Investigation of electrospun nano-fibrous

polymeric actuators : Fabrication and

Properties

DISSERTATION

zur Erlangung des akademischen Grades einer Doktorin/eines
Doktors der Naturwissenschaften (Dr. rer. nat.)
in der Bayreuther Graduiertenschule fir Mathematik und Naturwissenschaften
(BayNAT)
der Universit& Bayreuth

vorgelegt von
Li LIU

aus Hunan (V. R. China)
Bayreuth, 2018



This doctoral thesis was prepared at the department of Macromolecular Chemistry |l
at the University of Bayreuth from September/2014 until May/2018 and was
supervised by Prof. Dr. Seema Agarwal.

This is a full reprint of the dissertation submitted to obtain the academic degree of
Doctor of Natural Sciences (Dr. rer. nat.) and approved by the Bayreuth Graduate
School of Mathematical and Natural Sciences (BayNAT) of the University of Bayreuth.

Date of submission: 09. 05. 2018

Date of defence: 25. 07. 2018

Acting director: Prof. Dr. Dirk Schiler

Doctoral committee:

Prof. Dr. Seema Agarwal (reviewer)
Prof. Dr. Stephan Gekle (reviewer)
Prof. Dr. Peter Strohrieg| (chairman)

Prof. Dr. Anna Schenk



Table of Contents

Table Of CONENTS ......cooiieiee e 1
LISt OF FIQUIES ...t 3
List of symbols and abbreviations ............c.cccecvviiiiiccc e 8
Summary/ZusammenfassuNg..........ccccveiveiienie e 10
SUMIMATY ..t nees 10
ZUSAMMENTASSUNG ..eevveieieeieesiee e 13

I 1 8 oo 18 Tox « o] o 1S OSSPSR 16
AV, o] V7 U1 o] o SRR SR 16

1.2 The mechanism of polymeric/soft actuator .............cccocvevveinennnn, 18

1.3 General polymeric/soft actuators...........ccccveeveeiieeiiec e, 19

1.4 Porous polymeric/soft aCtuators .........cccocveveereeiennie e 26

1.5 EIECLrOSPINNING .veeivieiiieiiie ettt see ettt nees 29
1.5.1 Large aspect ratiO......cccuevveereriieeiieesee e sie e e seee e snee e 31

1.5.2 Large specific area and high porosity...........cccceevevivrivennnnnn, 32

1.5.3 Electrospun polymeric/soft actuators ...........cccccevevvevvennnnnn, 34

1.6 Directionally controlled polymeric/soft actuators................c........ 34

1.7 Fabrication of polymeric/soft actuators by electrospinning.......... 36

1.8 RETEIBNCES....c.ti ettt 38

2. TNESIS OVEIVIEW ...ttt sttt nnes 63



2.1 Giving direction to motion and surface with ultra-fast speed using
oriented hydrogel fIDers.........ccovveviiii 66
2.2 One-component dual actuation: Only Poly(NIPAM) can actuate to
stable 3D forms with reversible size change .......c.ccccoecveviiiiiininennn, 71

2.3 Composite Polymeric Membranes with Directionally Embedded

Fibers for Controlled Dual Actuation ............ccccooenniiiiiicnicicn 75
2.4 Individual Contribution to Joint Publications............ccc.ccocenenneen. 80
3. OULIOOK. ... 82
4. ACKNOWIEAQGEMENT ..o e 84
ST AN o] 0 1= g o GRS 86

5.1 Publication 1: Giving direction to motion and surface with ultra-
fast speed using oriented hydrogel fibers ........cccccoevveiieiiiiiiinien, 87
5.2 Publication 2: One-component dual actuation: Only Poly(NIPAM)
can actuate to stable 3D forms with reversible size change............. 100
5.3 Publication 3: Composite Polymeric Membranes with Directionally
Embedded Fibers for Controlled Dual Actuation...........c...ccccevennee.n. 114

6. List of pUBIICAtIONS.........cccvviieiece e 128



List of Figures

List of Figures

Figure 1. Growth of research of polymeric actuators The increasing
number of scientific papers containing results of both the keyword
“polymeric actuator” and ‘“soft actuator” from SciFinder indicates the
upward increasing trend of polymeric actuators..........ccccoceevveevieecinennee, 19
Figure 2. The temperature-composition diagram of thermoresponsive
polymers aqueous solution. Reprinted from ref [21], copyright (2017)
Royal Society of Chemistry, license number: 4342511322624. .............. 21
Figure 3. Mechanism of UV crosslinking. When the free radicals are
produced from benzophenone fragment by UV irradiation, the “C-C” or
“C-N” are built between the activated benzophenone and the NIPAM part
from another polymer chain, thus resulting in crosslinking. .................... 23
Figure 4. Schematic of bilayer polymeric actuator. ..........ccccccoeevvvvennnenn, 24
Figure 5. Images of reversible bending behavior of 1) photos, 2)
schematics and 3) the corresponding polymer chains. The golden one is the
passible layer and the active layer is made of poly(NIPAm-AA) in the
presence of poly(diallyldimethylammonium chloride) PDADMAC.
Reprinted from ref [49], copyright (2017) Royal Society of Chemistry,
license number: 4342521000764 ........ccoveoeeiieeiiesie e, 25

Figure 6. The mechanism of bending behavior of UCST-LCST bilayer



List of Figures

structure actuator. At low temperature (15<C), the PNIPAM layer is
swollen by water. Increasing temperature to 40<C leads to a shrinking of
the PNIPAM layer, a directional water transfer to the P(AAc-co-AAm)
layer that consequently swells and in result lets the bilayer hydrogel bends.
Reprinted from,[74] copyright (2017), Royal Society of Chemistry, license
NUMDBEr: 4342521434124 ......ooooeeeieeee ettt 26
Figure 7. The concept, gradient structure characterization, and actuation
of the polymeric actuator . (a) A scheme fabricating the actuator (b, scale
bar (black), 30 mm); top surface (c, scale bar, 3 mm); and cross-section (d,
scale bar: 1 mm); (e) the DEC gradient along the thickness direction (from
top to down). (f) fast actuation response to acetone vapor. Reproduced from

[81], copyright (2014) Springer Nature, license number: 4342530538058.

Figure 8. Growth of research of electrospinning. The increasing number
of scientific papers containing the keyword ‘“electrospinning” from
SciFinder indicates the upward trend of electrospinning. .........ccccccevvevnee. 31
Figure 9. The set-up of electrospinning ........ccccccevevviviie e, 31
Figure 10. Schematic illustrating the relationship of the diameter of fibers
and its specific area. Reproduced from [145], copyright (2001) Elsevier
Science B.V.,, license number: 4342531220951 ........ccccovvvviiviieeieesiienn 33
Figure 11. The schematic of actuation of the composite, in which, parallel

glass fibers embedded within the agarose, in response to humidity.



List of Figures

Reprinted from [177] copyright (2015) John Wiley and Sons, license
number: 4342540024870. .......cccuoueiieieiiee e 36
Figure 12. Schematic showing the formation of bilayer actuators by
sequential electrospinning of TPU and P(NIPAM-ABP) followed by UV
cross-linking (steps 1 and 2). The samples were cut at different angles to
get varied orientations of thermoresponsive P(NIPAM-ABP) fibers (steps
3 and 4). The TPU and P(NIPAM-ABP) solutions were mixed with
rhodamine B (RB) and methylene blue, respectively to observe the
actuation phenomenon optically better. Copyright (2015), John Wiley and
Sons, license number: 4342540732801. .......cccoooeeiiiiiiinieiecee e 67
Figure 13. SEM images of a) P(NIPAM-ABP) side — as spun bilayer
membrane, b) P(NIPAM-ABP) side - after treatment with hot water, c)
TPU side- as spun bilayer membrane and d) the cross-section of the bilayer
sample in water at 40 °C after drying shows a strong interface between TPU
(left side) and P(NIPAM-ABP) (right side). Scale bar = 10 m. Copyright
(2015), John Wiley and Sons, license number: 4342540732801. ............ 68
Figure 14. Fiber orientation-dependent actuation behaviour of bilayer TPU
(pink)/P(NIPAM-ABP) (blue) fibrous membranes (length: 2.0 cm, width:
0.5 cm) in water at different temperatures. Black arrows show the fibre
orientation direction, 0, 45 and 90° are angles between the fibre direction
and the long axis of the sample, as indicated by a black dotted line on the

sample. Scale bar = 0.5 cm. The TPU and P(NIPAM-ABP) were dyed to



List of Figures

get a better contrast but in real photos and movies the contrast might not
be visible as P(NIPAM-ABP) becomes transparent in contact with water.

Copyright (2015), John Wiley and Sons, license number: 4342540732801.

Figure 15. a) Schematic of formation of Bi-PNIPAM-0°, 45°, 90° actuator
by electrospinning of aligned layer and random layer, respectively (step 1),
followed by pressing and cross-linking (steps 2 and 3). At last, the samples
were cut into pieces at different angles (step 4); b) One component
PNIPAM directionally controlled actuation: movement of Bi-PNIPAM-0o,
450, 900 mat (aligned (blue)/random (pink) (length: 2.0 cm, width: 0.5 cm)
with the thickness ratio (aligned / bilayer) of 0.65) in water at different
temperatures. Fiber alignment direction was indicated by a black dotted
line on the sample. The good color contrast by dying the aligned and
random mats might be invisible due to the transparency of P(NIPAM-ABP)
in water; ¢) Equilibrium shapes of bilayer mats obtained from finite-
element simulations in 40<water. From left to right are 0< 45< and 90°
fiber orientations. By using anisotropic expansion coefficients in
combination with an anisotropic elastic modulus, good agreement with the
experimental shapes in Fig. 1b is obtained. Copyright (2016), John Wiley
and Sons, license number: 4342541040242. ........cccoevveeiieiieeieeseeseenns 73
Figure 16. The effect of temperature of water on the curvature of Bi-

PNIPAM-0° mat with the thickness ratio (aligned / bilayer) of 0.65.



List of Figures

Curvature=1/r. Copyright (2016), John Wiley and Sons, license number:
A342541040242. ...t 74
Figure 17. (a) Schematic fabrication of the composite membrane. (b-d)
Raman-AFM imaging of the composite membrane; (b) optical microscope
Image with position of Raman cross-section (red line), (c) Raman cross-
section with domains rich in TPU colored in yellow and those rich in
poly(NIPAmM-AA) in green and (d) Raman spectra of neat components, i.e.,
TPU and poly(NIPAmM-AA). (e-h) SEM images of the composite
membrane; (e) poly(NIPAm-AA) aligned fibrous mat side, (f) TPU side,
(g) cross-section and (h) interface between aligned poly(NIPAM-AA)
FIDErS and TPU. ..o e 77
Figure 18. (a) Actuation of the composite membrane in buffer solution
with different pH at 40 °C. (b) The corresponding schematics for the

actuation of composite membrane at 40 °C. Poly(NIPAmM-AA) is colored in



List of symbols and abbreviations

List of symbols and abbreviations

2D Two-dimensional

3D Three-dimensional

ABP 4-acryloylbenzophenone

AA Acrylic acid

°C Centigrade degree

DSC Differential scanning calorimetry

DMF N,N-dimethylformide

Dioxane 1,4-Dioxacyclohexane

E E-modulus

FTIR Fourier transform infrared spectroscopy
g Gram

Gpa Giga pascal

h Hour

L Length along long axis

LCST Lower critical solution temperature
Mpa Mega pascal

Micro-DSC Micro differential scanning calorimetry
mN Millinewton

mg Milligram



List of symbols and abbreviations

min

mm

N

nm
NIPAM
P(NIPAM)
PAA

P(NIPAM-ABP)

P(NIPAM-AA-ABP)

SEM
TGA
TPU
THF
uv
UCST

Wit%

Minute

Millimeter

Newton

Nanometer

N-isopropylacrylamide
Poly(N-isopropylacrylamide)
Poly(Acrylic acid)
Poly(N-isopropylacrylamide-co-4-
acryloylbenzophenone)
Poly(N-isopropylacrylamide-co-acrylic
acid-co-4- acryloylbenzophenone)
Scanning electron microscopy
Thermogravimetric analysis
Thermoplastic Polyurethane
Tetrahydrofuran

Ultraviolet

Upper critical solution temperature
Weight percent

Width along short axis

Micrometer



Summary/Zusammenfassung

Summary/Zusammenfassung

Summary

Bioinspired polymeric actuators are very well-known in the literature.
They are mostly based on a bilayer structure with asymmetrical
swelling/shrinkage. The existing problems are: speed of the actuation,
direction control of the movements and multi-responsive ability. The aim
of my work is to have detailed studies related to responsive polymeric
actuators with high sensitivity (fast actuation), directionally controlled and
multi-responsive ability. For enhancing the speed of actuation, porous
fibrous mats were used in this work with a hypothesis of increasing the
mass transport and thus resulting in high speed of actuation.
Electrospinning was used as a tool for making porous fibrous mats.
Firstly, through combining the passive layer of aligned thermoplastic
polyurethane (TPU) fibrous mat and the active layer of poly(n-
isopropylarylamide) P(NIPAM), a bilayer thermoresponsive polymeric
actuator is obtained. It demonstrates the following highlights: 1) ultra-fast
actuation between 0.6 — 5 s; 2) reversible directionally controlled
movement (rolls, tubes, helices); 3) there was not only shape changes but
also surface changes triggered by temperature.

Secondly, a stable one-component polymeric actuator was created by
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electrospinning a random P(NIPAM) fibrous mat and an aligned P(NIPAM)
fibrous mat. The combined bilayer thermoresponsive actuator consists of
only one component of P(NIPAM) and the actuation of this actuator is
irreversible. In addition, the temperature-triggered formed size could be
controlled by temperature. Moreover, the actuation is directionally
controlled depending on the angles between fiber alignment and long axis
and it is demonstrated that by numerical simulations the observed
behaviour is the unique combination of anisotropic thermal expansion with
an equally anisotropic elastic modulus of the employed material as well.
Thirdly, a dual-responsive composite actuator composed of thermo- and
pH-responsive poly(N-isopropylacrylamide-co-acrylic acid)
(poly(NIPAmM-AA)) fibers (average diameter ~ 905 nm) embedded within
a passive thermoplastic polyurethane (TPU) matrix at different angles with
degree of alignment as high as 98% was presented. The actuation direction
were dependent on the angles between fiber alignment and long axis. The
actuation and the actuated tube was is independent of temperature at pH 7
and above. However, temperature could be used to control the size of the
actuated tubes at lower pH. Although the polymeric actuator is only 5.8 mg,
it was able to reversibly lift and release ~426 times weight of its own mass
(2.47 g metal ring).

In summary, it is worth noting that our strategy, through which it is very

convenient to obtain porous structure and directionally controlled actuation,
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is not only applicable to P(NIPAM) and P(NIPAM-AA), but also to other
“smart” polymers, which therefore enriches the designs of versatile

polymeric actuators with high sensitivity.
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Zusammenfassung

\on der Natur inspirierte, synthetische Aktuatoren sind in der Literatur
ausgiebig bekannt. In den meisten F&len sind diese aus zwei
unterschiedlichen  Schichten, welche unterschiedliche Quell-bzw.
Schrumpfungseigenschaften, besitzen. Allerdings existieren hierbei
folgende Probleme: Die Geschwindigkeit der Aktuatoren, die nicht
kontrollierbare Richtung der Faltungsbewegung und die fehlende
Multiresponsivitda. Ziel meiner Arbeit ist die detaillierte Untersuchung von
Aktuatoren welche sehr sensitiv, also sehr schnell, richtungskontrollierbar
und auch auf mehrere Umgebungsbedingungen wie Temperatur oder pH
reagieren, also multiresponsive Eigenschaften besitzen. Um einen
schnellen Faltungsvorgang zu erreichen, wurden in dieser Arbeit porése
Fasermatten verwendet, da die Hypothese war, dass mit steigendem
Stofftransport der Faltungsvorgang sehr schnell ablaft. Um por&e Fasern
herzustellen, wurde die Methode des Elektro Spinning verwendet. Im
ersten Fall wurde durch Kombination einer passiven Schicht(Fassermatte)
welche aus einem thermoplastischen Polyurethanfasern hergestellt wurde
und einer aktiven Schicht (Fassermatte) aus thermoresponsiven Poly(N-
isopropyl acrylamid) P(NIPAM) ein zweischichtiger, thermoresponsiver
Aktuator erhalten, welcher folgende Eigenschaften besitzt: 1) Ultra
schneller Faltungsvorgang in 0,6- 5 Sekunden, 2) reproduzierbare
richtungskontrollierte Bewegung (Rollen, Rd&wen und Helices, 3)
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Veranderung der Oberfl&henbeschaffenheit mit der Temperatur.

Im zweiten Fall wurde ein Aktuator aus nur einer Komponente hergestellt,
welcher aus einer Schicht (Fasermatte) elektrogesponnener
P(NIPAM)Fasern mit zufdlig verteilter Ausrichtung und einer weiteren
Schicht (Fasermatte) von P(NIPAM), mit allen in der gleichen
Orientierung befindlichen Fasern, besteht. Der Bewegungsvorgang dieses
Aktuators ist durch die Temperatur als auch durch die Ausrichtung der zwei
Schichten zueinander abhé&ngig, allerdings nicht reversibel. Mithilfe
mathematischer Simulationen wurde die seltene Kombination einer
anistropisch thermischen Expansion und gleich grof%®r elastischem
anisotropen Modul dargestellt.

Im dritten Teil meiner Arbeit, wurde durch Kombination einer Schicht
(Fasermatte) elektrogesponnener P(NIPAM-AA) Fasern ( ~ 905nm
Durchmesser), welche thermo- und pH responsives Verhalten zeigen, in
eine passive Matrix aus thermoplastischem Polyurethan eingebettet. Die
Ausrichtung der P(NIPAM-AA)Fasern zeigt einen deutlichen Einfluss auf
den Faltvorgang, weshalb die Fasern bis zu einem Anteil von maximal 98 %
in der PU Matrix ausgerichtet wurden. Die so hergestellten Aktuatoren
zeigten ein thermoresponsives Verhalten bei kleiner pH =7, allerdings nicht
bei pH >7. Nichtsdestotrotz konnte bei pH<7 zeigt werden, dass bereits ein
Aktuator mit einer Masse von 5,8 mg die Masse von 2,47 g (425-fache)

durch Anderung der Temperatur anheben und wieder absenken kann.
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Zusammenfassend ist festzuhalten, dass unsere Strategie der Herstellung
von por&sen Fasern um eine Richtungsorientierte Faltung zu erreichen
nicht nur fUr die Beispiele von P(NIPAM) and P(NIPAM-AA) funktioniert,
sondern auch auf weitere ,,smarte Polymere angewendet werden kann um

die Vielseitigkeit von Polymeraktuatoren weiter zu erhchen.
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1. Introduction

1.1 Motivation

Polymeric actuators, also called soft actuators, are made of stimuli-
responsive polymers, which are capable of performing shape changes,
and/or adaptive motion in response to external stimuli and thus result in
macro-, micro-, and nanoscales mechanical motions.[1, 2] Nowadays,
polymeric actuators have attracted scientists’ interest and have been
employed in various applications in sensors, switches, artificial muscles,
and other items.[3-5] These synthetic actuators are inspired mostly from
natural process. For example, pine cone is a well-known plant that can
exhibit opening and closing behavior upon changes in environmental
humidity allowing the release of seeds from pine cone inside. The
mechanism of this behavior is the anisotropic swelling in each scale. Pine
cone consists of many pieces of scales that are similar to bilayer structure,
in which, one layer is composed of aligned cellulose fibrils along the length
of the scale and the other one is made up of perpendicular fibrils. Upon
drying/wetting, the swelling/shrinkage behavior in each layer is
constrained by the alignment of the cellulose fibrils, thus resulting in the
opening and closing behavior of pine cone.[6-8] In addition, a similar

example to this type of bilayer structure can also be observed in chiral
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pod.[9] Regarding Bauhinia variegate, the opening of the chiral pod is
induced by uniaxial swelling/shrinkage between the two fibrous layers, in
which, the fibrils are oriented at roughly +45°with respect to the pod’s
long axis. Therefore, during the opening process, two flat pod valves cured
into helical strips of opposite handedness upon changes in air humidity.
The synthetic actuators inspired from these nature plants are based on
polymeric bilayer structure, in which, asymmetry is generated either by
having one layer capable of changing size by absorbing water (active layer)
and the other hydrophobic layer (passive layer) or gradient structure. This
leads into bending, rolling movements depending upon the bilayer
divergence and layer thickness. For reversible actuation, stimuli-
responsive polymers are used to make active layers, such as thermo-
responsive polymers, pH- responsive polymers. When these active layer
are combined with the passive layer, the formed polymeric actuator can
exhibit reversible temperature or pH-triggered actuation. The existing
challenge in the field of polymeric actuators are: 1) slow actuation; 2)
directional controlled actuation is waiting; 3) multi-responsive ability. In
my research, | take these challenges and carry out the work with an aim to
provide bilayer polymeric actuators with very fast response, directional

controlled and multi-responsive actuation.
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1.2 The mechanism of polymeric/soft actuator

Polymeric/soft actuators composed of stimuli responsive polymers capable
of changing their shape or properties in response to environmental stimuli
have attracted much interest for various applications such as sensors,
switches, artificial muscles, optical and microfluidic devices, walkers and
encapsulating/releasing systems.[3-5, 10, 11](Figure 1) Why are they able
to perform shape changes in response to external stimuli and thus result in
macro-, micro-, and nanoscale mechanical motion? The key of the
mechanism is anisotropy.[12-17]

An interesting phenomenon could be easily observed when a piece of
tracing paper is gently placed on the surface of calm water. At first, the
paper rolls up and then gradually unrolls with time. This occurs because of
the water diffusion anisotropy between the two sides of the paper. Paper as
a fibrous structure is made from cellulose fibers which swell after
absorbing water.[18, 19] When a piece of tracing paper is gently placed on
the surface of calm water, it starts rolling up from one edge, owing to the
swelling face that is in contact with water. Then it gradually unrolls and
becomes a piece of flat paper again, because the water has arrived at the
other face of the paper, which removes the swelling anisotropy between
the two sides of the paper.[20] When this kind of anisotropy is applied in
the polymeric actuators, it is always presented in the form of layer structure.
Based on it, various kinds of polymeric/soft actuators have been built.

18
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Figure 1. Growth of research of polymeric actuators The increasing
number of scientific papers containing results of both the keyword
“polymeric actuator” and “soft actuator” from SciFinder indicates the

upward increasing trend of polymeric actuators.

1.3 General polymeric/soft actuators

Among polymeric/soft actuators, the bilayer structure is the most common
one. The bilayer structure is more easily realized and widely employed.
Similar to the paper-curling mechanism, the bilayer polymeric/soft
actuators are designed through combing one active layer with the other
passive layer creating vertical anisotropy in thickness direction. For
example, thermoresponsive polymers are used as active layer in
combination with other passive, hydrophobic polymers. The
thermoresponsive polymers are the most widely applied one among

intelligent materials which exhibit self-alterable dynamic properties due to
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their ability to respond to small changes around their environments.[21-29]
Thermoresponsive polymers are also called as temperature-responsive
polymers having temperature-triggered volume transition property that is
caused by the transition between two thermodynamically stable states of
coil and globule in solution.[28, 30, 31] When at coil state, the polymer
chains are at an expanded hydrophilic coil conformation which exhibits
phenomenon of dissolving or swelling. Conversely, they are at a collapsed
hydrophobic globule state which indicates precipitation or shrinkage.
These kind of temperature-triggered polymers can be divided into two
types of Lower Critical Solution Temperature (LCST) and Upper Critical
Solution Temperature (UCST). They are capable of displaying a miscibility
gap at high temperatures and/or low temperatures in their temperature-
composition diagram, respectively. In this kind of temperature-
composition diagram, the minimum and maximum temperatures are
determined as LCST and UCST, respectively.[21, 27, 29] (Figure 2)
Regarding the LCST polymers, when the temperature is below the LCST,
the polymers are soluble or swelling in solution, otherwise they will be

precipitated or shrunk, and vice versa for a UCST polymer.
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Figure 2. The temperature-composition diagram of thermoresponsive
polymers aqueous solution. Reprinted from ref [21], copyright (2017)

Royal Society of Chemistry, license number: 4342511322624.

P(NIPAM) is one of the typical LCST polymers widely used for bilayer
actuator. For actuator application, P(NIPAM) needs to be stable in water
and should keep the structure for a long time, such as films & fibers. There
are several strategies of keeping P(NIPAM) stable in water without losing
its thermoresponsive property, such as block copolymers with hydrophobic
monomers or cross-linkable monomers. In the first case, there are two
aspects should be paid attention to: 1) Although as the introduction of
hydrophobic segments, the LCST of P(NIPAM) can be shifted to lower
temperatures, thus keeping P(NIPAM) stable in water for a broader
temperature range,[32-34] there is still a limitation that when the

temperature is lower than the LCST, it becomes water soluble again; 2) By
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applying P(NIPAM) block copolymer with hydrophobic monomer,
physical cross-links can be created by hydrophobic interactions. Through
this method, although the fromed P(NIPAM) gel is stable in water without
losing its thermoresponsive ability, the physical cross-links are not
permanent in nature and it is reversible.[35-38] Therefore, it introduces
risks associated with actuation application. In contrast, it is more
convenient and useful to take the strategy of using cross-linkable monomer.
For instance, photo cross-linker of 4-acryloyl benzophenone(ABP) is
usually used to make insoluble P(NIPAM). A small amount of ABP can
crosslink P(NIPAM) without changing LCST too much. [39, 40] As it is
shown in the Figure 3, free radicals produced from benzophenone
fragment by UV irradiation result in crosslinking. It is chemical
crosslinking. Be different from the physical crosslinking, when the
temperature is below LCST, the chemic cross-linked P(NIPAM) performs
swelling in water rather than dissolving. Therefore, this type of cross-
linked P(NIPAM) by covalent bonds can keep the structures stable in water

without losing its thermoresponsive property.
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Figure 3. Mechanism of UV crosslinking. When the free radicals are
produced from benzophenone fragment by UV irradiation, the “C-C” or
“C-N” are built between the activated benzophenone and the NIPAM part

from another polymer chain, thus resulting in crosslinking.

A polymeric actuator composed of the active layer of crosslinked
P(NIPAM) is capable of reversible bending upon responding to
temperature. When the temperature is higher/lower than the LCST, the
active layer shrinks/swells, but the size of the passive layer is stable, thus
leading to the bending actuation.[39] (Figure 4) Depending on the different
stimuli, various kinds of materials could be employed as active layer, such
as ones triggered by temperature,[39, 41-50], light,[48, 51-58] and pH][2,
49, 52, 59].

Furthermore, not only single stimuli polymers but also the multi-stimuli

responsive polymers could be used to produce the active layer. From the
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point of view of applications, multi-responsive polymers would be more
interesting to scientists, owing to their ability to respond to several stimuli
simultaneously.[60-66] Poly(N-isopropylacrylamide-co-Acrylic  Acid)
P(NIPAM-AA) is a dual-responsive polymer which can be synthesized by
combining two components of NIPAM and AA.[67-70] In addition,
because of the thermoresponsive part of NIPAM and the pH-responsive
aspect of AA, P(NIPAM-AA) appears to have characteristics of both
thermoresponsive and pH- responsive.[67-71]. Moreover, it is able to
exhibit volume/(dissolving /precipitation) change triggered by the
temperature and pH value of the surrounding medium.[72, 73] The
polymeric actuators made of these type of dual-responsive polymers are
capable of performing actuation triggered by temperature and pH. Li et al.
reported an temperature and pH dual responsive polymeric actuator that
undergoes reversible bidirectional bending behavior upon responding to

temperature and pH stimuli based on this concept.[49] (Figure 5)

Passive layer

1

Stimuli
$Smm——)

I

Active layer

Figure 4. Schematic of bilayer polymeric actuator.
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Figure 5. Images of reversible bending behavior of 1) photos, 2)
schematics and 3) the corresponding polymer chains. The golden one is the
passible layer and the active layer is made of poly(NIPAm-AA) in the
presence of poly(diallyldimethylammonium chloride) PDADMAC.
Reprinted from ref [49], copyright (2017) Royal Society of Chemistry,

license number: 4342521000764.

In addition, the materials of passive layer are not restricted to general
polymers, stimuli-responsive polymers can be applied as the passive layer
as well. Chen et al. presented a LCST-UCST bilayer structure as actuator,
in which, the active layer was made from the LCST polymer of P(NIPAM),
but the passive layer is the gel of poly(acrylic acid-co-acrylamide)
(P(AAc-co-AAm)), a kind of UCST polymer. (Figure 6) When the
temperature is below the LCST and UCST, the LCST layer swells and the
UCST layer shrinks, and vice versa.[74] Due to their opposite

thermoresponsive property, this bilayer actuator was able to exhibit
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reversible bidirectional bending behavior upon responding to temperature
as well. In conclusion, regarding to the design of bilayer polymeric
actuators, it is unnecessary to use the common materials, stimuli-
responsive polymers can also be a candidate as long as there is anisotropy

along the cross-section between the two layers.
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Figure 6. The mechanism of bending behavior of UCST-LCST bilayer
structure actuator. At low temperature (15<C), the PNIPAM layer is
swollen by water. Increasing temperature to 40<C leads to a shrinking of
the PNIPAM layer, a directional water transfer to the P(AAc-co-AAmM)
layer that consequently swells and in result lets the bilayer hydrogel bends.
Reprinted from,[74] copyright (2017), Royal Society of Chemistry, license

number: 4342521434124,

1.4 Porous polymeric/soft actuators

The actuators mentioned above are capable of demonstrating controlled
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shape deformation or motion, but the ones with higher sensitivity and fast
response ability are rare. In general, polymeric/soft actuators respond
slowly to external stimuli, because the corresponding swelling/shrinkage
process is closely associated with the diffusion of water or ions or with the
energy transfer. Generally, high diffusion rate generates high responding
behavior.[75, 76] The diffusion rate is determined by the collective
diffusion coefficient and the structure of the matrix.[76] For example, the
porous structure is always used to increase the thermoresponsive ability of
P(NIPAM). When a P(NIPAM) gel is immersed into the cold water with
the temperature lower than the LCST, the swelling behavior is determined
by the water molecules diffusion from the surrounding into the gel
network.[77] Porous structure can provide more channels for the diffusion
of water molecules, which indicates high water diffusion rate. When the
P(NIPAM) gel is immersed into the higher temperature water (above the
LCST), the shrinkage may mostly occur in the surface region at the
beginning. The resultant dense skin layer as a barrier prevent the water
molecules from further diffusion out from the gel matrix.[76, 78] However,
P(NIPAM) gel with high porous structure which increases the contact area
between the gel and the water can have more mass transfers of water
resulting in high water diffusion rate.[76, 79] Moreover, Bell and Grosberg
found that the diffusion coefficient is in direct proportion to the porosity.

As the porosity increasing, more gas can go through the materials.[80]
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Therefore, in comparison to the common film polymeric actuators whose
smooth surface and compact structure slows down the diffusion in/out of
water or ions or the energy transfer, the porous polymeric actuators could
demonstrate distinguished actuation with the help of this “porous-diffusion”
concept.

Zhao et al., designed a polymeric/soft actuator with a porous architecture,
whose actuation happens within one second.[81] (Figure 7) However, this
polymeric actuator has to be triggered by acetone, tetrahydrofuran (THF)
or some other organic solvents which would limit the application in
biomedical field. A lot of success have been achieved in fast actuation by
the introduction of porous structure into the films.[82-86] By comparison,
electrospinning could be a new optimal approach to design polymeric/soft

actuators with outstanding properties.
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Figure 7. The concept, gradient structure characterization, and actuation

of the polymeric actuator . (a) A scheme fabricating the actuator (b, scale
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bar (black), 30 mm); top surface (c, scale bar, 3 mm); and cross-section (d,
scale bar: 1 mm); (e) the DEC gradient along the thickness direction (from
top to down). (f) fast actuation response to acetone vapor. Reproduced from

[81], copyright (2014) Springer Nature, license number: 4342530538058.

1.5 Electrospinning

Electrospinning is the most common procedure to produce nanofibers. The
Figure 8 reveals that electrospinning is a current topic of interest for
scientists, and the number of papers related to electrospinning increases
year by year. Moreover, electrospinning technology has been introduced as
an nanofibers fabrication method in nearly half of the scientific papers that
refer to nanofibers fabrication.[87-90].

Electrospinning can be divided into solution electrospinning and melt
electrospinning.[91-95] Generally, the electrospinning process contains
three parts: the power supplier, which provides high voltage; the needle,
which is used to form the Taylor cone;[96-98] and the two electrodes that
form the potential difference.[87, 99-101] When the formed repulsive force
overcomes the surface tension at the Taylor cone, the charged polymer
solution is ejected. During the ejecting process, most of solvent is
evaporated and finally, the nanofibers are collected by the counter

electrode.[96, 102-106] (Figure 9) Different from other nanofiber
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fabrication methods,[87, 96, 100, 101, 107-132] one of the most important
features of electrospinning is that there is no special requirement put on the
materials to be used that could limit the application; instead, various types
of polymers and inorganic materials can be transformed into nanofibers.[96,
101, 106, 133, 134] Besides, electrospinning nanofiber production can be
enhanced Dby applying either multi-syringe or  needleless
electrospinning.[135-137] More importantly, this method is able to manage
the diameter of the nanofibers by varying the processing parameters such
as concentration, voltage, and the distance between the needle and the
collector.[98]. Well-known already, when the dimensions of the fiber
materials are reduced to nanoscale, some outstanding properties appear,
such as an ultrahigh aspect ratio, a large specific surface area, high porosity,

and flexibility in surface functionalities.[138-143]
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Figure 8. Growth of research of electrospinning. The increasing number
of scientific papers containing the keyword “electrospinning” from

SciFinder indicates the upward trend of electrospinning.
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Figure 9. The set-up of electrospinning

1.5.1 Large aspect ratio

Nano-fibers are fibers with diameters in the nanometer range. They must
be a type of linear one dimension object of longitudinal extension. The
nanofibers’ aspect ratio refers to the proportions of the length and diameter
of the fibers. The aspect ratio of nano-fibers can be as high as 1000:1 or

10,000:1, and even higher.[144] Owing to their outstanding aspect ratio,
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nano-fibers have a special anisotropy between longitudinal and lateral

directions, which could be used to design polymeric actuators.

1.5.2 Large specific area and high porosity

It is already well-known that as the dimension of fibers is decreased to
nanoscale, the specific area will be increased dramatically.[145] The
Figure 10 demonstrates a survey result that the decreasing diameter results
in a large specific surface area. Polymeric actuators consist of smart
materials that could exhibit property changes upon responding toexternal
stimuli such as light, temperature, and pH, among others. A large specific
area can provide fibrous polymeric actuators with more contact area to
respond to the stimuli more efficiently.[146] In addition, the large surface
area can offer many more positions for cell growth and the opportunities
for biomedical application.[147] On the other hand, compared with
polymer film, the fibrous mat has the unique characteristic of high porosity.
The porosity of nano-fibrous materials can amount to more than 90%,[148-
150] which can promote the diffusion in/out of water or ions or the energy
transfer, thus resulting in high sensitivity. Electrospinning as a cost-
effective, versatile, and fascinating technology has been recognized as the
most efficient method for the fabrication of continuous polymer

nanofibers.[151] In addition to be the easier way to construct porous
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architecture, electrospinning is a convenient way to provide nanofibers
with various kinds of morphologies and structures, which expands its
application.[106, 152-158]. For example, the porous structure also plays a
significant role in the scaffold.[148, 149, 159, 160] Therefore,
electrospinning promises great potential in designing polymeric actuator,

which should receive more attention.
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Figure 10. Schematic illustrating the relationship of the diameter of fibers
and its specific area. Reproduced from [145], copyright (2001) Elsevier

Science B.V,, license number: 4342531220951.
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1.5.3 Electrospun polymeric/soft actuators

To the best of my knowledge, including but not limited to, the earliest
fibrous mat actuator made by electrospinning was designed in 2010.[161]
Nakagawa et al. used electrospinning to fabricate a pH-responsive actuator.
By controlling the feeding rate of the pump, he obtained a fibrous mat with
diameter anisotropy in thickness direction, which exhibits a simple bending
behavior response to an external pH change. Later, an electrospun
polymeric actuator was developed by our group.[40] An unusual bilayer
thermoresponsive actuator was fabricated by electrospinning. It exhibited
ultrafast temperature-triggered actuation. Later, in 2018, 3D printing
technology was combined with electrospinning for rapid response and
enhanced designability of hydrogel actuators. Through this innovational
approach, a range of controlled hydrogel actuators are constructed with
various unique responsive motions. In addition, this framework can be
extended to other responsive polymers.[162] Similarly, much success has

been achieved by another electrospun polymeric/soft actuators.[163-167]

1.6 Directionally controlled polymeric/soft actuators

In the past decades, the bending forward and backward of polymeric/soft
actuators have been achieved by inducing anisotropy along the cross-

section.[42, 44, 46, 49, 53, 55, 58, 59, 83, 86, 167-173] Recently, being
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inspired by the plants in nature, directionally controlled actuation was
introduced as a new property to be given to polymeric/soft actuators. For
sclerenchymal tissues whose fibrous cell walls consist of lots of stiff
cellulose fibrils with a directional orientation. Arising from the preferred
fibrils alignment, such as during the the penetration of wheat seeds into soil
and the opening of chiral seed pods, the tissues exhibit preferred
directionally motion when expelling/absorbing water.[174, 175] The
natural analogues of such systems rely on the anisotropic restricted
shrinkage along prescribed directions. Although it is intrinsic to the system
of nature, this strategy paved the way for the design of polymeric/soft
actuators with directionally controlled ability. Wu et al., reported a
polymeric/soft actuator with directionally controlled actuation by combing
fiber-like regions with different swelling behaviors in one single-layer
hydrogel sheet.[176] Zhang et al., incorporated prescribed parallel glass
fibers into agarose. The forming composite actuator realized directionally
controlled actuation upon responding to humidity.[177] (Figure 11) Thus,
the prescribed aligned architecture plays an important role in directionally
controlled actuation.[13, 54, 178-181] However, none of those approaches
enable directionally controlled actuation with high sensitivity to occur in

one polymeric/soft actuator.
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Figure 11. The schematic of actuation of the composite, in which, parallel
glass fibers embedded within the agarose, in response to humidity.
Reprinted from [177] copyright (2015) John Wiley and Sons, license

number: 4342540024870.

1.7 Fabrication of polymeric/soft actuators by electrospinning

In this study, to obtain a thermoresponsive polymeric actuator with fast
response, directional controlled actuation, electrospinning is used as a tool
to get porous membrane for fast actuation. A vertically rotating disc with

fast rotation was employed as a collector and provided parallel aligned
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fibers whose porosity and alignment are extremely high, presenting the
potential of high sensitivity and directionally controlled actuation. The
aligned fibrous mats made of stimuli responsive polymers can demonstrate
different size changes between longitudinal and lateral directions upon
responding to external stimuli. When they are combined with another
passive layer, the obtained bilayer actuator could reveal a directionally
controlled actuation with high sensitivity due to its porous architecture and
anisotropy longitudinal and lateral directions.

The stimuli responsive polymers used in this study are P(NIPAM) and
another thermo- and pH- dual responsive polymer P(NIPAM-AA). Be
different from the fabrication of polymeric actuators triggered by only
temperature, this dual responsive polymeric actuator is a composite, in
which, the aligned P(NIPAM-AA) fibrous mat embedded within a passive
thermoplastic polyurethane (TPU) matrix by dropping dilute TPU/THF

solution on the fibrous mat.
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2. Thesis Overview

Polymeric actuators inspired from bio-architecture are very well-known in
the literature. They are mostly based on a bilayer structure with
asymmetrical swelling/shrinkage. The existing problems in the field of soft
actuators are: slow speed of the actuation, control over direction missing
of movements and multi-responsive ability. The aim of my work is to have
detailed studies with respect to the responsive polymeric actuators with
high sensitivity (fast actuation), directionally controlled actuation and
multi-responsive ability. For enhancing the speed of actuation, porous
fibrous mats were used in this work with a hypothesis of increasing the
water mass transport and thus resulting in high speed of actuation.
Electrospinning was used as a tool for making porous fibrous mats.
Direction control in the actuation is achieved by aligning fibers at different
angles in the active layer. This result in asymmetric swelling/shrinkage &
hence controls the direction of motion.

Firstly, through combining the passive layer of aligned thermoplastic
polyurethane (TPU) fibrous mat and the active layer of poly(n-
isopropylarylamide) P(NIPAM), a bilayer thermoresponsive polymeric
actuator is obtained. It demonstrates the following highlights: 1) ultra-fast

actuation between 0.6 — 5 s; 2) reversible directionally controlled
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movement (rolls, tubes, helices); 3) there was not only shape changes but
also surface changes triggered by temperature.

Secondly, a stable one-component polymeric actuator was created by
electrospinning a random P(NIPAM) fibrous mat and an aligned P(NIPAM)
fibrous mat. The combined bilayer thermoresponsive actuator consists of
only one component of P(NIPAM) and the actuation of this actuator is
irreversible. In addition, the temperature-triggered formed size could be
controlled by temperature. Moreover, the actuation is directionally
controlled depending on the angles between fiber alignment and long axis
and it is demonstrated that by numerical simulations the observed
behaviour is the unique combination of anisotropic thermal expansion with
an equally anisotropic elastic modulus of the employed material as well.
Thirdly, a dual-responsive composite actuator composed of thermo- and
pH-responsive poly(N-isopropylacrylamide-co-acrylic acid)
(poly(NIPAmM-AA)) fibers (average diameter ~ 905 nm) embedded within
a passive thermoplastic polyurethane (TPU) matrix at different angles with
degree of alignment as high as 98% was presented. The actuation direction
were depended on the angles between fiber alignment and long axis. The
actuation and the actuated tube was independent of temperature at pH 7
and above. However, temperature can be used to control the size of the
actuated tubes at lower pH. Although the polymeric actuator is only 5.8 mg,

it was able to reversibly lift and release ~426 times weight of their own
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mass (2.47 g metal ring).

In summary, it is worth noting that our strategy, through which it is very
convenient to obtain porous structure and directionally controlled actuation,
is not only applicable to P(NIPAM) and P(NIPAM-AA), but also to other
“smart” polymers, which therefore enriches the designs of versatile

polymeric actuators with high sensitivity.
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2.1 Giving direction to motion and surface with ultra-fast speed using

oriented hydrogel fibers

Li Liu, Shaohua Jiang, Yue Sun, and Seema Agarwal*, "Giving direction
to motion and surface with ultra - fast speed using oriented hydrogel

fibers", Advanced Functional Materials, 2016, 26(7), 1021-1027.
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Abstract

This work presented the first time to present thermoresponsive hydrogel
fibrous membranes demonstrating directionally controlled actuation and
surface change with ultra-fast speed. Reversible bending, coiling, twisting
and rolling deformations are exhibited in different controllable directions
for many cycles (>50 cycles) with inside-out change in surfaces and

shapes. In order to make synthetic actuators inspired from natural materials
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or otherwise, speed, reversibility, large-scale deformations and, most
importantly, control over the direction of deformation is required. A
polymeric actuator possessing all these properties still remains a challenge.
This issue was addressed in this work and provide a very simple strategy
fulfilling all these requirements by combining porosity and asymmetric
planar size change (swelling/shrinking) via orientation of hydrogel fibers
at different angles in a fibrous membrane. Electrospinning was as used as

a tool for making membranes with fibers oriented at different angles.

In order to get aligned fibrous mat, a vertical rotating wheel with fast speed
was used to collect fibers. After the TPU and P(NIPAM-ABP) solution
were sequentially electrospun, obtained bilayer porous mats were pressed
and transferred under UV- lamp for cross-linking. Then it is easy to get
samples with various angles between fiber alignment and long axis by

cutting. (Figure 12)

Figure 12. Schematic showing the formation of bilayer actuators by

sequential electrospinning of TPU and P(NIPAM-ABP) followed by UV
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cross-linking (steps 1 and 2). The samples were cut at different angles to
get varied orientations of thermoresponsive P(NIPAM-ABP) fibers (steps
3 and 4). The TPU and P(NIPAM-ABP) solutions were mixed with
rhodamine B (RB) and methylene blue, respectively to observe the
actuation phenomenon optically better. Copyright (2015), John Wiley and

Sons, license number: 4342540732801.

The alignment degree of P(NIPAM-ABP) and TPU are ~ 95 % and ~ 82 %,
respectively. The porosity of P(NIPAM-ABP) fibrous mat was about 56 %.
The SEM image shows a strong interface in the actuator between P(NIPAM)

and TPU layer. ( Figure 13)

Figure 13. SEM images of a) P(NIPAM-ABP) side — as spun bilayer
membrane, b) P(NIPAM-ABP) side - after treatment with hot water, c)
TPU side- as spun bilayer membrane and d) the cross-section of the bilayer

sample in water at 40 °C after drying shows a strong interface between TPU
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(left side) and P(NIPAM-ABP) (right side). Scale bar = 10 pm. Copyright

(2015), John Wiley and Sons, license number: 4342540732801.

This polymeric actuator made by electrospinning exhibits temperature-
triggered ultrafast and directionally controlled actuation owing to the high
porosity and fiber alignment degree. (Figure 14) No matter what the
temperature is, it is always following the rule that in cold water (4 °C), it
rolls in the perpendicular direction to the fiber alignment with the TPU
layer inward and in hot water (40 °C) it rolls along fiber alignment with
TPU layer outward. This process is reversible and highly repeated for more

than 100 cycles.

Figure 14. Fiber orientation-dependent actuation behaviour of bilayer TPU

(pink)/P(NIPAM-ABP) (blue) fibrous membranes (length: 2.0 cm, width:
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2. Thesis Overview

0.5 cm) in water at different temperatures. Black arrows show the fibre
orientation direction, 0, 45 and 90° are angles between the fibre direction
and the long axis of the sample, as indicated by a black dotted line on the
sample. Scale bar = 0.5 cm. The TPU and P(NIPAM-ABP) were dyed to
get a better contrast but in real photos and movies the contrast might not
be visible as P(NIPAM-ABP) becomes transparent in contact with water.

Copyright (2015), John Wiley and Sons, license number: 4342540732801.

Although reversibility is considered as one of the advantages giving
repeatable actuation for many cycles, in many applications, reversibility
advantage is not seen as an expected process. Therefore, further efforts
were put to generate novel concepts for making irreversible actuators as

described in the next section.
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2.2 One-component dual actuation: Only Poly(NIPAM) can actuate to

stable 3D forms with reversible size change

Li Liu, Ali Ghaemi, Stephan Gekle, and Seema Agarwal*, "One-

component dual actuation: Only Poly(NIPAM) can actuate to stable 3D

forms with reversible size change ", Advanced Materials, 2016, 28(44),

9792-9796.
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In this work, a rare example of a one - component dual actuator is provided,

which displays irreversible change in shape by rolling on contact with

water and reversible size change on changing the temperature. The actuator

has a bilayer structure with aligned and randomly oriented fibers of poly(N-

71



2. Thesis Overview

isopropyl acrylamide) P(NIPAM). A combination of anisotropic E-
modulus and temperature dependent swelling/shrinkage provides the dual

actuation.

The anisotropy in swelling/shrinkage along cross-section required for
irreversible actuation is created by electrospinning random P(NIPAM)
fibrous mat and aligned P(NIPAM) fibrous mat. (Figure 15 a) The
combined bilayer thermoresponsive actuator exhibits fast, directionally
controlled and stable/irreversible actuation triggered by temperature. It is
easy to get the actuator with different angles by cutting, thus achieving the
directionally controlled actuation.(Figure 15 b) The result of numerical
simulation done by group of Prof. Dr. Stephan Gekle correspond to the
experiment findings.(Figure 15 ¢) No matter what angle it is, it always
follows the rule that it always rolls along fiber alignment with the random
layer outside. The shape of this formed tube is very stable, the size of the

rolled tube can be controlled by altering temperature. (Figure 16)
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Figure 15. a) Schematic of formation of Bi-PNIPAM-0°, 45° 90° actuator
by electrospinning of aligned layer and random layer, respectively (step 1),
followed by pressing and cross-linking (steps 2 and 3). At last, the samples
were cut into pieces at different angles (step 4); b) One component
PNIPAM directionally controlled actuation: movement of Bi-PNIPAM-0o,
450, 900 mat (aligned (blue)/random (pink) (length: 2.0 cm, width: 0.5 cm)
with the thickness ratio (aligned / bilayer) of 0.65) in water at different
temperatures. Fiber alignment direction was indicated by a black dotted
line on the sample. The good color contrast by dying the aligned and
random mats might be invisible due to the transparency of P(NIPAM-ABP)
in water; ¢) Equilibrium shapes of bilayer mats obtained from finite-
element simulations in 40<water. From left to right are 0< 45< and 90°
fiber orientations. By using anisotropic expansion coefficients in
combination with an anisotropic elastic modulus, good agreement with the
experimental shapes in Fig. 1b is obtained. Copyright (2016), John Wiley

and Sons, license number: 4342541040242.
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Figure 16. The effect of temperature of water on the curvature of Bi-

PNIPAM-0° mat with the thickness ratio (aligned / bilayer) of 0.65.

Curvature=1/r. Copyright (2016), John Wiley and Sons, license number:

4342541040242.

Furthermore, it is of interest to control actuation by multiple stimuli.

Complexity of actuation be increased by use of more than one stimuli was

for central question. Therefore, dual responsive polymers (pH- & thermo-

responsive) was used as active system in polymeric actuator and results are

described in the next section.
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2.3 Composite Polymeric Membranes with Directionally Embedded

Fibers for Controlled Dual Actuation

Li Liu, Hadi Bakhshi, Shaohua Jiang, Holger Schmalz and Seema
Agarwal*, "Composite Polymeric Membranes with Directionally
Embedded Fibers for Controlled Dual Actuation”, Macromolecular rapid

communications, 2018, 1800082.

TPU/THF solution

Aligned poly(NIPAm-AA)
fibrous mat

Abstract

Dual-responsive composite actuator composed of thermo- and pH-
responsive poly(N-isopropylacrylamide-co-acrylic acid) (poly(NIPAmM-
AA)) fibers (average diameter ~ 905 nm) embedded within a passive
thermoplastic polyurethane (TPU) matrix at different angles with degree

of alignment as high as 98% was presented. The actuation direction were
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depended on the angles between fiber alignment and long axis. The
actuation and the actuated tube are independent of temperature at pH 7 and
above. However, temperature can be used to control the size of the actuated
tubes at lower pH. Although the polymeric actuator is only 5.8 mg, it was
able to reversibly lift and release ~426 times weight of their own mass

(2.47 g metal ring).

Be different from the last two works, this work is referring to dual
responsive actuator. A cross-linkable dual aligned fibrous mat made of
P(NIPAM-AA) was fabricated by electrospinning. After it was pressed and
UV cross-linked, a composite was obtained by dropping TPU/THF dilute
solution on it, as it is shown in Figure 17 a. Due to the penetration of TPU
solution, a TPU-gradient structure of the composite membrane was formed
and studied via Raman-AFM imaging (Figure 17 b, c, d). The image of
Raman cross-section perfectly demonstrated the gradient structure and the
distribution of TPU (yellow) on the underlying P(NIPAM-AA) fibrous mat
(green), where the amount of TPU component obviously declined near the
fibrous mat (Figure 17 c). By applying this simple dropping method, a
composite with strong interface and repeatable thickness ratio can be
obtained. The morphology of the composite membrane was examined by
SEM as well. (Figure 17 e-h) The SEM image (Figure 17 g) presented a

dense TPU layer with the thickness of 16 pm on a porous P(NIPAM-AA)
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layer reinforced with aligned fibers with the hickness of 35 pm. A strong
interface between the TPU layer and the fibrous mat could be observed

from Figure 17 h.

ﬂ TPU/THF solution m
Aligned poly(NIPAm-AA)
fibrous mat

CCD Counts (a.u.) E

0
Raman Shift (cm™)

Figure 17. (a) Schematic fabrication of the composite membrane. (b-d)
Raman-AFM imaging of the composite membrane; (b) optical microscope
Image with position of Raman cross-section (red line), (c) Raman cross-
section with domains rich in TPU colored in yellow and those rich in
poly(NIPAmM-AA) in green and (d) Raman spectra of neat components, i.e.,
TPU and poly(NIPAM-AA). (e-h) SEM images of the composite
membrane; (e) poly(NIPAm-AA) aligned fibrous mat side, (f) TPU side,

(g) cross-section and (h) interface between aligned poly(NIPAM-AA)

7



2. Thesis Overview

fibers and TPU.

And this composite shows a dual responsive directionally actuation
triggered by temperature and pH. Here it is the rule that in pH 3, it always
Is folding along the fiber alignment with TPU layer outside, but in pH 7
and 10, it is folding in perpendicular direction to the fiber

alignment.(Figure 18)

As-spun
;o
a0°c - 45°
90°
%
aoc— 45
' 90

Figure 18. (a) Actuation of the composite membrane in buffer solution
with different pH at 40 °C. (b) The corresponding schematics for the

actuation of composite membrane at 40 °C. Poly(NIPAmM-AA) is colored in
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green and TPU in yellow.
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2.4 Individual Contribution to Joint Publications

Publication 1: Giving direction to motion and surface with ultra-fast
speed using oriented hydrogel fibers

This work has been published in Advanced Functional Materials, 2016,
26(7): 1021-1027.

By Li Liu, Shaohua Jiang, Yue Sun, and Seema Agarwal*

| and Shaohua Jiang contributed equally to this work. Prof. Dr. Seema Agarwal,
| and Shaohua Jiang designed the experiments. | performed the experiments. Yue
Sun draw the actuation schematic, TOC and took part in discussion. Prof. Dr.
Seema Agarwal proposed the idea, help write the paper and in charge of guidance

and supervision of this work.

Publication 2: One-component dual actuation: Only Poly(NIPAM) can
actuate to stable 3D forms with reversible size change

This work has been published in Advanced Materials, 2016, 28(44): 9792-
9796..

By Li Liu, Ali Ghaemi, Stephan Gekle, Seema Agarwal*

| performed the experiments which were designed by me and Prof. Dr. Seema
Agarwal. Prof. Dr. Stephan Gekle and Ali Ghaemi performed the numerical
simulation part. Prof. Dr. Seema Agarwal proposed the idea, and in charge of

guidance and supervision of this work. All authors contributed to paper writing.
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Publication 3: Composite Polymeric Membranes with Directionally
Embedded Fibers for Controlled Dual Actuation

This work has been published in Macromolecular rapid communications,
2018, 1800082.

By Li Liu, Hadi Bakhshi, Shaohua Jiang, Holger Schmalz and Seema

Agarwal*

| and Hadi Bakhshi contributed equally to this work. Experiments were
designed by Prof. Dr. Seema Agarwal, me and shaohua Jiang. | performed
the experiments except the synthesis of dual responsive polymers which
was done by Hadi Bakhshi. The Raman measurements were performed by
Holger Schmalz. Prof. Dr. Seema Agarwal proposed the idea, and in charge
of guidance and supervision of this work. All authors contributed to the

paper writing.
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3. Outlook

Currently, regarding polymeric actuators, most scientists are focusing only
on the 3D transforms, such as bending, rolling and folding. However, the
investigation of polymeric actuators’ mechanical properties is rare. First,
compared with the general mechanical robot, the advantages of polymeric
actuators are few. Nonetheless, polymeric actuator with strong mechanicals
could be more interesting.

Second, how strong are they ? or how much force could they generate ?
According to recently published papers, this type of generated force is very
small, which could limit the polymeric actuators’ application.

Third, although polymeric actuators can perform 3D transforms, it could
be helpful to discover how they could exhibit smarter and complex
actuation behavior, thus realizing real time control as the electric mechanic
robot does.

Furthermore, another important factor is that the degree of freedom a
polymeric actuator can generate is too low. For example, the most common
bilayer-type polymeric actuator generally realizes a transform in two
directions. Could we create an actuator that can perform a controllable
transform in any direction ?

In addition, more effort could be forced on the application of polymeric

actuators, such as real blood vessel fabrication. This objective could propel
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the polymeric actuator one significant step forward.
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5.1 Publication 1: Giving direction to motion and surface with ultra-

fast speed using oriented hydrogel fibers

Li Liu, Shaohua Jiang, Yue Sun, and Seema Agarwal*, "Giving direction
to motion and surface with ultra - fast speed using oriented hydrogel

fibers", Advanced Functional Materials, 2016, 26(7), 1021-1027.
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Giving Direction to Motion and Surface with Ultra-Fast
Speed Using Oriented Hydrogel Fibers

Li Liu, Shaohua Jiang, Yue Sun, and Seema Agarwal*

Thermoresponsive hydrogel fibrous membranes showing directionally
controlled movements and surface change with ultra-fast speed are pre-
sented for the first time. They show reversible coiling, rolling, bending, and
twisting deformations in different controllable directions for many cycles (at
least 50 cycles tried) with inside-out change in surfaces and shapes. Speed,
reversibility, large-scale deformations and, most importantly, control over
the direction of deformation is required in order to make synthetic actuators
inspired from natural materials or otherwise. A polymeric synthetic material
combining all these properties is still awaited. This issue is addressed and
provide a very simple system fulfilling all these requirements by combining
porosity and asymmetric swelling/shrinking via orientation of hydrogel fibers
at different angles in a fibrous membrane. Electrospinning is used as a tool
for making membranes with fibers oriented at different angles.

1. Introduction

The utility of external stimuli triggered movements of poly-
meric materials is undisputable in many fields of application.
Speed, reversibility, large-scale deformations and, most impor-
tantly, the control over the direction of movement is desired in
order to make synthetic replicas ingpired from natural mate-
rials or otherwise. Although innovalive concepts for polymeric
actuation triggered by, for example, electrical stimulation,'*]
light,**! magnetic field,”! pH,® humidity and watet,*** and
many others!'5 are shown covering the last few years, a poly-
meric synthetic actuator with controel in direction of move-
ment and reversible change in shapes at high speed is still
awaited. The pioneering work of Hu et al.l'l regarding actua-
tion based on differential swelling/shrinking of two layers trig-
gered by water and temperature in a bilayer polymeric system
remains the basis of thermoresponsive polymeric actuators,
highly interesting for applications in tissue engineering, cell
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encapsulation, microfabrication, robotics,
smart drug carrier, etc. In such actuators,
poly(N-isopropyl acrylamide) (PNIPAM)
is often used as the thermoresponsive
active hydrogel layer undergoing swelling
and shrinking below and above the lower
critical solution temperature (LCST). The
outcome is mostly reversible bending and
rolling motions in the time range from
many seconds lo hours, depending upon
the size and shape.l'/% The instant actua-
tion is not possible due to the use of bulk
hydrogel films with slow fluid transport.
Further, the bilayers change shape revers-
ibly, mostly from flat objects to either
curved (with varied degree of curvatures),
circular, or bent structures, depending
upon the dimensions and thickness of
the two layers with hydrogel as outside layer. Control over the
direction of deformation and surface side is not possible due to
isotropic swelling and shrinking.

The problem of control over the direction of deformation
was tackled in a work by Studart and co-workers? by using
constrained swelling/shrinking of hydrogels in water with or
without a temperature trigger. For this purpose, aluminium
oxide platelets (7.5 mm diameter, 200 nm thickness) coated
with superparamagnetic iron oxide nanoparticles were fixed
in different orientations in hydrogel forming materials such
as alginate, gelatin, and PNIPAM using a magnetic field. The
presence of oriented particles restricted swelling/shrinking in
the direction of reinforcement providing different deformation
patterns, such as bending and twisting, but lacked fast defor-
mations. The reversible bending and twisting took several min-
utes to hours. Similar movements in multistrip hydrogels with
compositional gradient also took several hours.['"!

In another work, irrespective of the hydrogels, the self-
assembled superparamagnetic nanoparticles were also fixed
in other polymer matrix and actuation was achieved using a
magnelic field. The actuator showed small-scale bending and
recoiling in different directions.” Alignment of mesogenic
units in a polymer matrix via rubbing or photoalignment also
provides directional control to actuation.?2! Inspired by chiral
seed pods, flat to helical transitions were achieved in a synthetic
system by using the shrinkage of two layers in perpendicular
directions. The uniaxial stretched layers along perpendicular
directions cut at different angles will either bend or make hel-
ices, depending upon the orientation on the relief of strain.|??

Porous materials with an increased rate of solvent diffusion
show faster swelling in comparison to the bulk materials.?>24
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High porosity was utilized in providing fast actuation to poly-
meric actuators with acetone, camphor sulphonic acid, ethanol,
and sodium hydroxide as solvents.>*!*°l We recently showed
the fastest temperature-triggered bilayer polymeric actua-
tors, with a thickness of more than 100 pm and planar size
of 25 x 5 mm, reversibly bending and rolling to tubes in less
than 1 5.2 But a still unresolved challenge is to control the
direction of movement without sacrificing instant/fast revers-
ible large-scale actuation. We addressed the issue and in this
work, present a large size temperature-triggered polymeric
actuator with control in the direction of movement at ultra-fast
speed, ie., =0.6-5 s depending upon the type of movement.
There is a complete reversal in direction of movement pro-
viding not only switch between two shapes (rolls, tubes, helices)
but also between two different surfaces with temperature,

2. Results and Discussion

A fibrous bilayer system with thermoplastic polyurethane (TPU)
and cross-linked PNIPAM fibers, oriented at different angles as
passive and active layers, respectively, is used for directional
controlled movement. The angle of fiber orientation controls
the direction of movement. The bilayers are made by sequential
electrospinning of TPU with a small amount of photo cross-
linker (4-acryloylbenzophenone, ABP) and thermoresponsive
copolymer of N-isopropyl acrylamide with 2 mol% of photo
cross-linker acryloylbenzophenone (P(NIPAM-ABP)), followed
by pressing at 300 bar for 20 min and photo cross-linking. The
fibers were collected on a rotating disc (diameter 20 cm, disc
rim 4 cm) at 850 rpm to obtain a parallel alignment of fibers.
The alignment degree was =95% for P(NIPAM-ABP) and =82%

s
Mo
www.MaterialsViews.com

for TPU (Figure 1), and porosity was about 56%. The aligned
fibers did not show any molecular orientation as seen by polar-
ized FT-IR (Figure S1, Supporting Information). The average
fiber diameters of TPU and P(NIPAM-ABP) were 501 + 149 and
1368 + 185 nm, respectively. The bilayers were cut at different
angles (0°-fibers oriented parallel to the long axis; 90°-fibers
oriented perpendicular to the long axis; 45°-fibers oriented 45°
to the long axis) to get a varied orientation of P(NIPAM-ABP)
fibers with respect to the long axis of the sample (Scheme 1) for
controlling the direction of actuation.

Pure TPU fibrous membrane with oriented fibers did not
show any change in dimensions in water at different tem-
peratures (Figure S2, Supporting Information) and acted as a
passive layer in the present bilayer membrane system. By con-
trast, the P(NIPAM-ABP) fiber mat with oriented fibers shows
reversible anisotropic swelling/shrinking in water with respect
to the dry as-spun fibrous membrane with changes in tempera-
ture (Figure 2). The degree of anisotropic swelling/shrinking is
dependent upon the angle of orientation of the P(NIPAM-ABP)
fibers with respect to the long axis of the sample and made basis
of directionally controlled movement. The as-spun fiber mat
(length (L) x width (W) x thickness (t): 2.0 cm x 0.5 cm x 46 pm)
with P(NIPAM-ABP) fibers aligned parallel to each other in
the direction of the long axis (0° orientation) in water at 40 °C
(above LCST; the LCST of P(NIPAM-ABP) fiber mat is 27 °C
as measured by micro-DSC (differential scanning calorimetry)
(Figure S3, Supporting Information); it is taken as the peak
temperature in micro-DSC heat flow curve) showed a shrinkage
in length by about 35%, but an increase in the width and
thickness by 15% and 41%, respectively, in comparisen to the
dry state (Table 1). No change in dimensions is expected for
hydrogel bulk films at 40 °C in comparison to the dry film. The

Figure 1. SEM images of a) P(NIPAM-ABP) side—as spun bilayer membrane, b) P(NIPAM-ABP) side—after treatment with hot water, ¢) TPU side—as
spun bilayer membrane, and d) the cross section of the bilayer sample in water at 40 °C after drying shows a strong interface between TPU (left side)

and P(NIPAM-ABP) (right side). Scale bar =10 pm.
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Scheme 1. Schematic showing the formation of bilayer actuators by sequential electrospinning of TPU and P(NIPAM-ABP) followed by UV cross-
linking (steps 1 and 2). The samples were cut at different angles to get varied orientations of thermoresponsive P(NIPAM-ABP) fibers (steps 3 and 4).
The TPU and P(NIPAM-ABP) solutions were mixed with rhodamine B (RB) and methylene blue, respectively, to observe the actuation phenomenon

optically better.

significant shrinkage in the direction of fiber orientation on
putting the fiber mat in water at 40 °C is due to the relaxation of
the electrospun fibers to the lower energy coiled conformation
(Figure 1). During fiber formation, the electrospun fibers are
deposited in the stretched state due to very fast evaporation of
solvent. This is a very well-known fact and this behavior is sim-
ilar to the solvent-triggered shape-memory polymers and tem-
perature-driven contraction of electrospun fibers.>¥%| Also,
the oriented fibers are present in a layer-by-layer structure with
many contact points between the fibers. The shrinkage in the
direction of fiber orientation together with expulsion of water
between the fibers lead to the slight expansion in the direction
perpendicular to the fiber orientation.

In dropping from 40 to 4 °C, the same mat in water below
LCST is expected to be hydrophilically swollen in all directions.
In fact, symmetric swelling in planar dimensions (length and
width) was observed at 4 °C. The fiber mat showed about 38%
expansion in length and width in comparison to the fiber mat

As-spun

at 40 °C. If we compare the expanded dimensions at 4 °C to
the as-spun fiber mat, the swelling is anisotropic. The increase
in width was 58%, whereas the length reduced by about 9%
in comparison to as-spun fibers. In brief, in going from the
as-spun bilayer mat to the wet states, the shrinkage in length
(direction of fiber orientation) dominates the increase in width
above LCST, whereas expansion in width (perpendicular to the
direction of fiber orientation) dominates the shrinkage in the
length below LCST. The increase in thickness above and below
LCST was 41% and 326%, respectively.

The trend is just the opposite for P(NIPAM-ABP) mem-
brane with fibers oriented perpendicular to the long axis of the
sample (fiber orientation 90°). The membrane shrinks more in
the width (direction of fibers) at 40 °C, whereas it swells more
in the perpendicular direction at 4 °C (Table 1, Figure 2).

The change in dimensions of a P(NIPAM-ABP) fibrous mat
with fibers aligned at different angles in water at different tem-
peratures was reflected in directionally controlled movement of a

40 °C

Thickness

196 + 9 um

Figure 2. Size change of cross-linked P(NIPAM-ABP} fibrous membrane {original size: 2.0 cm X 0.5 cm X 46 pm) in water at different temperatures.
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Table 1. Size change of pure P(NIPAM-ABP) fibrous membranes with fibers oriented at different angles {0, 45°, and 90°) to the direction of the long
axis of the sample in water at different temperatures (40 and 4 °C). L: length; W: width; D, and D,: diagonal lengths.

0° 45° 90°
As-spun 40°C 4°C As-spun 40°C 4°C As-spun 40°C 4°C
Llem] 2.041 1.332 1.845 2.028 1.858 2.535 1.979 2308 3.015
W [em] 0.534 0.612 0.845 0.521 0.446 0.624 0.521 0.340 0.485
D, [em] 2.090 1.461 2.049 2.084 1.656 2321 2.067 234 32
D; [em] 2.083 1.402 2.010 2.103 2.078 2971 2.066 2356 3.248

bilayer membrane with TPU. The thickness of the P(NIPAM-ABP)
and TPU layers were 53 + 9 pm and 18 + 3 pm (Figure S4, Sup-
porting Information), respectively, in bilayer membrane. TPU is
used as a representative example for passive layer. It would also
work with other hydrophobic polymers. At 40 °C (temperature
above LCST), the P(NIPAM-ABP) layer with parallel orientation
(0°) of fibers in the bilayer membrane shrinks in the direction of
fiber orientation and, therefore, rolls sideways along the direction
of fiber orientation with P(NIPAM-ABP) making inside surface of
the rolls (Figure 3). On transferring the sample to water at 4 °C
{below LCST), a directional change with opening of the rolls fol-
lowed by re-rolling in the direction perpendicular to the fiber
orientation with the P(NIPAM-ABP) layer now making the out-
side surface was observed. The rolling-re-rolling was reversible
for many cycles without showing any sign of delamination. The
bilayer interface as observed from the cross section of the sample
is shown in Figure 1D. The actuation was ultra-fast, took =0.6 s
from 4 to 40 °C, whereas the reversal of the process took =1.4 s

As-spun

(Figure 4, Movie S1, Supporting Information). Further experiments
were carried out to study the actuation behavior at temperatures
other than 40 and 4 °C. The bilayers showed sideways rolling along
the direction of fiber orientation with P(NIPAM-ABP) making
inside surface of the rolls at temperatures 25 °C and above. At
25 °C, the time required for rolling was about 15 s, whereas at
temperatures 27 °C and above the process was very fast with com-
plete rolling in less than 2 s (Figure S5, Supporting Information).
The heat flow versus temperature transition in micro-DSC for
P(NIPAM-ABP) was broad starting from 19 °C and the peak tem-
perature (27 °C) was considered as LCST (Figure S3, Supporting
Information). The opening of rolls followed by re-rolling in the
direction perpendicular to the fiber orientation was possible at all
temperatures below 19 °C. At temperature between 19 and 25 °C,
the rolls simply open up but do not re-roll in another direction. The
bilayer fibrous mat in hot water (above 27 °C) could lift =13.4 times
mass of its own weight (55 mg was lifted by a bilayer membrane of
4.11 mg) (Figure S6, Supporting Information).

a0°c a°C

.%’.Si !ZL J

1024  wileyonlinelibrary.com

Figure 3. Fiber orientation-dependent actuation behavior of bilayer TPU (pink)/P(NIPAM-ABP) blue) fibrous membranes (length: 2.0 cm, width:
0.5 cm) in water at different temperatures. Black arrows show the fiber orientation direction, 0°, 45°, and 90° are angles between the fiber direction
and the long axis of the sample, as indicated by a black dotted line on the sample. Scale bar = 0.5 cm. The TPU and P(NIPAM-ABP) were dyed to get
a better contrast but in real photos and movies the contrast might not be visible as P(NIPAM-ABP) becomes transparent in contact with water.
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Figure 4. Actuation time of the bilayer TPU/P(NIPAM-ABP) fibrous membrane with different orientations of fibers at 0°, 45°, and 90° with respect to
the long axis of the sample (original length: 2.0 cm, width: 0.5 cm) in water at 40 and 4 °C, respectively. Scale bar = 0.5 em.

When fibers were oriented at 90° (perpendicular to the long
axis), similar control over direction, shape, and surface was
observed. The difference was the sideways rolling (perpen-
dicular to the direction of fiber orientation) at 4 °C with the
P(NIPAM-ABP) layer on the outside (actuation time =4.0 s) and
rolling along the direction of fibers at 40 °C with P(NIPAM-ABP)
layer inside (actuation time =1.3 s) (Figures 3 and 4, Movie S2,
Supporting Information).

The P(NIPAM-ABP) mat with fibers oriented at 45° with
respect to the long axis showed shrinkage along the fiber direc-
tions at 40 °C reflecting a very significant reduction in diagonal
length Dy in comparison to D, (Figure 2, Table 1). At 4 °C, the
swelling took place in all directions almost symmetrically if
we consider dimensions, in comparison to that of the sample
at 40 °C. In comparison to the as-spun dry fiber, the swelling
was asymmetrical, with more swelling in diagonal direction
D,. Asymmetrical swelling and shrinkage was reflected in the
twisting of the bilayer membrane with direction control. At 40 °C,
the twisting followed shrinking parallel to the fiber orientation
with right-handed twists leading to a tubular structure with
P(NIPAM-ABP) as the inside layer. Whereas at 4 °C, swelling
in a perpendicular direction led to the opening of the right-
handed helix followed by rolling diagonally in the direction

Adv. Funct. Mater. 2016, 26,1021-1027
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perpendicular to the fiber orientation giving a helically rolled
tubular structure, with P(NIPAM-ABP) as the outside layer. The
complete inversion of the tube (inside out) took place in =0.7 s
at 40 °C and =5 s at 4 °C (Figure 4, Movie S3, Supporting
Information).

Furthermore, fast actuation with similar directional control
is possible for samples of different sizes as shown in Figure 5.
The bigger sample requires more time for mass transport and
therefore an increase in the time of actuation. Also, the curva-
ture and the number of turns in a tubular coil can be controlled
by changing the thickness ratio of the two layers. A thickness
ratio (P(NIPAM-ABP):TPU) of 0.4 (sample size: 20 mm x 5 mm)
for a sample with parallel arrangement of fibers (0° alignment)
is not sufficient for making rolls/coils (Figure 6). The sample
simply bended. The complete rolling took place at P(NIPAM-
ABP).TPU thickness ratio =1.0. On increasing the thickness
ratio, the coiling took place with increase in number of turns
and curvature. Moreover, complex shapes can also be made by
simply cutting the bilayer membranes into different patterns.
As an example, one of the shapes provided a synthetic analogue
of a Venus fly trap, mimicking only its movement pattern and
actuation time in our case even with water vapors (Movie S4,
Supporting Information).

wileyonlinelibrary.com 1025

d3idvd 1INd



5. Appendix

FULL PAPER

1026

FURCHIGNAL

MATERIALS

www.afm-journal.de

'A\
M“\m\}iié

www.MaterialsViews.com

40°C

4°C

Figure 5. Size-dependent actuation of the bilayered TPU/P(NIPAM-ABP) fibrous membrane (fibers are oriented at 90° with respect to the direction
of long axis of the sample) (original size: length: 2.0 cm, width: 0.5 cm and length: 3.0 cm, width: 0.5 cm) in water at 40 and 4 °C, respectively. Scale

bar=0.5 cm.

3. Conclusion

In conclusion, we show the first ever large size thermoresponsive
polymeric actuator with directionally controlled reversible move-
ments with very high speed. The movements led to the formation
of tubes, coils, and helices, reversibly changing their shapes and
surface sideg with temperature. The inherent porosity, deposition
of electrospun fibers in stretched state, and alignment in a simple
way by collecting fibers on a rotating wheel provided the desired
all-in-one actuators. Based on this concept, the appropriate com-
bination of materials in bilayers can also provide polymeric

Thickness ratio 0.4

Thickness

actuators triggered by other stimuli in the future. The method is
simple, versatile, and suitable for making large samples.

4. Experimental Section

Materials: Cross-linkable PNIPAM (M, 12 x 10* g mol™,
M, =41 x 10* g mol™") was made by free-radical copolymerization of
NIPAM and photo cross-linker ABP, designated as (P(NIPAM-ABP)
according to the previous report.”sl TPU (Desmopann DP 2590, Bayer
Materials Science, M, = 8.89 x 10* g mol™', M,, = 14.5 x 10* g mol™") and
N,N’-dimethylformamide (DMF, 99.8%, Aldrich) were used as received.

40°C

As-spun

4°C

Curvature = 1/r
8

84
E o
g B
Q 4]
g

0. Q o o 40°C

O 4°C
1 2 3 4
Thickness ratio (P(NIPAM-ABP)/TPU)

Figure 6. Thickness ratio (PNIPAM-ABP/TPU) dependent bending of 0°-bilayered TPU/P(NIPAM-ABP) fiber mats (20 mm x5 mm). a) Cross section of
samples with different thickness ratio (pink side is TPU; scale bar = 50 pm); b) in water at different temperatures (scale bar =5 mmy}; ¢) determination
of radius (r) (scale bar =2 mm); and d) plot of curvature against thickness ratio of P(NIPAM-ABP)/TPU. The curvature is taken as 1/r. The bended
arch is assumed as an imaginary circle for the determination of r and for coils the radius of the inner most circle is taken for comparison purpose.
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Preparation of Fibrous Membranes: The pure TPU, P(NIPAM-ABP),
and bilayer fibrous membranes were prepared by electrospinning of the
corresponding polymers from DMF. The spinning conditions are given in
Table S1 {Supporting Information). The TPU spinning solution had 4 wt%
of UV cross-inker ABP, with respect to the weight of TPU, to cross-link the
two layers at the interface in bilayer membranes. An amount of 0.4 wt% of
Rhodamine B (RB) and methylene blue (MBY), with respect to the weight
of the corresponding polymer, were added to the TPU and P(NIPAM-ABP)
solutions, respectively, to obtain color contrast in the bilayer. A rotating
disc (diameter 20 cm, disc rim 4 cm) with a rotation speed of 850 rpm
was used as a collector and provided parallel-aligned fibers. The bilayer
TPU/P(NIPAM-ABP) aligned-fiber mat was made by sequential spinning
of the two polymer solutions, ie., first, pure TPU was spun, followed by
the spinning of P(NIPAM-ABP). Subsequently, the bilayer nanofiber mats
were pressed at 300 bar for 20 min at room temperature and cross-linked
by UV light (Honle UVAHAND 250 GS) for 4 h for each side.

Characterization: A scanning electron microscope (SEM) (Zeiss
Leo 1530) was used to observe the morphology and diameter of
fibers (Image | software). Before scanning, 3.0 nm of platinum (Pt
coating was applied to increase the conductivity of the samples. All
the photos of the actuation process were captured by Video Remaker
software from the corresponding videos. Micro-DSC was measured on
a Setaram Micro-DSC IIl at a heating/cooling rate of 0.25 “C min"'. The
molecular weight of P(NIPAM-ABP) was determined by gel permeation
chromatography using DMF as the eluent at a flow rate of 0.5 mL min™
at25°C.

The degree of fiber alignment (dg,) was calculated according to the
previous literature using the following equation(]

3 cos? -1
S B m
where 8 is the angle the individual fiber forms with the preferred
direction controlled by the rotating collector. The values given are an
average of a minimum of 100 fibers.

The porosity (P) of the electrospun nanofiber mat was calculated
using Equations (2)—(4)

o,

= MaSSmat: 4

Prmar area,, X thickness . =
o massgn

Phim =5 fim X thickness g, ‘

v ]_Pma:Jx]()()°/ 4
( Pfim ) N

where p... and pg, are the density of the pressed UV cross-linked
P(NIAPM-ABP) electrospun fibrous membrane (mat) and film,
respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. Polarize Wavenumber (cm’) mat. Note: 0 and
90 are the angles between fiber alignment and light.

Figure S2. TPU fibrous membrane does not show appreciable size change in water at
different temperatures {original size: ~ 1.0cm x 1.0 cm). Scale bar =0.5 cm.
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Figure S3. Micro-DSC measurement of cross-linked P(NIPAM-ABP) fibrous membrane
showing LCST around 27 °C.

Figure S4. Digital microscope picture of the bilayered TPU/PINIPAM-ABP) fibrous
membrane. The thickness of PNIPAM layeris 53+ 9 pm and of TPU is 18 £ 3 um.
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Figure S5. Effect of water temperature on folding time (0° sample; original size: length: 2.0
cm, width: 0.5 cm).

Figure S6. Lifting of weight by fibrous bilayer membrane (sample 0°) a) bilayer sample (4.11
mg) in air with a weight of 55 mg glued at its one end, b) the sample rolled with attached
weight in water at 40°C, ¢) rolled sample in air at room temperature (22°C), d) rolled sample
de-rolls in 136s. Scale bar =8 mm.
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Table S1. The electrospinning parameters used for making fibrous membranes. DMF was
used as solvent.

Solution Voltage Flowrate Spinning volume Needle Collecting

concentration (%) &Y) (mlh) (ml) diameter distance
(nm) (cm)
P(MIP AM-2BP) 40 18 13 2 06 20
TRPU 25 18 1.3 4 06 20

Movies 14 showing membrane movements.
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One-Component Dual Actuation: Poly(NIPAM) Can Actuate
to Stable 3D Forms with Reversible Size Change

Li Liu, Ali Ghaemi, Stephan Gekle, and Seema Agarwal*

In the last several years, artificial polymeric bilayer architec-
tures inspired from nature have been used for light, tem-
perature, moisture, or electric- and magnetic-field-triggered
reversible twisting, bending, and curling motions.!'"""*! One of
these most studied bilayer systems makes use of thermore-
sponsive hydrogels as an active layer, undergoing temperature
dependent swelling/shrinking in water/humid air in com-
bination with a hydrophobic (passive) polymer inert layer,
leading to shape change'*#2l Fast actuation, large deforma-
tions, reversibility, direction control maintaining low cost, and
simple procedures of production of thermoresponsive bilayer
actuators have already been achieved in one way or the other
as evidenced from the literature.?-23 A piece of paper, though
only one component, also curls or bends on a water surface
due to the differential swelling across the paper thickness. The
curvature increases with time to a maximum and then flattens
as the sheet becomes completely wet.*!l Artificial one compo-
nent thermo-/hydro-responsive actuation is a rare phenomenon
as special procedures are required for creating structural ani-
sotropy. In one of the studies, which in real sense is not one
component, the anisotropy was generated by orientation of stiff
inorganic particles within the swellable/shrinkable polymer
hydrogel or thermoresponsive gel along the layer thickness
using a weak external magnetic field. The hydrogels reversibly
changed shape in accordance to the orientation of the parti-
cles.?’l A graphene paper with a gradient of reduced graphene
oxide (hydrophobic)/graphene oxide (hydrophilic) showed
reversible deformations with moisture and heat due to water
driven differential expansion/contraction.”®l The gradient along
the thickness can also be achieved by differential molar mass
of the base polymer or cross-link density.?*l A gradient along
the thickness in a poly (N-isopropyl acrylamide) (poly(NIPAM))
film was created by concentrating silica particles on one side
of the film by electrophoresis followed by photo-polymeriza-
tion. The cross-linked poly(NIPAM) gel in water bent at 40 °C
with the silica side outside. The removal of silica particles can
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provide gradient porous poly(NIPAM) gel bending in opposite
direction.?’!

Reversibility in actuation is seen as one of the advantages
providing performance for many cycles. The majority of ther-
moresponsive actuators are reversible showing opening and
closing of tubes, cutls, inversion of surfaces (inside-out) with
change in temperature. For many applications, such as exter-
nally triggered formation of 2D and 3D scaffolds, reversibility
of actuation is not desired as a slight change in temperature
would reverse the process destroying the scaffold structure.
Therefore, very fast irreversible actuation/shape/form change
making 2D and 3D stable structures via temperature as external
trigger in a simple way on a large scale is also a challenge. Here
we report our new findings regarding dual one-component ther-
moresponsive actuator with the following highlights: (1) actua-
tion of only-poly(NIPAM) membranes without any additional
components; (2) formation of very fast 3D hollow tubes by
temperature triggered self-rolling and curling in an irreversible
way in different directions and being stable at all temperatures
in water once they are formed; (3) actuation in size depending
upon the temperature; (4) the observed behaviour is traced back
to the unique combination of anisotropic thermal expansion
with a similarly anisotropic elastic modulus of the employed
material as demonstrated by numerical simulations.

Cross-linked poly(NIPAM) fibrous membranes made by elec-
trospinning show temperature and fiber alignment dependent
swelling and shrinkage in water!???l Two such differently
swellable/shrinkable poly(NIPAM) fibrous mats were combined
together to generate a swelling/shrinkage gradient along the
membrane thickness (perpendicular to the interface) to create
temperature triggered irreversible very fast actuation. The gra-
dient thickness can be easily adjusted by the time of spinning.
For making such membranes, randomly aligned fibers were
first spun on a horizontally rotating disc of diameter 13 ¢m at
30 rpm followed by deposition of aligned fibers on a vertically
rotating disc of diameter 20 ¢cm and disc rim of 4 cm with a
rotating speed of 800 rpm. The degree of alignment of fibers, as
calculated by Formula 1 (Supporting Information) was 97%. The
fibrous mat was pressed at room temperature at 300 bars for
20 min and photo cross-linked to get a strong interface between
the fiber layers (Figure 1a, Figure S1, Supporting Information).
This method of making a stable fibrous layered membrane (no
delamination on repeated use in water) was established in our
previous work on bicomponent membranes.*!l The porosity, as
determined by Equations (2-4) (Supporting Information), was
40% and 33%, respectively, for random and aligned fibrous
layers. The average diameters of as-spun random and aligned
fibers were 1.5 and 1.3 pum, respectively (Figure S1, Supporting
Information). The resulting sample with asymmetric align-
ment of fibers was cut at varied angles to provide samples with
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Figure 1. a) Schematic of formation of Bi-PNIPAM-0°, Bi-PNIPAM-45°, Bi-PNIPAM-90° actuator by electrospinning of aligned layer and random layer,
respectively (Step 1), followed by pressing and cross-linking (Steps 2 and 3). At last, the samples were cut into pieces at different angles (Step 4);
b) one component poly(NIPAM) directionally controlled actuation: movement of Bi-PNIPAM-0°, Bi-PNIPAM-45°, Bi-PNIPAM-90° mat (aligned (blue)/
random (pink) (length: 2.0 cm, width: 0.5 cm) with the thickness ratio (aligned/bilayer) of 0.65) in water at different temperatures. Fiber alignment
direction was indicated by a black dotted line on the sample. The good color contrast by dying the aligned and random mats might be invisible due to
the transparency of poly(NIPAM-ABP) in water; c) equilibrium shapes of bilayer mats obtained from finite-element simulations in 40 °C water. From left
to right are 07, 45°, and 90° fiber alignments in one of the two layers. By using anisotropic expansion coefficients in combination with an anisotropic
elastic modulus, good agreement with the experimental shapes in (b) is obtained.

randomly arranged fibers in one layer and parallel arranged (Bi-
PNIPAM-0°), perpendicularly arranged (Bi-PNIPAM-90°), and
fibers arranged at 45° (Bi-PNIPAM-45°) with respect to the long
axis in the second layer as shown in Figure 1a.

For comparison purposes, poly(NIPAM) individual random
(mono-ran-PNIPAM), and aligned fibrous mats (PNIPAM-0°;
PNIPAM-90% PNIPAM-45°) were also prepared. Temperature
and fiber alignment dependent swelling and shrinking of indi-
vidual poly(NIPAM) fibrous mats with different fiber align-
ments is shown in Figure S2 in the Supporting Information
and Table 1. The mat with fibers aligned parallel to the long
axis of the fibers (PNIPAM-0°) showed around 33% shrinkage
and 18% swelling in the direction parallel and perpendicular
to the fiber alignment, respectively, whereas fiber mats with
random alignment of fibers (mono-ran-PNIPAM) shrank =11%
in both directions on putting in water at 40 °C in a similar
way as described previously.?'??l When two such fibrous mats
(PNIPAM-0° and mono-ran-PNIPAM) were combined together
in the form of a layered structure (thickness of PNIPAM-0°
and mono-ran-PNIPAM fibrous mats were 33.9 and 17.9 pm,
respectively; size: 2.0 cm x 0.5 c¢m length (L) x width (W)
and immersed in water at 40 °C, the structure showed rolling

along the fiber alignment direction with the randomly ori-
ented mono-ran-PNIPAM fibrous layer forming the outside
of the rolls (Figure 1b, Movie 1, Supporting Information) due
to the gradient in differential shrinkage along the thickness.
The high shrinkage of PNIPAM-0° compresses the mono-ran-
PNIPAM layer all along the interface leading to rolling. Based
on the naive assumption of an isotropic £ modulus, the differ-
ential swelling and shrinkage pattern in Table 1 would suggest
that rolling perpendicular to the direction of fiber alignment
should also happen for a bilayer of PNIPAM-0° and mono-ran-
PNIPAM. The preference of rolling along the length of the fiber
mat can be explained by a significant difference in £ modulus
of the aligned PNIPAM-0° fibrous mat in parallel and perpen-
dicular directions. Indeed, we measured the E modulus of the
aligned fibrous mats in the dry state (Figure $3, Supporting
Information) and find that in the perpendicular direction it is
much smaller than in parallel direction. Thus, even though the
material does attempt to increase its size in the perpendicular
direction, the resulting stress is too small to create buckling
in this direction. Although a similar mechanical test on wet
samples could not give any accurate quantitative values due to
handling and gripping problems together with the difficulty of

Table 1. Size change of poly(NIPAM) fiber mats with different alignment of fibers in water at different temperatures (40 and 4 °C). The similar mats
were used in the previous work for getting reversible thermoresponsive actuation in shape by making bicomponent mats.?22

0° 45° 90° Random
As-spun 40 °C 4°C As-spun 40 °C 4°C As-spun 40 °C 4°C As-spun 40°C 4°C
Lem] 1.976 1.319 1.85 2.005 1.831 2.617 21015 2.355 3.508 2117 1.887 2.7
W [cm] 0.524 0.62 0.932 0.524 0.464 0.677 0.5165 0.3355 0.4985 0.539 0.479 0.669
D [cm] 2.041 1.447 2.049 2.07 2.086 3.041 2.163 23N 3.548 2193 1.956 2.777
D, [em] 2.048 1.454 207 2.073 1.656 2364 217 2376 3.534 2.181 1.948 2.783
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keeping uniform shape which is a general problem of all soft
gels, a qualitatively similar trend is expected. We note that a
similar mechanical anisotropy with a higher modulus in par-
allel direction in comparison to that in perpendicular direction
is known for other soft gels.l**)

The rolled tubes, when taken out from water, and dried,
either at room temperature or at 60 °C, in a vacuum oven for 24
h did not return back to the original flat shape. However, they
showed reversible change in size on changing the water temper-
ature from 40 to 4 to 40 °C keeping its tubular shape for at least
30 cycles. On transferring the rolled 3D structures in water from
40 to 4 °C and vice versa led to no significant change in shape.
Indeed, for a shape change when going from 40 to 4 °C (the
temperature below lower critical solution temperature (LCST)
of poly(NIPAM), which in the first instant should be opening
of the tube, two possible scenarios are (1) the inside layer swells
in parallel direction and the outside layer does not change its
length, (2) both layers swell in parallel direction with the inside
layer swelling appreciably more than the outside layer. Under
both these conditions, the compressive force generated along
the interface would open the tube. But from Table 1, it is evident
that both mono-ran-PNIPAM (the outside layer) and PNIPAM-
0° (inside layer) swell to almost the same extent in parallel direc-
tion. The mono-ran-PNIPAM increases in length by =43%,
whereas PNIPAM-0° showed =40% increase. Therefore, in our
case there is no net compressive force on the interface to open
the tube. This explains irreversible shape change.

Once the tubes are formed, the change in water temperature
to 4 °C and vice versa led to an almost instant reversible change
in size. The tubes swell (both length and width) at 4 °C and
shrink at 40 °C. This is simply due to swelling of poly(NIPAM)
in cold water (4 °C) and shrinkage in hot water (40 °C), an
inherent property of poly(NIPAM) irrespective of fiber align-
ment direction. 4 and 40 °C were arbitrarily chosen as two tem-
peratures below and above the LCST (26 °C) of poly(NIPAM)
fibrous mat as observed by micro-DSC.?? In short, there are
two different processes: (1) from as spun (dry) state to wet and
(2) from wet (hot) to wet (cold) and vice versa. The first pro-
cess decides the shape and is irreversible. The second process
decides the tube size and is reversible.

a
_——

NNNNNY \ 45

L1140y

www.advmat.de

The same behavior, i.e., movement along fiber alignment,
was observed in other samples with one layer made up of ran-
domly arranged fibers and another layer with fiber alignments
perpendicular and 45° (Bi-PNIPAM-90° and Bi-PNIPAM-45°)
(Figure 1b). In case of PNIPAM-45, compared to the random
layer (mono-ran-PNIPAM), on going from dry as spun fibers
to wet state at 40 °C, the dimensional change (shrinkage) of
aligned layer along the fiber orientation (diagonal D) domi-
nated that along the direction perpendicular to the fiber ori-
entation (diagonal D;) (Figure S2, Supporting Information)
leading to a helix with the randomly aligned fibrous layer out-
side. Also, Bi-PNIPAM-90° showed bilayer movement along the
direction of fiber alignment due to the combined effect of the
anisotropic E modulus and asymmetrical differential change in
length and width as explained above for Bi-PNIPAM-0° sample.
The width of PNIPAM-90° decreased by =35% whereas mono-
ran-PNIPAM showed only 11% shrinkage. The differential
shrinkage in width led to the formation of a tube by rolling
along the fiber alignment, i.e., perpendicular to the long axis.
Shape changes in all these cases were very fast in less than 3 s
depending upon the direction of fiber alignment due to highly
porous membranes. Fast shape change is also possible even
for larger size samples. 2.28, 2.97, and 3.37 s, respectively were
required for Bi-PNIPAM-0° (thickness ratio (aligned:bilayer)
0.65) samples with ratio of L:W 2:1, 41, and 6:1 at 40 °C,
respectively (Figure 2a,b).

Furthermore, the effect of temperature on rolling behavior
was studied for Bi-PNIPAM-0° by following the curvature. The
rolling took place on placing the as spun dry sample in water at
all temperatures between 4 and 40 °C. There was a significant
increase in curvature on going from 23 to 37 °C and the change
was maximum at 26 °C, the cloud point of poly(NIPAM) fibrous
mat (Figure 2c).

In Figure 3, we show that the curvature normalized by the
total thickness reaches its maximum point when the thick-
ness ratio is around 0.48 and decreases again afterward. A
reminiscent behavior with zero curvature for the extreme
thickness ratios of 0 (random layer only) and 1 (aligned layer
only) together with a maximum in between occurs in metallic
bilayers under thermal expansion.P!l A similar trend was seen

261 ain A
Curvature = 1/r s ®
24 -
e -
" L
E 224 .
o
3 20 -
e i
-
8 b .f -
ot e,
164

Figure 2. Actuation process and effect of temperature. a) Actuation process of Bi-PNIPAM-0°, Bi-PNIPAM-45°, Bi-PNIPAM-90° mats (thickness ratio :
0.65 (aligned/random); L:W = 4:1) with time in water at 40 °C; b) Size-dependent actuation process of Bi-PNIPAM-0° mats (thickness ratio: 0.65
(Aligned/random)) with time in water at 40 °C. L:W ratios were 2:1, 4:1, and 6:1; c) The effect of temperature of water on the curvature of Bi-PNIPAM-0¢

mat with the thickness ratio (aligned/random) of 0.65.
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Figure 3. Effect of thickness ratio (aligned/random) on “curvature x total thickness” of Bi-PNIPAM-0° mats (size: L:W =2 mm:3.5 mm) in water at dif-
ferent temperatures. a) Cross-section of Bi-PNIPAM-0 samples with different thickness ratio (blue side is aligned layer; scale bar=100 um); b) in water
at different temperatures (scale bar =1 mmy); ¢) radius (r) determination (scale bar=1 mm); d) “curvature x total thickness” against thickness ratio

of aligned/random. The curvature is taken as 1/r.

in samples with high aspect ratio (L/ W = 4:1) (Figure S4, Sup-
porting Information). The difference was a complete rolling
instead of merely a bending on increasing the L/ W ratio.

In order to demonstrate that the observed results can
indeed be understood properly by a combination of thermal
expansion and elastic deformation, we conduct finite element
simulations using the Abaqus software package (see Methods
for details in Supporting Information). These allow us to pre-
dict the equilibrium shape of the bilayer mats after complete
swelling/shrinking. The poly(NIPAM) layers are modeled as
elastic materials whose swelling/shrinking is accounted for by
an effective expansion coefficient. The aligned layer is an ani-
sotropic material with expansion coefficients g = —0.3 and
Clperp = 0.2 in direction along and perpendicular to the fiber
orientation, respectively, as obtained from Figure S2 in the Sup-
porting Information and Table 1. The elastic moduli are simi-
larly anisotropic with Ejuy,/ Eperp = 50 as measured in Figure S3
in the Supporting Information. The random layer is isotropic
with Orangem = —0.1 and Eqong/ Erandom = 5/3.

Figure 1c shows the numerically obtained structures for
the mats with fibers aligned at 0°, 45°, and 90° in one of the
layers corresponding to the experimental images in Figure 1b.
For 0° and 90° we observe rolling in fiber direction and for
45° a helical structure is found in very good agreement with
experimental observations. In contrast, considering only ani-
sotropic expansion combined with isotropic elasticity leads to
shapes which are in clear disagreement with the experimental
observations (Figure S5, Supporting Information). This lends
strong support to our hypothesis that the observed actuation is
indeed due to a combination of an anisotropic expansion with
an equally important anisotropy in the elastic modulus.

In conclusion, we present a rare example of a one-compo-
nent dual actuator with very fast irreversible actuation (1-3 s) to
direction controlled 3D tubular forms and almost instant revers-
ible size actuation with temperature in contact with water. The

4 wileyonlinelibrary.com
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3D structures kept their form in water at temperatures 440 °C
with reversible change in size. The actuator is a porous fibrous
poly(NIPAM) membrane in which asymmetry in swelling/
shrinkage required for irreversible actuation in form is created
along the membrane thickness by fiber alignment and direction
dependent E modulus. The actuation in size of 3D tubular forms
is due to thermoresponsive nature of poly(NIPAM). The actua-
tors can be made in any dimensions and validated by numerical
simulations. This work opens up new perspectives of formation
of 3D structures by external stimuli with reversible actuation in
size without destroying the form useful for creating externally
controlled 3D structures, scaffolds for tissue engineering, com-
plex patterns for multi-cell culture, for example.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Experimental Section

Materials: Photo cross-linker 4-acryloylbenzophenone (ABP) was used and PINIPAM-ABP)
(M, = 7.0 x 10* g/mol, M,, = 2.0 x 10° g/mol) was made as described in ref 1.1

Preparation of fibrous mats: All fibrous mats were made by electrospinning of P(NIPAM-
ABP) using DMF as solvent. The electrospinning conditions were presented in Table S1. For
obtaining the color contrast in the bilayer fibrous mat, with respect to the weight of
P(NIPAM-ABP), an amount of 0.4 wt% of methylene blue (MB) and Rhodamine B (RB)
were added into the solutions to get the aligned and random fibrous mats, respectively. The
fibers collected by a horizontally rotating disc of diameter 13 c¢cm at 30 rpm formed the
random fibrous mat and that collected by a vertically rotating disc of diameter 20 c¢cm and a
disc rim of 4 cm with a rotating speed of 800 rpm formed the aligned fibrous mat. After that,
the random and aligned fibrous mats were pressed together under 300 bars for 20min, at room
temperature, followed by photo cross-linking under UV-lamp (Honle UVAHAND 250 GS)

for 4 hour.

Finite element simulations. Bilayer mats are simulated using ABAQUS version 6.14. The
mats are meshed using three dimensional, general purpose brick elements, C3D8R, for
linearly elastic (but anisotropic) materials. This method solves the elastic equations such that

the equilibrium shape is obtained. The layers are tied to each other with a no slip boundary
1
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condition at their interface. No further restrictions are imposed on the free movements of the
mats.

Our goal here is to model the irreversible rolling when the fibrous mats are taken from the dry
state into the 40°C water. The water influx into the porous medium follows a very
complicated time dynamics. Luckily, however, it is not necessary to model this influx in full
detail in order to obtain an understanding of the final rolled shape. Therefore, the explicit time
dynamics of water influx is not included. Instead, we model the swelling/shrinkage of the
material by using ABAQUS’ possibility of modeling material expansion. The total length
change of each layer was anisotropic with swelling/shrinkage ratios @ whose values are given
in the main text. Including expansion also in the vertical direction does not lead to significant
changes. The shape change is achieved by going from the dry to the 40°C wet state in small
increments the number of which is determined automatically so as to ensure numerical
convergence.

ABAQUS is capable of treating anisotropic materials whose elastic E moduli differ in
different directions (the values are given in the main text). The shear modulus is always
isotropic with Emngen/G = 3 and Poisson’s ratios are vilongpep=Valongz= Vpapz —0.3 for the
aligned layer and viundor=0.3 for the random layer. Varying both quantities does not lead to
appreciable differences in the results.

In the simulation, the thickness of both mats is 30 um. To obtain a clear illustration of the
bending effects without interpenetration of the mats, the sizes of the mats are chosen as 1600

% 500 um for the 0°, 2000 x 500 um for the 45° and 2000 x 1000 um for the 90° mat.

Characterization: Gel permeation chromatography (GPC) was used to determine the
molecular weight of PINIPAM-ABP) by using DMF as the eluent at a flow rate of 0.5
mL/min at 25 °C. A scanning electron microscope (SEM) (Phenom Pro, Phenomworld) was

used to study the diameter and morphology of fibers. The quantified analysis of dimension
2

108



5. Appendix

WILEY-VCH

change was carried out by a software of Image J. A software named Video Remaker was
chosen to capture photos.

And according to the previous literatures, the alignment degree was based on the following
formula: !

__ 3cos?0-1

dpg === (D)
where 8 is the angle between the individual fiber and the rotating direction of the collector.
The given values are based on an average of 100 fibers.

The porosity (P) of the random and aligned fibrous mats were calculated by the equations of

(2), (3) and (4):

_ MaSSmat
pmat - aretyar xthickness,qe (2)
_ Mass fim
pfllm - areaﬁlmxthicknessﬁlm (3)
. (1 _m) x 100% 4)
Pfitm

where pgim = film density and pma = density of cross-linked electrospun mats, respectively.

Aligned

Figure S1. SEM images of a) aligned and random mats in water at different temperatures, b)

the cross-section of the Bi-PNIPAM-0° mat in water at 40 °C after drying shows a strong
3
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interface between aligned (upper side) and random (bottom side) fibrous layers. Scale bar =

20 um.

As-spun 40°C 4°C

0°

45°

90°

Random

S5mm  —
Figure S2. The size change of aligned and random cross-linked fibrous mats (original size:

2.0 ecm x 0.5 cm) in water at different temperatures. The similar experiment was done

previously in reference 22 (main text) for making bicomponent actuators.
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Figure S3. a) strain-stress curve and b) E-modulus of pressed cross-linked one-component Bi-
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Figure S4. Effect of thickness ratio (aligned / bilayer) on “curvature x bilayer total thickness”

02

of Bi-PNIPAM-0° mats (20 mm * 5 mm) in water at different temperatures. a) Cross-section
of Bi-PNIPAM-0° samples with different thickness ratio (blue side is aligned layer; scale bar
= 100 pum); b) In water with different temperatures (scale bar = 10 mm), ¢) radius (r)
determination (scale bar = 1 mm), d) Curve of “curvature x bilayer total thickness” against

thickness ratio of Aligned / Bilayer. The curvature is taken as 1/r.
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Figure S5. Equilibrium shapes of the 0°, 45° and 90° bilayer mats from finite element
simulations analogous to Figure 1c of the main text, but with the oversimplifying assumption
of an isotropic elastic modulus in both layers. Comparison with Figure 1 of the main text
clearly demonstrates that this simple model is not able to reproduce the experimentally
observed shapes. The size of the mats is 1600x500um for the 0° and 45° and 800x500um for

90° mat.

Table S1. The electrospinning parameters used for making fibrous membranes. DMF was
used as solvent.

Solution Voltage Flow rate Spinning volume Needle Collecting

concentration 00- [KV] [mi/h] [ml] diameter distance
[t %] [mm] [em]
Aligned Mat 40 -24-170 13 25 0.6 15
Random Mat 40 00-16.0 1:3 10 0.6 20

[1] G. Stoychev, N. Puretskiy, L. Ionov, Soft Matter 2011, 7, 3277.
[2] R.Dersch, T. Liu, A. Schaper, A. Greiner, J. Wendorff, J. Polym. Sci. 4 Polym. Chem.

2003, 41, 545.
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Composite Polymeric Membranes with Directionally
Embedded Fibers for Controlled Dual Actuation

Li Liv, Hadi Bakhshi, Shaohua jiang, Holger Schmalz, and Seema Agarwal*

In this paper, preparation method and actuation properties of an innova-

tive composite membrane composed of thermo- and pH-responsive poly-
{N-isopropylacrylamide-co-acrylic acid) fibers (average diameter = 905 nm)
embedded within a passive thermoplastic polyurethane {TPU) matrix at
different angles with degree of alignment as high as 98% are presented. The
composite membrane has a gradient of TPU along the thickness. It has the
capability of temperature- and pH-dependent direction-, and size-controlled
actuation in few minutes. The stresses generated at the responsive fiber

and nonresponsive matrix provide actuation, whereas the angle at which
fibers are embedded in the matrix controls the actuation direction and size.
The temperature has no effect on actuation and actuated forms at pH 7 and
above, whereas the size of the actuated forms can be controlled by the tem-
perature at lower pH. The membranes are strong enough to reversibly lift and
release ~426 times weight of their own mass (2.47 g metal ring is lified by a
5.8 mg membrane). Soft actuators are of interest as smart scaffolds, robotics,
catalysis, drug release, energy storage, electrodes, and metamaterials.

expand the conlrollability for the inlended
applications,  Some  multistimuli  are
included but not limited to pHyelectro, '™
pliysaltt plijthermos, 124 pli/thermo/
salt/™ Along these lines, actuators that
respond to pH and temperature are more
interesting, having a higher potential for
biomedical applications.'4

Generally, hydrogel actuators respond
very slowly to stimuli, since their swelling/
shrinkage behaviors are associated with the
diffusion injout of water or ions. However,
the response rate can be improved via modi-
fying the chemical structure, e.g., comb-type
grafting"l or altering the morphological
construction, c.g., macroporous!’®”. and
nanoedimensional'*  structures.  Elec-
trospun responsive fibers showed shorter
response-time comparing to hydrogel films
because of their higher more specific surface

Macromolecular 1)
Rapid Communication

1. Introduction

Soft actuators made of materials able to change their shape or
propertics in response to cnvironmental stimuli have attracted
much interest in various applications such as sensors, optical and
microfluidic devices, walkers and swimmers, and encapsulating/
releasing systems.’? Actuation triggered by temperature,®’!
pHLB light 07 electric,® magnetic. ficlds, and certain chemi-
cals!”! are well-studied. Lately, multistimuli-sensitive soft actuators
have attracted more attention from applications' point of view.
The combination of various stimuli-responses for an actuator will
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area and porosity that increases the rate of

diffusion through the polymeric matrix 12021

Soft actuators with bilayer structure have been previously
reported. 114225 Their actuation elies on the stimuli-induced
anisotropic size change of two attached layers. Li et all?*
have prepared bilayer actuators based on a semi-interpenc-
trating network of poly(N-isopropylacrylamide) (PNIPAm) and
poly{diallyldimcthylammonium) on a passive layer of polydi-
methylsiloxane, which can undergo reversible bidirectional
bending to grip an object in response to temperature and pH
stimuli. Cheng et all??l have fabricated a fourarm gripper
based on two layers of PNIPAm and poly(2-{dimethylamino)
ethyl methacrylate), which rapidly responses to both tempera-
ture and pH. Bassik el all'l have presented bilayer acluators
made of NIPAm and acrylic acid (AA} hydrogel on a passive
polyethylene oxide diacrylale layer, which undergo reversible
open and close behavior by varying the pH and ionic strength
of the aqueous medium. Nakagawa et al.” fabricated a nanofi-
brous bilayer actuator based on a copolymer of AA and butyl
methacrylale by using different flow rale lo conslrucl an ani-
sotropic internal structure during the electrospinning process.
Most of these acluators are based on PNIPAm as a widely
investigated thermoresponsive polymer showing a volume
change in water below and beyond the lower critical solu-
tion temperature (LCST, 32 °C).1*23 Since its LCST is in the
range of body temperalure, il has been widely considered for
tissue engineering application.2#¢ Poly(acrylic acid) (PAA) is a
pH-responsive polymer, which swells and shrinks in pH values
above and below its pK, (pll 4.25-4.75), respectively!l#27 It
has been used for drug delivery to the regions of local acidosis

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

115



5. Appendix

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

as found in ischemic myocardium (pH 6-7), gastrointestinal
tract, and tumor areas (4.5—().0)1""“""”’] The combination of
PNIPAm with PAA within a hydrogel provides dual thermo-
and pH-responsivity..'"1214

Most of the soft actuators undergo only one directional
deformation, reversible bending or opening/closing. Recently,
we have developed direction-controlled bilayer actuators which
ultrafast response to temperature.**!l Multiresponsive actua-
tors with controlled directional movements and size-changes
are still desired. Herein, we show 1) a simple method of making
composite polymeric membranes with directionally embedded
dual-responsive fibers in thermoplastic polyurethane matrix for
controlled actuation. The composite has a concentration gra-
dient of the nonresponsive matrix polymer along the thickness;
2) pH- and temperature-dependent fast reversible direction-
and size-controlled coiling, rolling, bending, and twisting defor-
mations by controlling the direction of dual responsive fibers
alignment in thermoplastic polyurcthane (TPU) matrix; 3) for-
mation of irreversible actuated forms at pH 7 and above not
affected by temperature,

2. Results and Discussion
2.1. Crosslinkable Poly(NIPAm-AA)s

In this study, copolymers of NIPAm and AA (50:50 molar
ratio) containing 2-6 mol% of UV-crosslinkable 4-acryloylb-
enzophenone (ABP) were synthesized via free radical solution
polymerization at 70 °C (Figure 1; Table S1, Supporting
Information). The chemical structures of the polymers
were completely confirmed by nuclear magnetic resonance
(NMR) and fourier-transform infrared (FTIR) spectroscopy
(Figures S1-S3, Supporting Information), Primary studies
showed that the electrospun mat based on poly(N-isopropy-
lacrylamide-co-acrylic acid) (poly(NIPAm-AA)) with 2 mol% of
ABS cannot be crosslinked sufficiently, where polymer leached
out in water. Although increasing the ABP content within
polymers improved their crosslinkability resulting in stable
mats, it reduced their pH and especially thermoresponsivity.
Thus, poly(NIPAm-AA) containing 4 mol% of ABP (sample P4
in Table S1 in the Supporting Information) was chosen in this
work as the appropriate polymer for the fabrication of soft actu-
ators. Its LCST and pK, values were determined as 12.0 °C and
6.2, respectively (Figures $4 and §5, Supporting Information),

2.2. Electrospun Aligned Fibrous Mats

The poly(NIPAm-AA) aligned fibrous mats were prepared by
electrospinning from a dimethylformamide (DMF) solution
(40 wt%). The membranes were pressed under 300 bar at room
lemperature and crosslinked under UV light for 3.5 h for each
side. The scanning electron microscopy (SEM) images showed
smooth aligned fibers with an average diameter of 905 nm and
degree of alignment of 98% (Figure 2a,b).

The crosslinked poly(NIPAm-AA) aligned fibrous mem-
brane showed an interesting size change in buffer solutions
{pH 3, 7, and 10} at different temperatures (Figure 2¢; Table S2,
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Figure 1. Synthesis of UV-crosslinkable poly(NIPAm-AA).

Supporting Information). In pH 3 and at 6 °C (below LCST)
after 10 min, fibrous mat shrunk in length (along fibre axis)
by 29%, but increased in width (perpendicular to fibers' axis)
by 28%, whereas at 40 °C (above LCST), it shrunk in length
by 41% and increased in width by 6%. At both temperatures,
the mat shrank significantly in the direction of fibers' align-
ment and swell in the perpendicular direction. Since pH 3
is lower than the pK, of the copolymer (6.2; Figure S5, Sup-
porting Information), the carboxylic acid groups of AA moie-
ties in the polymer backbone remain protonated and hence in
the hydrophobic state.**?” Therefore, the change in dimen-
sions is mainly controlled by the conformational changes of
NIPAm moieties of the copolymer. Although PNIPAm mem-
branes should swell in both directions at low temperatures,
the mat shrank in the length due to the relaxation of polymer
chains within fibers. In fact, during the electrospinning pro-
cess, the fibers were stretched by the electric force and depos-
ited on the high-speed rotating collector in an unstable high
energy stretched state due to a very fast evaporation of the sol-
vent.*>*l In the course of immersing in water, the polymer
chaing relaxed to the lower-energy coiled conformation. This
behavior has been observed in our previous studies regarding
thermoresponsive actuators.?**1311 At 6 °C, which is below
the LCST of poly(NIPAm-AA) (Figure S6a, Supporting Infor-
mation), the shrinkage in length was much less than at 40 °C
due to the compensation of two counteracting effects: swelling
of thermoresponsive PNIPAm moieties and shrinkage during
polymer chaing’ relaxation.
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Figure 2. a,b) SEM images of crosslinked poly(NIPAm-AA) aligned
fibrous mat. Sample P4 in Table S1 in the Supporting Information.
c) Planar state of crosslinked poly(NIPAm-AA} aligned fibrous mat after
immersing into buffer solutions with different pH at different tempera-
tures for 10 min.

In pH 7 and 10, an interesting phenomenon was observed;
the fibrous mat showed an asymmetric swelling by size-
changing only in the perpendicular direction at both 6 and 40 °C
(Figure 2¢). In fact, the carboxylic acid units start playing their
role in deformation of mats. In pH 7 and 10, the majority of car-
boxylic acid units are deprotonated and highly hydrophilic. The
swelling arisen from the carboxylate units overweighed the tem-
perature-dependent swelling/shrinkage of PNIPAm moicties.
Therefore, no LCST was detected in pH 7 and 10 (Figure S6b,
Supporting Information). Previous reports about dual thermo-
and pH-responsive hydrogels also mentioned the reduction or
even elimination of the thermosensitivity at a high level of hydro-
philicity"** The swelling of carboxylate groups was strong
enough to stop the shrinkage of mat in the direction of fiber’s
alignment due to the polymer chains’ relaxation (Figure 2c).

2.3. Gradient Composite Membrane

The aligned fibers were embedded in a TPU matrix to generate
a composite membrane with gradient TPU content along the
thickness. The composite membrane was generated by drop-
ping a TPU solution on one side of poly(NIPAm-AA) mat
(Figure 3a). In general, bilayer electrospun membranes for the
actuation purpose are made by the sequential spinning of two
polymer solutiond“’ Ml or one polymer solution with different
alignments,*! and in situ hydrogel formation in the presence
of fibers,**l which all consist of complex and time-consuming
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processes. The method presented in this study is simple, fast,
and reproducible.

The gradient structure of the composite membrane was
studied via Raman atomic force microscopy (AFM) imaging
(Figure 3b-d). To get a closer insight into the spatial distribu-
tion of poly(NIPAm-AA) and TPU over the composite mem-
brane a Raman x/z cross-section (Figure 3c) was performed at
the position indicated by a red line in Figure 3b. To this end, the
Raman spectra of the neat components (Figure 3d) were used
as references for true component analysis. The Raman cross-
section nicely confirmed the presence of a gradient composite
structure with a dense and homogenous TPU top layer (colored
in yellow) on the underlying poly(NIPAm-AA) fibers (colored in
green), where the amount of TPU significantly decreased near
the fibrous mat (Figure 3c).

The morphology of the composite membrane was also
investigated by SEM (Figure 3e-h). SEM images (Figure 3g;
Figure S7, Supporting Information) showed a dense TPU top
layer (thickness of 16 pum) on a porous poly(NIPAm-AA) layer
reinforced with aligned fibers (thickness of 35 um). A strong
interface between the fibers and TPU was obvious from SEM
images (Figure 3h).

TPU layer does not show any size-change in buffer solu-
tions, whereas swelling/shrinking of the poly(NIPAm-AA) mat
is expected to generate the internal-stress leading to directional
bending in the composite membranes. On putting the composite
membrane (10 mm x 5 mm, fibers aligned along the long axis)
in a buffer solution with pH 3 at 40 °C (above LCST), it made
a multiwalled tube by rolling sideways along the direction of
fibers’ alignment with TPU on the outside and poly(NIPAm-AA)
making the inside layer (Figure 4ab). The shrinkage of
poly(NIPAm-AA) mat in the direction of fiber’s alignment
(Figure 2c) generated differential stresses across the composite
membrane leading to rolling sideways. In this case, although
composite membrane always rolls along the fiber’s alignment
with TPU film outside, however, the rolling direction and
the final morphed shape depends on the angle of fiber’s align-
ment with respect to the long axis. By changing the angles,
short tube rolling side-ways (0°), helix tube (45°), and long
tube rolling in perpendicular direction (90°) could be obtained
(Figure 4a,b). Decreasing the temperature to 6 °C (below LCST)
led to swelling of poly(NIPAm-AA) mat and hence opening of
the tubes (Figure 4c).

On wansferring the composite membrane from pH 3 to
pH 7 or 10 (higher than pK,) at 40 °C, a process of tube opening
and rerolling in the direction perpendicular to fiber orientation
with poly(NIPAm-AA) mat outside was observed. This means
that a change in pH not only altered the size of tube but also
exchanged its inner and outer surfaces, i.c., poly(NIPAm-AA)
and TPU. This is explained by asymmetric swelling of
poly(NAPAm-AA) mat in pH 7 or 10. The fibrous mat swells
to its original length of as-spun in the direction along the fiber
alignment and nearly doubles in the perpendicular direction
(Figure 2¢), which results in opening and rerolling behaviors
of the composite membrane. This process is reproducible for
multiple cycles (at least three cycles).

A composite membrane (10 mm x 5 mm, fibers aligned
along the long axis) formed a tube in pH 7 or 10 with a cur-
vature of 6.2 mm', The tubes were stable and not affected by
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increased with increasing the temperature
with an obvious jump around 12 °C, which
is the LCST of the poly(NIPAm-AA) mat
(Figures S4 and S6a, Supporting Information).

Interestingly, a piece of composite mem-
brane (20 mm x 5 mm, fibers aligned along
the long axis) generates a force of 2.4 mN
in pH 3 at room temperature (Figure 5b).
It can also lift a 426 times heavier weight
(2471 mg metal ring is lifted by a 5.8 mg

CCD Counts (a.u.)

Poly(NIPAM-AA-4)

composite membrane) in pH 3 and release
that in pIT 10 (Figure 5¢). This is because of
a selflocking mechanism during the lifting
process.

3. Conclusion

We have demonstrated a simple method of

Figure 3. a} Schematic fabrication of the composite membrane. Raman-AFM imaging of the
composite membrane; b} optical microscope image with position of Raman cross-section
(red line), ¢) Raman cross-section with domains rich in TPU colored in yellow and those
rich in poly(NIPAm-AA) in green, and d) Raman spectra of neat components, i.e., TPU and
poly(NIPAm-AA). SEM images of the composite membrane; e) poly(NIPAm-AA) aligned fibrous
mat side, f) TPU side, g} cross-section, and h) interface between aligned poly(NIPAm-AA)
fibers and TPU.

the change in temperature. Compared with other pH-respon-
sive actuators, our composite system finished the whole rolling
process for forming stable tubes within 10 min, which is three
limes [aster than the previous pH-responsive actuator.*¥l This
is attributed to the high specific surface area and porosity of
fibrous structure of the poly(NIPAm-AA) mat, which could pro-
vide faster diffusion of water for the porous fibrous membrane
compared with the film.

On the other hand, in pH 3, the change in the temperature
affected the curvature of the tube (Figure 5a). The curvature

Macromol. Rapid Commun. 2018, 1800082
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making soft actuator for fast and direction
controlled dual actuation. Our fast dual-
responsive composite membrane composed
of poly(NIPAm-AA) aligned fibers embedded
within a passive thermoplastic polyurethane
exhibited fast pH- and thermoresponsive
properties with the capability of direction-,
and size-controlled movements. At lower
pH 3 composite membrane always rolls side-
ways with poly(NIPAm-AA) aligned fibrous
mat along fiber orientation inside the rolls
and the rolling direction is dependent on
the bias angle in the mat between fibers
and long axis. By changing the angles,
short (0°), helix (45°), and long (90°) tubes
can be obtained. Second, in pH 7 and 10, it
always rolls side-ways with poly(NIPAm-AA)
aligned fibrous mat outside the rolls in the
direction perpendicular to the fiber orien-
tation. Third, the actuated shape and form
is stable in pH 7 and 10 even the tempera-
ture changed and besides the pH-triggered
acluation, its rolling size can be adjusted by
controlling the temperature in pH 3. Also, a
piece of composite membrane can generate
2.4 mN in pH 3 buffer solution, it can lift at
least a 426 times heavier weight (2471.3 mg
metal ring by 5.8 mg of membrane) in pH 3
at 25 °C and the ring was released in pI1 10.
Based on these features, this kind of multire-
sponsive actuators has great potential in sensors, artificial mus-
cles, and other biomedical applications.

1500 1750 2000

4. Experimental Section
4.1. Materials

NIPAm (TCl}, AA (Sigma-Aldrich), TPU (Desmopan DP 2950, Bayer
Materials Science), Indigo and Dispersion Red dye were used as received.
ABP was synthesized according to the previously reported procedure.*)
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Figure 4. a) Actuation of the composite membrane in buffer solution with different pHs at 40 °C. b) The corresponding schematics for the actuation
of composite membrane at 40 °C. Poly(NIPAm-AA) is colored in green and TPU in yellow. c} Actuation of the composite membrane in buffer solution

with different pHs at 6 £ 2 °C.

4.2. Synthesis of Poly(NIPAm-AA-ABP)s

As a general procedure, a two-neck round bottom flask was charged
with NIPAm (47-49 mmol), AA (47-49 mmol), ABP (2-6 mmol), AIBN
(3 mmol}, and 100 mL of dioxane. The reaction mixture was bubbled
with Ar for 10 min to remove the dissolved oxygen, and then stirred
at 70 “C under Ar atmosphere in a dark condition overnight. In the
next day, high amount of white powder appeared in the reaction flask.
Dioxane was removed by a rotary vacuum evaporator at 45 °C and the
residue was immersed in Et,O. The product was separated by a Buchner
funnel, washed again with Et,0, and dried in a vacuum oven at room
temperature in dark condition for 2 d. The formulations of synthesized
polymers are listed in Table S1 in the Supporting Information.
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4.3. Electrospinning of Fibrous Mats

Poly(NIPAmM-AA-ABP) and Indigo (0.4 wt% of polymer) were
completely dissolved in DMF (40 wt%). The solution was injected
from a syringe with a needle diameter of 0.9 mm and a flow rate of
0.66 mL h'! at negative and positive voltages of —2.7 and 14.3 kv,
respectively. To obtain aligned fibers, a vertically rotating disc
{1200 rpm) with a diameter of 10 cm and a disc rim of 2.5 ¢cm was
used as collector at distance of 8 cm. The obtained aligned fibrous
mats were pressed under 300 bars at room temperature for 20 min
before irradiating by a UV lamp {Honle UV-F 400F, wavclength of
320-400 nm, intensity of 21-60 mW cm-2) for 3.5 h (for each side) to
be crosslinked.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

119



5. Appendix

ADVANCED Macromolecular
SCIENCE NEWS Rapid Communications
d deci — www.mrc-journal.de
B2 o
Cuvature=1/r 25 24mN
20 ) |
5 ey " 20 N
- R ) s ! 23mN
c 16 s = asss 3
Ox K iy
.
g 12 (=1 g10 o
2 -y
- - Los av
3 o "
© - 00 s
044
o i e s 05 B T
5 10 15 20 25 30 35 40 45 50 5 100 150 200 250 300 350

Temp

erature i"C!

Time (s)

T
50 0

Figure 5. a) Effect of temperature on the curvature of rolled composite membrane in pH 3. b} The generated force during the bending of composite
membrane (20 X 5 mm?) against time in pH 3 at room temperature. c) A piece of composite membrane {20 x S mm?, 5.8 mg) can lift a silver ring

(2471.3 mg) in pH 3 and release it in pH 10 at room temperature.

4.4. Preparation of Gradient Composite Membrane

The gradient composite membrane was fabricated by dropping a
dilute solution of TPU and dispersion red (0.4 wt% of polymer} in
tetrahydrofuran (THF) (7 wi%} on the crosslinked poly(NIPAm-AA}
clectrospun mats. For this purpose, one side of the crosslinked mat
(25 mm X 25 mm) was prewetted by THF and then, TPU solution
(0.375 mL) was homogeneously dropped on it. After 3 min, the wet surface
was covered with a piece of glass and the sample was dried in an oven at
70 °C for 4 min.

4.5. Instruments

A Bruker spectrometer {model Avance 300) was used to record
"H-NMR and "C-NMR spectra at room temperature using DMSO-dg
as solvent. FTIR spectra were obtained using a Digilab spectrometer
(model Excalibur FTS-3000 series) equipped with an attenuated total
reflection (ATR) unit. The molecular weight distribution of polymers
was obtained by gel permeation chromatography (GPC) using a
styrene-divinylbenzene (SDV) precolumn (8 mm x 50 mm) and a SDV
column (linear XL, 5 wm, 8 mm x 300 mm) from polymer standards
service (PSS) GmbH in DMF with a flow rate of 0.5 mL min~' at 40 °C.
The data were evaluated by Win GPC Unity software {build 6807) using
polystyrene as the standards.

A Netzsch thermogravimetric analyzer (model TG 209 F1 Libra)
operating at a heating rate of 10 °C min~' under N, atmosphere was
used to study the thermal degradation of samples. Glass transition
temperature (T,} and melting point (T,,) of samples were obtained from
differential scanning calorimetry (DSC, Mettler Toledo, model DSC 821¢)
at a heating rate of 10 °C min~! under N, atmosphere. A Setaram
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Micro-DSC 11l operating at a heating rate of 0.25 °C min~' was used to
measure the LCST of samples in water (1 wt%).

The tensile properties of samples were evaluated on a Zwick/Roell
testing machine (model Z0.5) equipped with a load cell of 200 N and
pneumatic grips at 21 °C and a relative humidity of 20%. Samples were
stamped-cut into dog-bone shaped specimens having a width of 2mm
and a length of 20mm. A digital micrometer was used to accurately
measure the width and thickness of specimens. The crosshead speed
was set at 100 mm min~'. Data were evaluated by testXpert 1| software.
The reported values are an average of at least three specimens for each
sample.

Field emission scanning electron microscopy was done by a Zeiss
instrument (model LEO 1530 Gemini). Standard holders were used
for mounting samples using conductive adhesion graphite-pad {Planc)
and vapor-coated with platinum using a Balzers Union coater (model
MED 010).

For chemical imaging, a combined Raman-AFM instrument
(WITec, model alpha 300 RA+) equipped with a ultrahigh throughput
spectrometer (UHTS, model 400 VIS-NIR) and an infrared-optimized
deep depletion charge-coupled device (CCD) camera (Andor, model
DU401 BR-DD) was used. The Raman spectra for the Raman x/z
cross-section (S0 X S50 pum? were acquired using an excitation
wavelength of A = 785 nm and an integration time of 0.7 s pixel
1 (50x LWD objective, NA = 0.55, step size 250 nm in x-direction
and 500 nm in z-direction, software WiTec Control FOUR 4.1). All
spectra were subjected to a cosmic ray removal routine and baseline
correction. The spatial distributions of poly(NIPAm-AA) and TPU in
the composite fiber mat were determined by using the Raman spectra
of the neat components as references for true component analysis
(software WiTec Project Five).
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4.6. Methods

pK, of poly(NIPAM-AA-ABP)s was determined via back titration method
using an auto-titrator (Metrohm, model 809 Titrando) at 20 °C. Briefly,
sample (0.1687 g) was dissolved in NaOH solution (0.0094 w, 150 mL)
and back titrated against HCl solution (0.01 m, 2 mL min™'} in the
presence of a pH electrode. Meanwhile, in order to ensure the smooth
progress of titration, precipitation of the sample was monitored by
measuring the turbidity via a UV electrode.

Fiber alignment degree (dg) for the aligned fibrous mat was
determined by the following equationf*

20
drom 3c0529 1 )

where 8 is the angle between the alignment of individual fiber and the
collector's rotational direction. The values are an average of 50 fibers.

Curvature change of gradient composite membrane in buffer solution
(pH 3) was carried out at a temperature range of 445 “C controlled by
a refrigerating circulator chiller (Lauda—Brinkmann, model RC6). At the
same time, a thermometer was put inside to read the real temperature.
Video Remaker software was used to capture pictures from the recorded
videos. The quantified analysis of curvature and dimension change was
calculated by Image ] software,

The force generated by the actuators (20 mm x 5 mm) in buffer
solution (pH 3) at room temperature was measured according to a
method developed in the laboratory (Figure S8, Supporting Information).
The big iron and fixed iron bar were fixed together. The top of the sample
was fixed, when the bottom side started bending, a force was generated
from the sample which would lift the weight from the balance.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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1.1. Synthesis of UV-curable poly(NIPAm-AA)s

NMR and FTIR spectroscopy confirmed the chemical structure of synthesized polymers
(Figures S2-S4). The polymers had a molecular weight (My,) in the range of 10900-20000
with molar mass distribution (D) of 1.48-1.88 (Table S1). They showed a glass transition
temperature (Tg) in the range of 134-152°C without any exothermic melting peak. Increasing
the ABP content within the formulation of the polymers decreased their lower critical solution

temperature (LCST) from 18°C to 12°C due to the hydrophobicity of ABP moieties.

Table S1. Formulation and characterization of synthesized poly(NIPAm-AA-ABP).

NIPAm/AA/ABP T, LCST i - _—
Sample P My b O (0 Crosslinkability ~ Thermo-responsivity
P2 0.49/0.49/0.02 20000 1.87 152 18 bad yes
P4 0.48/0.48/0.04 10900 1.48 152 12 good yes
P6 0.47/0.47/0.06 13100 1.88 134 12 good no
1

123



5. Appendix

WILEY-VCH

K NI EE PR LR
| Sy et SV NS 2 _—
a a a —
B e TRV ™
\C:() \C=0 \C:° e il
'.< 'f.o/ °<c [ e
3 [-3000
M/O}“O:n uc// _%cu
e ¢\ /@ 2500
AN
g / = 2000
7\
/% L 4900
HC—CH
g g
1000
b 8 d k b f -s00
,/k »jb\l A_A/b \_JJ(\ v , T [
N E F ENEE
135 125 1us 105 95 90 85 80 75 ;;'On“ 60 55 50 45 40 35 30 25 20 15 1.0 05 00
Figure S1. 'H-NMR spectrum of sample P4 in DMSO-ds.
i i EEEHEEE FEEEEEEREET EEEEEIE 100
I 1 I e sV e il I
a 10000
d 0‘;\:" C" 0.48 fm
\C_O \C=0 lcﬁo "
/e /f /
HN HO o
\ \ ] 8000
/e VAR
HyC HE 7000
e II}C: 1
1R 6000
1 o °
& s
% d -
[~ 3000
[- 2000
n })} uh e 100
MJ‘“WMNW L-Jqﬂ'n“-o

w:ﬂmlmm:ﬂwm:mlmmsﬂnn

Figure $2. *C-NMR spectrum of sample P4 in DMSO-ds.

124



5. Appendix

WILEY-VCH

100 ~L2047Q714-1

6=

%6

9=

928

S

%Transmittance

Wavenumber

Figure S3. FTIR spectrum of sample P4. /% (em™): 3310 (N-H, v and O-H, v), 2972 and
2933 (C-H, v), 1802 (CC=0C, v) 1713 (C=O0H, v), 1632 (C=0, amide L, v), 1539 (N-H,
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Figure S4. Micro-DSC curve for poly(NIPAm-AA) (sample P4).
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1.2. Poly(NIPAm-AA) aligned fibrous mat

Table S2. Size change of crosslinked poly(NIPAm-AA) (sample P4) aligned fibrous mat in
various buffer solution.

pH3 pH7 pH 10
as-spun  6+2°C  40°C as-spun  6£2°C  40°C as-spun  6+2°C  40°C
L (cm) 10.1 72 6.0 9.8 9.8 9.8 9.8 9.8 9.8
W (cm) 5.1 6.6 5.4 49 119 117 49 120  11.6
08
a = b pH 7 Cooling
- Milli-Q Cooling 064 e
01 pH 3 Cooling 044
%, I8
pH 7 Heating
pll 3 lleating
02 084 pH 10 Heating
Milli-Q Heating
03 H
LI S S S 4 R T S T S
Temperature (°C) Temperature (°C)

Figure S6. DSC curves for crosslinked poly(NIPAm-AA) (sample P4) aligned fibrous mat in

different buffer solution.
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1.3. Gradient Composite Membrane

Thickness ratio 2.0 2.2

Sample 2 Sample 3 |

Figure S7. SEM images for cross-sections of the gradient composite membrane.

Fixed Iron bar

pH 3 buffer
solution

Figure S8. Schematic of measuring the force generated by the composite membrane.
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