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1. Introduction

Flexible displays and electronics are advancing rapidly, which
necessitates flexible display cover windows (fDCWs) that can
replace rigid and fragile glass substrates while withstanding
repeated folding and unfolding cycles. fDCWs generally require
materials with high optical quality, mechanical strength, folding
reliability, and processability for mass production.

In the development of fDCWs, extensive research has focused
on ultrathin glass (UTG) and polymeric films. While UTG offers
hardness and transparency, it lacks impact strength and
manufacturability. On the other hand, polymeric films are more
flexible but generally exhibit lower mechanical strength and
optical quality. Among potential polymeric materials for fDCWs,
polyimides (PIs) are particularly promising due to their
exceptional mechanical robustness and thermal stability, which
is attributed to the unique charge-transfer complex (CTC).
However, conventional colorless polyimides (cCLPIs) often
present a trade-off between mechanical and optical properties,
typically exhibiting a yellowness because of CTC interactions.

This study presents a highly transparent, colorless, and
flexible window film based on a functional CLPI, employing the
concept of mismatched CTC intensification through multiple
hydrogen bonding and salt complexation interactions.! The
developed window film demonstrates excellent optical properties
and outstanding bulk and surface mechanical strengths. To our
knowledge, it exhibits the best-recorded balance between
mechanical and optical properties for a highly flexible optical
film.2 Furthermore, it possesses remarkable mechanical
durability and folding reliability.> These remarkable properties
are attributed to the unique supramolecular structure with
multiple hydrogen bonding and salt complexation interactions,
which exhibits mismatched CTC intensification. The
mismatched CTC intensification mechanism is also proposed in
this study.

2. Results and Discussion

A series of window film (CLPI-X) samples were prepared as
follows. An amine-terminated amide oligomer (AAO) was
reacted with diamine and dianhydride monomers to synthesize
CLPI-X. CLPI-X/S-Y samples were also prepared by adding salt
to CLPI-X. The mechanical and optical properties of CLPI
samples and commercial engineering plastic films (PC and PET)
were analyzed using a universal testing machine and
spectrophotometer. The resulting window film exhibited
Young’s modulus of 10.3 GPa, total transmittance close to 90%,
and YI below 2.0. This is the best-recorded balance between
mechanical strength and optical properties for a highly flexible
optical film.

Window films must have excellent mechanical durability and
folding reliability to successfully develop next-generation
flexible displays. However, conventional polymers often suffer
from significant wrinkling and creasing in folded areas due to
permanent deformation beyond their elastic limits. A U-shaped
dynamic folding experiment (a folding radius of 1.5 mm and a

folding/unfolding time of 1 s) was performed to measure the
mechanical durability and folding reliability. Surprisingly, unlike
conventional polymers, the folded surface of CLPI-X/S-Y
remained intact and showed no observable deformation, fracture,
or damage even after over 300,000 folding/unfolding cycles.

In traditional PI systems, CTCs are formed by specific
consecutive interactions between alternately formed electron
donors and acceptors. This is the cause of the trade-off effect
between the mechanical and optical properties. When the
electron donors are replaced with AAO containing amide groups,
the alternating electron donor/electron acceptor structure is
broken, leading to mismatched CTC interactions. As a result,
decolorization can be achieved owing to the weakened

interactions resulting from the unique mismatched CTC structure.

The weakening of the CTC interactions usually also decreases the
mechanical strength; however, CLPI-X exhibited good optical
properties and an excellent mechanical strength compared to
those of the cCLPIs. It is also noted that multiple amide groups
are localized in the AAOs, which means that multiple hydrogen
bonds are created between the AAOs of the CLPI-X chains. As a
result, the mismatched CTC interactions are intensified, which
plays an important role in overcoming the trade-off effect. In
addition, because CLPI-X/S-Y chains are connected via multiple
hydrogen bonds, salt ions can be maximally complexed by four
adjacent CLPI-X/S-Y chains. Owing to this unique
supramolecular structure with multiple hydrogen bonding
interactions and multiple complexation interactions, the
interactions between CLPI-X/S-Y chains are more intense than
those between CLPI-X chains.

3. Conclusions

In this study, we developed a novel, highly transparent,
colorless window film for a flexible display cover window,
employing the concept of CTC intensification. The resulting
window film demonstrated excellent optical and mechanical
properties upon optimizing the monomer compositions and
intensifying the CTC interactions. More importantly, the window
film showed the best-recorded balance between mechanical
strength and optical properties among previously reported optical
materials, including commercially available optical-grade
engineering plastic films and glass substrates. In addition, the
window film exhibited excellent mechanical durability and
folding reliability over 300,000 folding/unfolding cycles. These
were achieved by intensifying the mismatched CTC interactions
based on a combination of multiple hydrogen bonding salt
complexation interactions, leading to a unique supramolecular
structure. We expect this work to provide a new avenue for
fabricating highly flexible optical films for next-generation
flexible displays and electronics.

References
[1] Hong et al. Adv. Funct. Mater. 32:2111040-2111050 2022.
[2] Unpublished Results.
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1. Introduction

In this study, we apply existing BAAM (Big Area Additive
Manufacturing) technology with 3DSW (3D Skeleton
Winding) to enhance molds for compression molding. This
approach improves shape and surface quality through a
machining process after BAAM, including the 3DSW
process, to manufacture high-strength, continuous fiber-
reinforced composite molds. The reinforced molds will be
effectively used continuously and provide sufficient
usability under autoclave processing conditions.

2. Manuscript

2.1 BAAM: The mold was produced using BAAM. It
employs the mirror skirt mold and seat bracket side mold
used by ‘H’ Motors, which were created through BAAM
and finished through machining. The materials used for
production include three types: PC, PPS, and ABS.

2.2 3DSW reinforcement: The 3DSW reinforcement
method for composite molds has been studied, leading to
the implementation of continuous fiber reinforcement.
Using the reinforced molds, compression tests are
conducted to verify their ability to withstand pressure
during processing as shown in the Fig. 1.

Use case 1: Compression molding

Use case 2: Injection molding

Connection loops
within milled paths
—— &attached to both
mold plates

*  Circumferential windings act ike tension-straps on

= Circumferential windings act like tension-straps on
each mold plate (against in-plane stretching effect)

both mold plate (against in-plane stretching effect)
= Connection loops prevent out-of-plane opening of the
mold

Fig. 1. 3DSW reinforced molds for compression molding

3. Results and Discussion

By simulating the molds produced using BAAM, we were
able to assess the strain during the process. As shown in
Fig. 2, we identified that not only does mold failure occur
during typical use, but also that the deformation of the
mold affects the precision of the product.

Fig. 2. BAAM compression mold simulation

Through simulation, we identified the areas that require
reinforcement and devised methods to strengthen the
corresponding locations, as shown in Figure 1. To validate
this, we produced a scaled-down version of the BAAM +
3DSW mold and conducted experiments. To verify the
reinforcement effect of 3DSW, we performed compression
tests using a universal testing machine, allowing for a
comparison of the reinforcement effects based on the
number of windings. This enabled us to predict effective
reinforcement methods and the required number of
windings for appropriate reinforcement.

4. Conclusions, Significance and/or Future
Works

Molds used for producing composite products typically
have high costs when made of metal, presenting a
significant issue. Through this BAAM + 3DSW mold
study, we were able to address these concerns. The BAAM
molds reinforced with continuous fibers demonstrated
sufficient material properties, effectively suggesting a
suitable mold manufacturing method for small-scale
production.
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1. Introduction

Stealth technology often relies on frequency-selective
surfaces (FSS) for radar absorption. Traditional FSS-RAS
fabrication requires time-consuming steps involving
conductive inks and metallic masks. This study replaces
these with nanomaterial (NM) [1] patterns transferred onto
glass fiber prepregs, forming an FSS-RAS based on a
Jerusalem cross design. Nanocarbon is deposited on
polyimide film, then pressure-rolled transferred on glass
fiber fabric. The composite is vacuum-bagged and cured,
achieving over a required radar absorption across an
interesting frequency band with a less than 3.0 mm
thickness. This scalable, straightforward approach
facilitates precise patterning without complex tasks. Short-
beam shear test results also shows that interlaminar shear
strength (ILSS) of composite increases when integrating
NM as interlayer between each ply of glass fabric.

2. Experimental Method

The NM-based FSS pattern was produced by depositing
NM on polyimide (PI) film. The electrical conductivities
of NM was measured using 4-point methods. With these
values, FSS-based RAS was designed based on Jerusalem-
cross pattern and simulated using CST Microwave Studio.
After that, NM was transferred onto glass fabric prepreg
using pressure-rolling technique. The composite RAS was
fabricated using vacuum-bagging process. Finally, the
electromagnetic absorption performance was measured
using free-space measurements. The short-beam shear test
were fabricated and tested according to ASTM D2344
standard using universal testing machine.

3. Results and Discussion

3.1 Radar Absorbing Performance

Fig. 1a shows the final FSS-RAS with optimized shapes
of Jerusalem-cross FSS. The total thickness of the FSS-
RAS is under 3.0 mm. The free-space measurement results
shows that the return losses are less than a required
absorption in the orthogonal angles (0°, 90°) modes (Fig.
1b). This result means that the fabricated RAS is capable
of absorbing more than the required absorption of
electromagnetic wave in the frequency range of interest.

3.2 Short-Beam Shear Test

Optical images of the fractured specimens are shown in

Fig. 1c. Failure due to delamination was observed in all
specimen. For the [GF.,/NM] specimens, delamination
occurred only at the interfaces without NM, while the
interfaces containing NM remained intact, even after fiber
breakage. The calculated ILSS values (Fig. 1d) are 23.2
MPa, 24.0 MPa, and 29.0 MPa for [GF], [GF»/NM], and
[GF1/NM], which correspond to increases of 3.2% and
25.1% for [GF»/NM] and [GF/NM], respectively.
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Fig. 1. (a) Schematic of NM pattern, (b) electromagnetic
absorption performance, (c) Optical images of fractured SBS
test specimens, and (d) interlaminar shear strength (ILSS)

of GF composite with and without NM

4. Conclusion

An composite RAS based on FSS using transferred NM
was fabricated, achieving over the required absorption
across the interesting frequency band at less than 3.0 mm
thickness. Short-beam shear test also revealed that the
ILSS of glass-fiber composite was enhanced by integrating
NM as interlayer. This novel technique has proven to be
effective and scalable.
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Optimal design of Microwave Absorbers integrating genetic algorithm and power law
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Adst F cA9 FHAA MA@ Ao

dosith 2 Aol e 1 dugsd ¥ 1S
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(8.2~12.4GHz) A3 <& AW tAA  FH A
FAE Zh= goly A& AAs

2. MY
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Fig. 1. Prediction of (a) Real and (b) Imaginary
permittivity of composite at 10.3GHz
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Study on the RCS reduction effect of continuous fiber 3D printing-based Radar
absorbing structure
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1 BAe Goge) AskERA A R AR AT}
g SRR (1), olAd AsFETEe
Azte] AA QA 2N A £ G S L M E
AR AR ) 2 e A 4 i
ﬁ‘/\

o S3tel d9EF773% (RAS, Radar absorbing
structure)a EZ” ‘:7"1 xﬂ Z}?}_‘ lﬂ Wedge “aé}g',‘i] }\]lej_oﬂ
#8-3Fo] RCS (Radar cross section) =4S 53l
Ao E5TE Aaol GE P2 RCS AT EIHE
w43

2. 95 M7 3D ZEE J[& 7|8
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2.1 A4 E5 2FH 5 dassTx AA
of AlgH dEfHE:= FFIRE AFHAE
S 7} Onyx ESD (Electrostatic discharge)
HE S HAA 5745 7H Fiberglass 2 el E7}
2T}t Onyx ESD®} Fiberglass® A &t¥ vt
T2 1 floll AHZ %% 2dH 3H FXE T
edW v AggFeaxs A o 1
RHO EE5HA FEF :rLZ ’\eroﬂ fiberglass 2~ A ]
upper plate= HXLO]'OJ] AaFrazE AA ST
zk A7 stenl Bl E 2 4dske] MR TE/TM 2 =9
AAE 4k ATkel g HA] A9 F He=
7}A] =5 Ansys HFSS # 2}7] 34 iiEﬂM £ &3l
HA st AAE st AAlE AoErTx
2% = Fig 1 (a) 9 2t}

AN

(@) HH AAE AuFa7a H (b)
T-Z27F A 8-% wedge Aol S BA =

1
an g

22 MuESs+= HEBE wedge AH M= 2
RCS &4

254 & Il & gl ddE = wedge
G Al 2148 AAS AaEF5FTRE A&
sholth g7 484 wedge A1 EAE=
Fig.l (b)¢} Zth A& 4l 3D ZREE &3
AFFT2E AZste] wedge AlH o Aol
283

PR 7pgAte] BES A 219 fiberglass
A2 A stk A FE A9 5T 2 A4 wedge
Aol tshol RCSE SAsRon &

A719 dFrE &

H] 2.8} A T
3. 28 & =1

W oATE B9 A QA A% B4l 588
AopgFarT2E A48 A2 diske] RCS A%k
a9e Agden ¥4 9 gAgsd. g%
ApErTast A8 ogw BHe Awe
A #Fske] RCS A% &35 A8 o ol th
2Dz
[1]J. Ren et al. Materials. 11:1249, 2018.
[2] D. Yubing et al. Materials & Design. 208:109900, 2021.

o] e V| EAHRTAF] QYo AT AT
Zolol =R QA 7| Sl A A e x9S who} Frol o]E
ALA7| /MY S 3 FAHAFUT (NRF-2020
M3C1C1A01084220).

- 49 -

rz = nE Jm



20253 r==EA

h2ats) 27stsTs)

=1
2025 Spring Conference of the Korean Society for Composite Materials

Mu 54 Mz ZEY S o2

N2 A 45 9ot

Evaluation of High-Temperature Electromagnetic Performance of
Radar-Absorbing Materials According to Coating Thickness

HEe ! ZEZ T, wEE ]

2 =7 1+
wjatal 2, 0| 5

*B.W. Choi !, T.W. Kang |, K.H. Bae |, S.M. Baek 2, J.K. Lee ™

1

rot

b Etm 7| A= s,

2 Zutmlstol P4

*E-mail: jongkwang@hanbat.ac.kr

Keywords: Stealth, Radar Absorbing Material, Reflection Loss, Free-Space Measurement, Resonant Frequency

ME

2~ dll 2 (stealth) &
chopel A g o] 3 :
,]U]qf_h:}[l 13175]_ A" A 7]30] ]
Aol GARE A7 FARE F ow,
BEY Fadle AAavp) g4 P
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Fig. 1. Reflection loss at room temperature
according to coating thickness.
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[1] CM Choi et al. KIICE. pp. 1331~1337, 2010.
[2] DY Kim et al. KMS. pp. 210~215, 2012.
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AF719 I w9l s Fgsta SRS S
&4 A& Ao ddF I ek ol AL loT &
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(Mosaic Warfare)oll -38}= A Algta & 4= ).

3. Oo|= CCA At W& g

20243 449, "= F2 General Atomics %
Anduril2 CCA Increment 1 7] 2] A = A A 3} o}
T 3| AHE CCA A AL, AL 18] a1 Al g v &S
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P AL
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Fig. 1. CCA Increament 1.
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1. ME

719 B4 TS AT dFste Ao,
olE gAsr] gk tiiEA Wete=E U|E 5%
TEES BFAE dAshs defo] de] &8¥aL
At H3dAlE S5 FAS A E AlTsHA R
v vl T o I8 Holdh st s wy s
53] Fa¢F Hoke H¥A= FE =TIy
(prepreg) = 215 sto] ghu|vlo] E P = xﬂZ,Q (1],
dubtg oz QEFYolH (autoclave) ¥ HS F3
AR CESHH FAHLS 3’_% LA
oA HEA HF- 7 Ts aRH o2 AAD
FAT, F2 Au HE, G H RS 284
Zo] gHo] A&How Ao gk} [2,3]. o]
el e EFHolH 8-S ARSeHA] Falk -5
FAo H53A gy ]EE Az F As
22 EZ o] B (Out-of-Autoclave, OoA) &7 7|9l

ol g Ao} whale] 7k 9)

2. EREZ o2 33

2.1 EeEZolE 3o BR
A A

S EZHolH FAe THE 12 1 2AS
HAE7] Al GFd dergdoln 34 7]Eo]
A

I 2 AgE A
7148 Table 19 AT o] o=
NREAAY 2L 7=4 =975 S8 &S
AT A F F FAHEE E3HH o] k. hE A<
Elo EFdo]H THOR = Bo eIy
zZzya ¥4, A4 A7) 2 (direct electric
heating), vlo] A 23} W< (microwave heating), %=
7} (induction heating) 5-©] .07, ¥ I Lo A = o]
v 711 3RS FAoZ HE AFd BIgS
A stazt gt

N

_IEO

ka

2.2 ©H2EZgo|E Z2|ZyO

gdoEZYoln Zyzyg s QEFHolH glo
AT HJAE AAer] e, Tz ol
71% wl& 7 2 (engineered vacuum channel)E A} o]
nhA s AL K9] frE5dS FAIA 7o R

71 AAZY s st e S AAS e 2y 15w
ol & Fall 1%t glolx= HFA -] 7| TE AT
F glout, 713 AA 459 b Aol stk AA7
Table 1 Summary of out-of-autoclave processes
Heat
Process transfer Explanation Ref.
mechanism
Modification of
prepreg
OoA Convection configuration and [2.4.5]
prepreg composition for >
improved void
removal
Hot press Compregswn with
molding a high- [6]
temperature mold
Simultaneous
. application of heat
Quickstep and pressure via a [7.8]
heat-transfer fluid
Conduction
SQRTM Injfgtlr(::n _of
(Same- prepreg-
. compatible resin
Qualified o
. to maintain [9]
Resin .
Transfer uniform pressure
. throughout the
Molding) .
composite
Direct Resistive heat
electric generation via [3,10]
heating Conduction electrical current
or Internal heat
volumetric .
Microwav heating generation
. through dielectric [11,12]
¢ heating .
rotation by
microwaves
Eddy current—
Induction Volumetric based internal [13,14,15
heating heating heating of ]
conductive fibers
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ZYoln 2y FAHLS SEZHHE
P 23kAE Az ﬂgﬁ

7H R |2 Wil 71E wiE
s 53k ¥ wlE 4= (engineered vacuum
aL Ao Fede

7§/ 8o “4171‘” FAANME aaAl 71E AA7L

TV PtES Y Te) eﬂ}E— g3t ot
o]5 &3 ok §lolE HHA lH 4 718 AAZ
AsaAT, 17 AA el Anin Aol
%wbdﬂﬂﬂﬂﬂﬂﬂﬂﬂ-]q ATolxE
Zelze el A g FobHel wE dng
Gt 71E AA A v FEAT = A=

gbs] WY AL ATt [4,5].

2.3 A M| wo
A 7] < (direct electric heating) 374 - 2} v o] E

u-o] gkl e ghdlo]E Q) el wiXx]H
A% 2 (conductive membrane; o BFAUL=FHE
45, 19 Y= &5 )l AFE 3 J}’\]ﬂt‘“ﬁ
= A3 98 o] 85l BEAE A 0}5
3L LEZHolH FA o] Ui

’d Y| E$] = (nanoporous network) &

45 Aldel i shed A3 (capillary

pressure)= 53] W 7] 3 AAE FH 8= 7= 0]
gdbs] A= AL v (3]

‘%}é‘olﬁ‘r B I3ge %—8« A
FHo]l o, E&i*é% 71§:}—‘_il§jl;<ﬂq 73% @'T

vehd = Sl ‘Pﬁlﬂ iuﬂi et [11. °l=
=S8387] f@ FHE dAFeAE FIE viRA
(intermediate medium)S- v}o] A 23} 2 H A 71 e 3
DA o2 BEA ddst 45 ddste 2o
A EE I glom, ol & Fa 4 dEe] AT &4
A SHA Fom gk s JfAdo] o] Fojx]aL
ATF[12].

2.5 7 7t<

%= 7}¥ (induction heating) 342 LT3 WF
AF7E32E 35 7oA BA == A7)l o8
B3 3 ekl oF A F (eddy current)7} i
o] A7 dol WAsk= WHolty. T2 A5
(thermoset) A B.t} &7k A4 (thermoplastlc) TAE
ARgStE el W davh @we] o] Foixn

o, o FAHL F% 7FY HE (induction
orw de] 4HA vk 5=
g Al e E%LXHQ, ;<17<47§10] A Zx ¢lo] wEA
% AT [13]. ZLefut
452

@%?ia¥ﬁﬂ%ﬂq skl
[14) £ Foke 4 4 0.2 @7 o4} o)

[e)
3o B4 A0t A% 0w ST

EERE:
SE EZYolr
2] & 319 %27 glolx FAE e
A A x7F VeSS AAE AA] &Y,
A A7 24, Uhﬂﬂiﬂr E1R=: I T A R
Ho J1& QEFolH FAHo o AY HpAS

q %Oﬂ H]—/\]Oi Eﬂjﬂé—]_‘—;qu ]’“Z—]

[1] ISBN 978-1-85617-495-4

[2] T Centea et al. Composites, Part A 70:132-154, 2015.
[3]J Lee et al. Adv. Mater. Interfaces 7:1901427, 2020.

[4] S Schechter et al. Composites, Part A 130:105723, 2020.
[5]7J Janzen et al. Polym. Compos. 44:8153-8167, 2023.

[6] J Xie et al. Mater. 12:2430, 2019.

[71 V Coenen et al. MPE-EuROPE conf. Proc. 2005.

[8] J Zhang et al. Mater. Manuf. Processes 22:768-772,2007.
[9] S Black. Composites World, 2010.

10] S Liu et al. Int. J. Adv. Manuf. Technol. 103:3479-3493,

[
2
[11] J Zhou et al. Mater. Today Commun. 26:101960, 2021.
[12]J Zhou et al. Compos. Sci. Technol. 218:109200, 2022.
[13] A Mariani et al. Energies 16:4535, 2023.

[14] M Li et al. Polym. Test. 130:108318, 2024.

[15] W Grouve et al. Procedia Manuf. 47:29-35, 2020.

—“ﬁr T AT A (NRF) Q] -2 AL A1 1S
T 5 AF-oltt, (FA ™ 5 RS-2023-00213782)

o
5]
1o}

- 54 -

Xéu H 17}JEV“X4°1EL

Ho

rf oN rk po



2025\ S =EtE| EA1& =3

=1
2025 Spring Conference of the Korean Society for Composite Materials

128 MOESA H8e S8 S0 ol HAp CEE 24

RCS Analysis of a Nozzle with a High-Temperature EM wave absorber

Keywords: High-Temperature Electromagnetic Wave Absorber, Radar Cross Section, Metamaterials, Aircraft Exhaust
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Evaluation of Energy Absorption Performance Based on Process Variables of Thin-

Walled Structures Manufactured by Metal 3D Printing
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Fig. 1. LPBF process schematic.
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Fatigue Life Prediction of Copper Under Variable Loading Conditions
Using a Cumulative Damage Model
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Fig. 1. Overview Diagram of the Life Prediction Program
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Impact Resistance Analysis of 3D Printed Kevlar-Onyx Composites Based on FDM
Process Characteristics
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Finite Element Data-Based Damage Detection Method Using Explainable Artificial
Intelligence
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Development of a Robotic Antenna Measurement System for Conformal
Load-Bearing Antenna Structures
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1. Introduction

The integration of antenna technology with composite
load-bearing structures has led to the development of
Conformal Load-Bearing Antenna Structures (CLAS),
which are critical for aerospace and defense applications
[1][2]. This research presents a novel robotic measurement
system designed to characterize the gain and radiation
patterns of CLAS in an anechoic chamber. The system
enables real-time acquisition and visualization of 3D and
3D radiation patterns, facilitating efficient analysis of
antenna performance.

2. Measurement System Description

2.1 Measurement Setup

The setup employs a 6-axis robotic arm for precise
positioning of the Antenna Under Test (AUT) across a +90°
angular range in both vertical and horizontal planes,
effectively covering a hemispherical measurement space.
Gain measurements are conducted using a horn antenna as
a reference, while automated positioning enhances
accuracy and repeatability. The system operates in the C-
band (4-6 GHz), with the AUT optimized for 5-5.5 GHz.
Compared to conventional turntable-based methods, the
proposed system provides broader measurement coverage,
enabling more comprehensive evaluation of conformal
antenna designs.

2.2 Experimental Validation

A custom-designed Graphical User Interface (GUI) is
integrated into the setup, enabling the configuration of
Vector Network Analyzer and defining the robot arm’s
movement path. The interface also provides real-time 3D
gain visualization, allowing immediate analysis of antenna
performance. Experimental validation was performed on
two CLAS prototypes developed in our laboratory,
confirming the effectiveness of the system in
characterizing antenna gain and radiation patterns. The
setup overcomes limitations of traditional measurement
techniques, offering an accurate and efficient method for
evaluation conformal antennas.

3. Results and Discussion

Results indicate that the developed measurement setup
provides reliable and automated solution for CLAS
performance evaluation. The robotic system accurately
captures gain measurements and dynamical updates

radiation patterns in real time. The integration of the
robotic positioning system with a precision measurement
process ensures repeatability and consistency in the
obtained results. Figure 1 illustrates the experimental setup

used for CLAS gain measurement in the anechoic chamber.

Anecholc chamber

Source

[
antenna

robot arm

NN

Network Analyzer (VNA)

——— - command signal

- response signal

Fig. 1. Automated antenna measurement setup.
4. Conclusion and Future Work

This research introduces an advanced robotic antenna
measurement setup tailored for conformal antenna
structures. The system effectively characterizes gain and
radiation patterns, offering an innovative alternative to
conventional measurement methods. Future work will
focus on refining the system’s precision and expanding
capabilities to accommodate a broader frequency range
and structural configurations. The proposed setup can
contribute to the design and evaluation of next-generation
load-bearing antenna structures in aerospace applications.
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1. Introduction

Composite materials are increasingly used in aircraft
structures and they require effective non-destructive
testing (NDT) to ensure structural integrity [1]. Laser
ultrasonic testing (LUT) is a contactless, medium-free
NDT technique applied to various composite materials.
The robotic pulse-echo ultrasonic propagation imaging
(PUPI) system is designed for LUT of curved structures
[2]. However, its algorithm is restricted to mathematically
representable surface geometries, limiting its applicability
to practical inspection scenarios. This study addresses this
constraint by utilizing a 3D scan-generated path to control
robot arm movement, enabling the inspection of complex-
shaped specimens using the robotic PUPI system.

2. Method

2.1 Robotic PUPI system: A Q-switched pulsed laser
serves as the excitation source to generate ultrasonic
signals, while a laser Doppler vibrometer (LDV) detects
the echo signals. Both laser beams are focused on the same
point on the inspection surface, with the specimen
mounted on a six-axis robot arm during inspection (Fig. 1).
Precise control of the robot arm’s tool center point (TCP)
maintains a constant standoff distance and a perpendicular
beam incident angle between the specimen and the LDV.
This setup ensures a high signal-to-noise ratio (SNR) in the
detected ultrasonic signals and enables clear visualization
of subsurface conditions.

2.2 Scan path generation: Generating a raster scan path
for robot arm control is particularly challenging for
composite structures with arbitrary curvatures. This study
incorporates 3D scan data of the inspection target as the
input for scan path generation. By translating the physical
shape into executable robot arm control commands, the
robotic PUPI system can inspect real-world composite
specimens with complex geometries.

3. Results and Discussion

A non-planar CFRP specimen with pillow inserts
embedded at different ply depths to simulate disbonding
was inspected using the robotic PUPI system with a raster
scan path generated from its 3D scan. These artificial
subsurface defects were clearly visualized, and the entire
region of interest (ROI) achieved high mean SNR with low

mean errors. To demonstrate the feasibility of this
approach in practical applications, it was further applied to
an aircraft composite structure, successfully visualizing
the positions and sizes of honeycomb cores beneath the
laminates.

< Complex-shaped
composite structure

Laser Doppler
vibrometer (LDV)

-

Optics Pulse laser
(Q-switched)

robotarm

Fig. 1. Inspection of a complex-shaped composite
structure using the robotic PUPI system.

4. Conclusions and Future Work

The experimental results demonstrate that the robotic
PUPI system effectively inspects complex-shaped
composite structures by integrating scan paths generated
based on the shape of the inspection target. The scan path
derived from the 3D scan enhances the system’s feasibility
for real-world applications. To further expand its
inspection capability for larger curved composite
structures, an improved configuration with a fixed
specimen and moving lasers will be developed.
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