlunisdiedfinnuaansolu
msueaiunazidnly, dmaronuinyinns, vilinisseulianuiiaulawazddimsauun
P, wiweushlalumsldnu, uagdglunsansuazdendudoyalunduvnass nadwsuandlyi
uindithsdseiiuinluea 3 Satantemdeluszduuiunans lasazuuuiadeeg i 821
azuu fiirsiudinlng (1w 28 au) wansmufimelagean Seeglutas Teudides s
namsluguil 6

Aanudildrziuugegaassde loun "msysannsluea 3 fdduadeniudnidnnisly
vhdein3es LINAC" uay "diJulendnwalvedluiaa 3 SAvaeufiunuannsalunisandiuay
Bonduteya" Ineldazuuwadowintud 9.1 Tuvaeiidnuildazuuuigade Tuea 3 fA7T
mimdtaelinaudilanisigednulaseainees LINAC Fdldmsuuuiiies 4.81

AnAmauLUUUaeda UnAnwnansauaniiul Tuea 3 dadueiadloni1siSou

Qll [~4 %) Id! v o dl %) v v v v o v v = Y =
Asapunuuinnssuludldslinmanassnivdoslanazarursalanauls vinlwdn@nwdni
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domldegnadiaumanemnniv’, "Uszaunisainadeuddeauesiifuautulalunisiny
fugunsalaidluantuneiua’ waz Tuea 3 fafdneawlunisidendosrinsseninsmnung
nauffunsussgndldlunsufod dsduianastieuiuussadwsmenmsanulags”
Auuziirlunsuuugeususzns leun "afsluiea 3 dddamisausznevtazaon
Fudausngg youedpassoymMAduduld’, "smdniiedeulmlfiiiodiasinisinuaives
\ATeaaounABudY Loy inTwazBuauuniad (V3eliin QR code) Lilpasurewtiiing

MauLazn15U595n
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Score
3.6%

Score 7
%

Score 7 Score §
2467 2L1% 19.3%

1. Quality and detail of the 3D models material used 2. 3D models in helping wﬁindmmnd LINAC structures 3. 3D models improved your ability to visualize and

prehend LINAC machi

Score 9 g 4 § Score §

s 368% > res
4. Integration of 3D models has impacted youra demic Qa})nodcls making learning more enﬁmn!,r ) {m odels have enh d your overall perfc

learning knowledge in LINAC machine to o and interactive : in apprentice

Score 10
R

2! I‘/ ¢ 3s1%
7. 3D models have enhanced your ability to work& 8 3D models have increased your confidence in opcmin‘ \3 The unique color designs of 3D models enbance your ability
inggfier using 3D models for to differentiate and identify key features in LINAC structures

with LINAC maching in a clinical mling aﬁ@du
R O

Score 10
3Len

NG

Score 3
17.8%

Scorc 9 Score 9 Score §
365% 368% 17.5%
10. Unique colors of 3D models improve your memory 1. SDmodehMlhooloraldhdpywwwe 12. 3D models with color card contribute to your
retention and recall of information ionality of LINAC ing of the mai of LINAC

Al 6. Reported overall helpful satisfaction feedback questionnaire of the integration

of 3D LINAC models in radiological technology undergraduate program (n = 57).
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d3U 33150 uazdaiauauue

GEL
nsAnwIsessUszgnaldimalulagnisiiun 3 IAlundnansiieaiuiaies LINAC
wanslmiudalseansnnlunistrsdfiuanunlavesinAne ludulasiaswmasnIs i uyes
~ Aaa a & a va v v ¥ o Yo e a Y <
w3es Mildluwa 3 dRiinUszaunisalnsiseusnivdeds siliindnwviiaanudulauinty

aaa

Tun1silnujURuasnisldenun3asass nansdnvauansliviuiinguiiseusisluna 3 dRd
AZWUUNSINIINAABUAINIINAUTAIE BUAEISNTAwANeg19ilded Ay wenaindl dnAnwidiu
Ingjuansauianalaluszdvgsionisidanuliea 3 16 lesanzlusenisdideyaiasns

$MUVDNATDI LINAC bRnan

F150d
AudeIn1siadesdentsdnwnuvadelnalulysunsunisfnerdiun1sunng was
'31/1mmam'§qsumwLﬁ'm%uasmimL"?fﬂumﬂﬁﬁﬂﬁmum (Sahney; Banwet, & Karunes, 2006;
Tzima, Styliaras, & Bassounas, 2019; Yuan et al., 2021) Unidenansaulddnunsladonasa
weluladuuilefe waznisadrsaufia denamuniuansualul@uindenanisdng (Kaufmann,
Schmalstieg, & Wagner, 2000; Sahney et al., 2006; Tzima et al., 2019) L‘Vlﬂiuiagma"lﬁyqﬂ
ﬁmﬂsﬁ’w’gﬂuﬁmmsaaumwﬁ wazn1sHnUNUA (Bliznakova et al.,, 2023; Garcia, Yang,
Mongrain, Leask, & Lachapelle, 2018) é’ﬂﬁ?uﬁaLﬂuﬁqﬁﬂﬁmﬁmé’ummﬁﬂﬁ%wmﬂmﬂiuiaﬁ
Tl ileusudgsmnudlamanguiveaindne uazanmisatnuiduluuszgndldly
anunsalufuR saadineuiulalunisléaueiesdioneadin mslilueaaudfnig
menmgnuesinduniesflons@nuiifivssdnsam feannsafisusegslolunafouiues
UszansnmlnenisiinuszansnmAanssunisaau (Kaufmann et al, 2000) nMsANw LAY

nsldluea 3 SaduinAnwunnddiulngifeiiunisseuinginin nssida n1sils uagnis

1804 (Salazar, Thompson, Rosen, & Zuniga, 2022; Soares et al., 2013)
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agslsAmnlulszwmelng n1sldwmaluladn1sAun 3 SAIUNISANEIRTUTIAT Y

¥ o W =

audedin NsAnwdRsatunisysannismalulagnsiun 3 Salundnansinediuiasesile

oM

[ [

$ad¥nwn uarUszifiunaneudu msiSeud waznsinauAsaduluma LINAC 3 1A 1a3esile
Msfnmatesuiuuldasunsldanueios LINAC 1wy m3diaes 3 SAuvuiaiiousisuaznns
fiaflsamerua egdlsfinn Aswdrdindeldiegauasnadideiie dedudidgdodida
F1uruseumsitoud feeredsnaseuszaunsallumsiindinusuazanusiulalunsldaueies
(Pagnucci et al., 2015; Yuan et al,, 2021) inalulagdnisiiun 3 ddlaunansliiuinduis
msAnvuuUadeniifivssavsam esinlinaaunsandndldegaiusansnmuas

¥ 1

Auen dwiliivanzaniunisasunaznisilineuss (Asghar, Naaz, Patra, Ravi, & Khanal, 2022;
McMenamin, Quayle, McHenry, & Adams, 2014) dafvaslunaiun 3 JAUTENDUAI8AINM
FuAn AAMUNIL ATULUEY wazANANINHlunsHARD ldvatensa SeinlEmneaudtu
andumsdnuifienaldaansaidifenisdiasatieuasimionisinilsme wwialdifesann
J9319 AR 1uauUsEuad (Cercenelli et al,, 2022: Sa dos Reis, Pascoal, Radu, de Oliveira, &
Alves, 2017; Wu et al,, 2018)

Tuns@nunil isndenlfiadosfinst 3 ffuvy FOM uagdan PLA iesainiieniuuiugy
wingaudmsulunarualug ANNANAILAUNY kagamaganlunisidnulaglidadd

[

AEyiiay Aldanglunsasnsluina LINAC 3 fifigavilaiiegnussana 10 segansy

v *9

54

'
=

Feninaaslsaweuiasgenn snsislunadsanunsauinguanlaluaile (Bliznakova et al,
2023; Garcia et al., 2018; George, Liacouras, Rybicki, & Mitsouras, 2017; Mitsouras et al,,
2015)

'
N o w

ANUNITANYIVDY Garcia LavAe anwaeNdAgyIedliing F3590899Un 1ATIEs193eu
119 WagAnuiugn amsgniirulidenndeiuinguszasaniensAine (Garcia et al., 2018)
lumsiansanvess gaiuluiinisanvuinvesasos LINAC sukuuliiivuianetioldluile lny

fmuusdugn 0.15 Tafiuns druusznounaned1s gantry Wag couch gniiuikenaananiu

a o <

warFethunvsenaueeiy 35aidudssndu Wesnuiniuidudlunaidnseuiuaziina
YDIINNLLNUZEN FIFINALALUAANAUNTN15TAT8IUINTY UanaNT Tawma LINAC LhuU
Y a daa a [ ~ Aa ¢ aa vy P | |

AanunddRe) wilunsalvsslunaniiun 3 46 151aunsaltanaisdinonansdiulsznounige

vaalaseainala lunafiusuussdgniaunluivussunauasssegatiwanzaulunsiun
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HadnsAe Ssdnmallafiinsiunsfnyviaaeaunsaseylasaiamdnves LINAC laegnausiugn

A [ a = v v & ' o [y A 14 =
U 100% 8RNI1AIURANAINTAINUFURNUSN A UDENTALAUNVIUIATLANAIVDILATIAST &

aaa

wandlmiuinlunaiiun 3 dddauazildaaiissnelunisssydiudsznouves LINAC laegng

wiuduilenFouliisuiuiaies LINAC fuluy
dieliulloinsUssdiuiianuasianensludunuamiasanuenvestoasy Idldee

AauAgInUluNIINAgDUNDULATAIN1SIS8Y (Asghar et al., 2022; Moonkum, Mongkolsuk,

Suwannaporn, & Tochaikul, 2025) N193LATIERNNERRLAelY t-test N5zAUAIIUTDITU 95%

o w

wanaliiunlldanuwnnaised1eildeddl unr LN aUNISNAFDUSENINIERAS SIS U Ao

o

m3ldluea 3 ffves LINAC wagdsnisdeuuunaiy Jaaansialiiuingidisiusissiuanug

= =

fugruiidisudssiuld agalsiony Wevsziliudssansuavesuna LINAC wuanguilldluag

a o w a

LINAC 3 87 finsimunadwsnisisousatueeefidedfagmieaa (P < 0.01) Fawanslmiiuain

o

(%
v a

AZWUUNAIN1INAADUNGINTINGUTITITMTAOURUUALAY Inglad ALUUUNGINISNADUTDS

nauililaea 3 TReghn 24.0 = 1.5 luvueiingunlditmsduiudazuuuatuegn 21.3 + 1.8

Y 9

ANULANAIVDINAANE WD1IUNDINANUAIUNTOLUNITIARDULAL NS AUNATD LA 3

15 Fatreiiuanuaulawaznsiaiusiuvesindnunluninseus ivelllasunisatduayuain

= YV

ANSANYIVDY Jansen hAYAMY ﬁLLamiﬁLﬁu'jﬁmiLLammwimqa%’wﬂugﬂLLUU 3 4@ 190

(%
=1

ImUSeumniion1suaninauuuaIlfuuniie Jansen, Dragicevic, & Fekete, 2013) uananil
msdananuiearadonuunasgulunguildlies 3 Sidniinduilldisduiy Fuaneds
N15AAYBIINVRIAINT LAABAAITUNITANYIYDY Seitzman Uag Moonkum (Moonkum et
al., 2025; Seitzman, Pushkin, & Berg,:2020)

o [y

wansAnwiuandliifiuinliea LINAC 3 SfdundesilonsAnuiifamerdmsunis
dumnudnlafisriulasiadiuaznisinaurenaies LINAC Geaanadasiunanisineues
Stefan waz Yuan fiseauinnsidluea 3 fagreimunsRndulunsIassnsHdansEan
FUNBILALAITABUNINNIINSHNNE (Stefan et al,, 2020; Yuan et al., 2021) uaﬂmnﬁ‘y
nsAnwlae Sa dos Reis way Bliznakova Selauansliiiiuinluna 3 Aafunuinddaglunis
WA nnsEnausHludunsnTIawLNMskLluLnTY (Bliznakova et al., 2023; Sa dos
Reis et al., 2017)

waannfidnAnwlaiseuiifeatunies LINAC iWunaiussunamiied wannlaidngyas
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Usuugadszansamlunisldoeies 33nsilaonndestunanisAnuives Wu uag Yuan 4
seuimsliluea 3 fveiunuannsouasinuylufunsfnwineedin (Wu et al,
2018; Yuan et al, 2021) N15AN®1984 Lynch wag Chatterjee §aiurininnisiseusniuluing
yamenminaKaUNsEudaLAE N TUSandaefiunsandidoyalusrase lFABty
(Lynch & Chatterjee, 2008)

Mnnsysannstma 3 dasudunisldnisad nuiinisendinnuilussezennd
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(Santos et al., 2019; Singg & Mull, 2017)
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1@ (Bliznakova et al., 2023; Valverde et al., 2022) ﬂﬁjumsﬁuma 3 UASILUINAANANTENY
FavannnuludiuaiunssiioteunazusagdladiniuisnadsuimadeniiAeadestunis
Ufduiusmanienm dnidenanseuduansanuaulalunisilueas 3 Saluldluduiseuves
»Y (Bliznakova et al., 2023; Celorrio-Barragué, Calvo-Simoén, Gaspar, Vidal-Cortés, & Martin-
Ramos, 2019; Soares et al., 2013)
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