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Flexible Organic Polymer Photonic Devices for Biomedical Applications

Guo Jingjing’, Guo Xiaoyan, Tuo Jialin, Li Zhuozhou, Xu Lijun

School of Instrumentation and Optoelectronic Engineering, Bethang University, Beijing 100191, China

Abstract With the intense exploration of photonic materials and devices in emerging fields such as wearable techniques,
smart healthcare, and biomimetic robotics, developing photonic devices with high flexibility, biocompatibility, and even
biodegradability has become critical. To obtain photonic devices with outstanding optical and biomechanical properties,
research and development on various aspects, including material synthesis, structural design, function implementation,
and device fabrication, are urgent. Organic polymers have been considered to be some of the most competitive materials
for flexible photonics due to their soft texture, flexibility, biocompatibility, facile synthesis, and simple modification. A
series of novel functional photonic devices such as optical waveguides, diffraction gratings, and photonic crystals, have
been developed based on organic polymers. This paper provides a comprehensive review of recent progress on the study of
flexible organic polymer photonics. Current techniques, methods, and applications are summarized and analyzed.

Perspectives on the future challenges and applications of flexible photonics are also discussed.

Key words flexible photonic devices; organic polymers; biomedical photonics; optical sensors; optical diagnosis and
treatment
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Fig. 1 Hydrogel optical waveguides. (a) Fabrication of slab hydrogel optical waveguide™; (b) light guiding in slab hydrogel

waveguide; (¢) attenuation spectra of PEGDA hydrogels of different relative molecular masses™"; (d) fabrication of step-index,

core-cladding hydrogel optical fiber'"; (e) light guiding of a hydrogel optical fiber in porcine tissue™™; (f) propagation losses of the

hydrogel fibers""; (g) microscope images of a highly stretchable, tough hydrogel optical fiber made of Alginate/PAAmM"™;

(h) stress-strain curve of Alginate/PAAm hydrogel optical fiber™; (i) fabrication of core-cladding hydrogel optical fiber by

dynamic wet spinning apparatus’
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Fig. 2 Hydrogel micro/nano photonic devices. (a) Fabrication of hydrogel photonic crystals (PhCs)"™; (b) mechanical flexibility of the

hydrogel PhCs"™; (c) structural color of hydrogel PhCs with designed periodic nanoholes™; (d) fabrication of hydrogel gratings

by laser holographic lithography*”; (e) laser-induced reduction of Ag " ions to prepare gratings""; (f) photographs of the hydrogel

gratings'™; (g) surface image of the hydrogel grating™"’; (h) diffraction spectrum

[62]

1316002-4



HIRXE - FEERR

ST S G JE 0 B0 22 A, DT g L 5 B AT A
WP R Bl o DRI, S0 R RE 5 5 | A K B I A BB A
A, AT UM FH 2 235 4 of S BRAR ORI 4
2.2 SRR

IG5 A R B 3 2V BE S PR R R | SR L B
SLRE S, A8 AR W) B o I vy 1 A EOR CE BE A A
@ T AREH AR HA M HSE A
PR32 gl e A A% Sy, WP B BT A O 5 &% 1 15 21 24 filk
FEAERUARA 3 XU o B SRR BEIBEE 7 # 1F RE 6% $2 {12k
LA LU A2 ) ) 2 PR BE L (EL by 7 g B 0 35 AR
SUE T A BRI o 2 B R AR A R T R IR
KB R 2B W Rk oKk oy, S BOL T MG

a

Step 1 Step 2 1

Step 1: Core fabrication

€

PDMS precursor |'

Il'/(sa) I
Y &0 °C, 40 min

. (3
\ Bt g

Thermal curing

Step 2: Clad coating
Dip t Spinning Theen)
coating I curng
~
- -_ ~ %
5 1
ot
PDMS precursor Core—
(20:1) j
(2, &y
Rod-in-tube
preform '

Horlzontal drawing

Fast drawing

F60EF 13H1/2023 £ 7 A/ B EXRBFEHE
TEEH . ML, A5 H IR T 5T A LA
BT F AR AE MR A B T TAERH R BE AR T R 4T
() BIL AR RO A R R Horp SR T R R AU
(PDMS) & i BARR MW A VLI a2 — B A
RAF 0 2 B0k AT b A v R AR AR M Al T T SR
o . B Ak, PDMS 76 48 58 19 0% 3% v [ (400~
1000 nm) N H A 5 13 etk 3R 5 18 S 7E 16
TR, Missinne 8556 45 5 5l 70 AR 40 3 7 4
ARIF % 7 AT 25 gl B A PDMS SF DG I S 8 15
P FE R 0.3 dB/em~0. 5 dB/em[ & 3(a) .(b) ], i@
o RO R O I B % S T DA S B 2R 1 1 O
THER TR M PR IR AR S RE R R R 4P 1Y

| link | k ink 3 |

Average insertion loss varistion (48] €9
_"L.k _I
3
——
—
— EE‘?
——
1 L

! I |b | l Al
[} PRt Ax 10 LSl &=t
Stresching eycle number [-]

250°C

. Drawn fiber

Al

B3 SR AL I PR E . (a) PDMS [ 4103 S 40 45 0736575 (b) SO TR -5 #F A9 PDMS FESI 63 T5005 (o) i i vt 3% S vk fe 5%
M (d) 2F -4 2 WY R AT 55 2 PDMS G251 45 7537 (¢) PDMS LA 75 (f) PDMS J62F SO6RUREY; (g) 3t
Brl M T4 %145 TPESEZF™ 5 (h) 200 m (9 TPE e £F 528 181575 (1) TPE Je£F iyl BifdpE- 5 (§) P TPE Ye 45 il 4 ik

(k) TPE JE£F s f g ™
Fig. 3 Elastomer optical waveguides. (a) Fabrication of PDMS waveguide array””; (b) PDMS waveguide array integrated with light
source and photodiodes”; (c) effect of stretching on waveguide performance”; (d) fabrication of step-index, core-cladding
elastomer optical fiber'™; (e) cross-section image of a PDMS optical fiber™; (f) light guiding in a PDMS optical fiber'™”;
(g) coextrusion fabrication of step-index TPE optical fibers'™; (h) photograph of 200 m TPE fibers"”; (i) stretchability of the
TPE optical fibers"™; (j) fabrication of single-mode TPE optical fiber™; (k) single-mode guidance in the TPE optical fiber™
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Fig. 4 Elastomer micro/nano photonic devices. (a) Fabrication of PDMS PhCs"™; (b) tunable structural color of PDMS PhCs upon

stretching™; (c) strain induced spectral shift of the PhCs in reflection”; (d) fabrication of PDMS gratings by nanoimprint lithography;

(e) microscope image of PDMS diffraction grating””; () stretchable PDMS optical waveguide with nanograting structure!”
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Fig. 5 Biodegradable photonic devices based on naturally polymers. (a) Direct ink printing of silk waveguides"”; (b) images of straight

and wavy silk waveguides™; (c) light guiding of a step-index silk waveguides in tissue”’; (d) silk microprism array™”; (e) silk

PhCs"™; (1) silk microlens array"””; (g) fabrication of agarose optical fiber with porous structure™; (h) photograph of a porous

agarose optical fiber™; (i) cross-section image of a double-core/cladding cellulose optical fiber™”
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Fig. 6 Biodegradable photonic devices based on synthetic polymers. (a) PLA film fabricated by melt pressing™’;
specific shape fabricated by laser cutting of PLA film"

(b) waveguide of

" (c) time-dependent in wivo degradation of PLA waveguide™;

(d) average relative molecular mass of PLA chains versus degradation time™; (e) fabrication of core-cladding citrate-based

polymeric optical fiber™”;

citrate-based optical fiber™!

(f) cross-section image of a citrate-based optical fiber™”;

(g) photograph showing light guiding of a

; (h) biodegradability of the citrate-based optical fiber in vitro™”
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Fig. 7 Implantable biomedical sensing. (a) Structure of the glucose-sensitive hydrogel optical fiber"; (b) implantation of hydrogel optical
fibers in porcine tissue"; (c) time-dependent transmission changes as glucose binds to the hydrogel fiber'"; (d) photographs

of the glucose-sensitive hydrogel fibers with/without gold nanoparticles (GNPs) modification””; (e) transmission spectra™;

(f) implantation of glucose-responsive fluorescent hydrogel fibers in mouse ears"'; (g) glucose monitoring 140 days after
implantation'”; (h) real-time monitoring of blood oxygen saturation by implanted hydrogel optical fiber in living mice"";

(i) readout of oxygenated and deoxygenated hemoglobin concentrations'"
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Fig. 8 Light-based therapies. (a) Implantation of waveguide in porcine skin incision™; (b) photochemical tissue bonding of skin incision

with hydrogel waveguide™; (c) hydrogel waveguide for noninvasive PDT in a mouse glioblastoma multiforme (GBM) model*";

(d) light guiding of near infrared light transmission”*"; (e) mouse tumors were regressing after PDT as compared to other

controls groups™™; (f) optogenetic hydrogel optical fiber probe™; (g) mouse implanted with a hydrogel optical fiber in motor

cortex for optogenetic modulation”"”; (h) regulation of mouse behaviors under neuronal stimulation

[108]
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Fig. 9 Wearable sensing applications. (a) Stretchable optical strain sensor based on PDMS optical waveguide coated with a thin gold

reflective layer™”;

(b) stretchable fiber-based strain sensor integrated on an athletic tape'™; (c) monitoring weight-bearing

activities"; (d) wrist pulse monitoring"™; (e) detection of muscle movement during speaking™”; (f) smart glove for finger motion

detection™; (g) activations in the motor cortex of a patient with Parkinson’s disease while performing finger motions";
[67]

(h) flexible and wearable fiber-optic temperature sensor

and temperature sensor based on photonic crystals™™;

]

; (i) subtle thermal signals generated by breathing””; (j) wearable strain

(k) schematic of the thermoresponsive plasmonic microgel films"";

(1) spatial skin temperature visualization and mapping'*”
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Fig. 10 Applications in human-machine interface and robotics. (a) Artificial prosthetic hand installed with flexible optical waveguide

sensor”; (b) photographs of flexible optical waveguide™; (c) prosthetic hand actuated to perceive texture, shape, and

[26 ]

softness™; (d) flexible LSPR optical tactile sensor™”; (e) robotic hand integrated with LSPR sensor to perceive material

[29],

hardness”™; (f) tactile force mappmg of different hand motions™"; (g) smart glove integrated with elastomer optical fiber strain

sensor for virtual model control™; (h) polymer-waveguide-based flexible tactile sensor array™™; (i) microscope image of a

[138], 38]

waveguide taken at the surface of the sensing area"™; (j) a thin-film waveguide sensor array at 3 9 matrix"

FOCH AR M RO AL A B T IRRE RS AR 2O L IR h BUE S R B S O 25 4L, I
VA KRy oA A e = e LR . i i 2 AL TR AR A B H— A EF B A B HL A B SR . R LA
(R, BT N LM B A B A PP A B AR TN AR SR Ry G B A R AR R, RSN B RE A LR E
T2 45 B BLAR 2 ST BRI X S PSR M JE A AE 1 e A9 4 [R] 3 B 256 S 90 25 iy 0 4 1P 7 79 1050
A AT RS ER S T 950 [IE 11(e) o AWK 11(d) Jo #E—2, W50 N SR X FlOL £ 70 A
Bai IR T R Z AR TR MOE A AR AU R R B e T b X 2 )L R 2

1316002-13



F£605FE 138/2023F 7 B/BAEXBEFZHE

m |onic Liquid === Optics === Conductive Fabric Reference === Estimated State (0 —7)

(0: Initial, 1: ing, 2: Bending, 3: Comp a ing &
g & Comp [

Sensing i
& Comp , 7 ") g & Comp

Element

lonic Liguid
Sensing
Element

ml

2V s Hsobﬁvﬁb‘:far

Time (Sec.)

R T N

Estimated State

A Signal / Signalo
BhAoanpwaanon-o

Conductive Fabric
Sensing Element

11 RS RIE I (o) 2P 00 SR L (6 R s (b) bS5 BB T LR B 5 s (8 FIR AL 414
TE 25 B4 55 () AL O £F 345 5% 06 B8 £ B AU 048 OB (o) SO T 40 A 206 HR 78 10 T 26 F
£ (0 AURERAE PN E 1) 527 T

Fig. 11 Multimode tactile sensing. (a) Heterogeneous tactile sensor with multi-sensing elements""”; (b) optical waveguide composed of

elastomer cladding and ionic liquid core™™; (c) estimation result for eight different combinations of multimode deformations™*";

(d) light output of the stretchable distributed fiber-optic sensor under different deformation modes""";

integrated with distributed fiber-optic sensors"*”
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