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ABSTRACT 

Qiaoxi Li: Understanding and advancing shape memory in semi-crystalline polymer networks 
(Under the direction of Sergei Sheiko) 

 

Semi-crystalline polymer networks are widely used as shape memory materials, given 

that there are two distinctive networks each in charge of a distinctive shape: a chemical network 

dictating the as-prepared primary shape, and a crystalline scaffold fixing the programmed 

secondary shape. The two networks are under constant competition, and delicate balance is 

required to achieve desirable shape memory pathways. One-way irreversible shape memory can 

be easily realized by fixing the secondary shape upon cooling and recovering back to the primary 

shape upon complete removal of crystals. However, to achieve two-way reversible shape 

memory is very challenging for most semi-crystalline elastomers. 

We have discovered and established a universal mechanism of reversible shape memory 

in conventional semi-crystalline elastomers. This mechanism relies on a new partial melting 

procedure and self-seeding crystallization. At partial melting state, the molten network strands 

are confined by both the chemical crosslinks and the remaining crystals. Upon cooling, the 

molten strands undergo self-seeding crystallization, readily restoring the secondary shape. This 

mechanism can be potentially applied to any types of semi-crystalline elastomers. It enables a 

novel two-way reversible, free-standing, multiple-times and reprogrammable shape shifting 

pathway of the conventional irreversible semi-crystalline elastomers.  
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We have further investigated the effect of various chemical network topologies on 

reversible shape memory performance. We optimized the reversibility, the repeatability, and 

durability over time. It is shown that only with sufficient chemical crosslinks (crosslinking 

densities), would there be enough network confinements to ensure a two-way reversible shape 

memory behavior. 

We have explored new applications using this new mechanism in semi-crystalline 

elastomers, including a dynamic optical grating. With the primary shape being a flat surface, we 

programmed grating structure as the secondary shape on the surface. Therefore by applying 

partial melting and reversible shape memory protocol, we realized a reversible change in 

grating’s height, which result in a reversible change in diffraction intensity. The optical 

reversibility is sufficiently high (>95%), and can be repeated for many cycles (>10). 

So far, most semi-crystalline shape memory elastomers consist of linear network strands. 

However, there is an intrinsic lower modulus limit for essentially all linear networks, which is on 

the order of 105 Pa. To break this lower boundary, and to better mimic soft biological tissues 

which are usually on the order of 103 Pa, we adopt a new network architecture: bottlebrush 

network. The resulting modulus change of the semi-crystalline bottlebrush network is 

unprecedentedly high, covering from GPa at crystalline state, all the way down to kPa or ever 

lower at amorphous state (six orders of magnitude change). At the rigid state, the material is easy 

to handle and sharp to penetrate; at the soft state, the material is tunable to mimic the exact 

modulus of surrounding tissues, even for soft tissues such as brain. We are targeting at two 

practical applications, brain implant and microneedles drug-delivery.  

In all, semi-crystalline polymer networks show great potential as a versatile shape 

memory material, which can incorporate both one-way irreversible and two-way reversible shape 
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shifting at the same time. In terms of application, it brings significance in fields such as robotics, 

actuators, dynamic surface and optics. Also, with the help of bottlebrush network architecture, 

the semi-crystalline elastomers can possess huge modulus change, which provides a promising 

candidate for bio-medical implants. 
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 CHAPTER 1: SHAPE MEMORY AND DISCOVERY OF REVERSIBLE SHAPE 
MEMORY IN SEMI-CRYSTALLINE ELASTOMERS1 

1.1 Significance in shape memory polymers (SMPs) 

Desirable and functional shapes play an essential role in the properties of objects and 

devices, dominating aesthetics design, mechanical engineering, and even our daily life. As new 

generation of technologies and markets evolves, materials are no longer needed to be static, but 

instead to be expected to carry dynamic functions and properties upon environmental cues. 

Especially, dynamic shape change plays a crucial role in the development of motion-generating 

devices, such as robotics. There are many systems that can shift shape in response to changes in 

temperature, pH, magnetic field, or irradiation.1-11 For example, gel swelling; thermal expansion. 

However, these shape-shifts usually follow an intrinsic pathway, from shape A to B, with neither 

A nor B being able to be altered after synthesis. This fixed pathway significantly limits materials 

practical applications.  

In order to achieve programmable shape shifting, tremendous amount of efforts have 

been made to develop shape memory polymers (SMPs). In general, SMPs possess a primary 

shape (B) dictated by synthesis, and unlimited programmable secondary shapes (A, A’, A’’…). 

Upon triggered, the shape shifting process can occur in multiple pathways, from A to B, from A’ 

to B, or from A’’ to B. The development in SMPs widens materials applications greatly. For 

                                                   
1This chapter previously appeared as an article in Macromolecules. The original citation is as follows: J. Zhou, S. A. 
Turner, S. M. Brosnan, Q. Li, J. Y. Carrillo, D. Nykypanchuk, O. Gang, V. S. Ashby, A. V. Dobrynin and S. S. 
Sheiko, Shapeshifting: Reversible Shape Memory in Semicrystalline Elastomers. Macromolecules, 2014, 47, 
1768−1776. 
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example, in biomedical applications, Lendlein et al have developed heat-sensitive biodegradable 

SMPs as wound-closing sutures.12 Behl et al fabricated heat-sensitive SMP 2D sheets which fold 

into 3D cubic for aerospace applications.13 Xie et al demonstrated multiple shape memory by use 

of a broad glass transition, with multiple shapes that can be memorized and recovered 

sequentially upon melting.14 These functional shape shifts can be realized in the same object due 

to SMPs outstanding programmability in their shape-shifting pathways.  

In order to fix a programmed secondary shape, it is necessary to have a second network 

that is stronger than the primary network. There are different mechanisms that have been 

developed. For example, semi-crystalline polymers employ a crystallites scaffold;15-18 glassy 

polymers employ glass transition;14 hydrogel polymers utilize phase transition, pH or ionic 

interactions.4, 9-10, 19 In this dissertation, we will only focus on the semi-crystalline type of SMPs. 

Shape memory semi-crystalline polymer networks have a synthetically tunable combination of 

chemical and physical networks, wherein each network is designed to secure a different shape. 

Chemical crosslinks hold the memory of the primary shape (Figure 1c), while the physical 

network of crystallites constructs a scaffold which fixes the programmed secondary shape 

(Figure 1a). Upon complete melting of the crystalline scaffold, the secondary shape would 

recover to primary but cannot reverse back to the secondary shape. Therefore, a major bottleneck 

for most semi-crystalline SMPs is the irreversibility in their shape shifting process. After a single 

shape transition, the ‘memory’ is lost and additional programming is required.   
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Figure 1.1 Macroscopic shape and mesoscopic crystalline scaffold transformations. a) A 

programmed secondary shape was fixed by a percolated crystalline scaffold. b) Upon heating to 

a partial melt state, crystals start to melt partially, leaving behind remaining crystals serving as a 

template for self-seeding recrystallization. Upon cooling, Even though network relaxation is 

favored thermodynamically, crystallization of cross-linked strands follows kinetically preferred 

pathways imposed by the partially molten scaffold of the programmed shape. The intermediate 

shape at partial melt state can reverse back to the programmed shape, enabling RSM. c) At 

complete amorphous state, the primary shape can be recovered. d) and e) show the mesoscopic 

self-seeding crystallization process. At partial melt state e), the molten chains (shown in red) are 

confined by remaining crystallites and chemical crosslinks, therefore upon cooling, the molten 

chains recrystallize back to its original scaffold d), restoring the macroscopic shape.  f) A DSC 

curve shows the melting transition: from crystalline state, to a partial melt state, then to a 

complete melt state. T"	is the position of the melting peak. 
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1.2 Discovery of reversible shape memory (RSM) in semi-crystalline SMPs 

In order to conquer the irreversible challenge, new materials and strategies have been 

developed recently. For example, composites built of oppositely strained elements,20 liquid-

crystal elastomers with synthetically encoded alignment of mesogens 21-25 and mechanically 

assisted SMPs.18, 26-27 Our research group has discovered a new mechanism of a conventional 

semi-crystalline elastomers. These elastomers are found to be irreversible, however, by applying 

a unique protocol, we have shown reversible shape memory (RSM), without applying any 

external force or additional synthetic modification.28-30 This behavior is ascribed to counteraction 

of thermodynamic-driving relaxation of strained polymer chains in the partial-melt phase (Figure 

1.1b and 1.1e) and kinetically-preferred pathways self-seeding crystallization in a confined 

cross-linked network (Figure 1.1d). The detailed mechanism will be discussed later. This new 

mechanism of semi-crystalline SMPs allows the reversible shape shifting and greatly expands the 

range of practical applications such as actuators, artificial muscles, hands-free packaging and 

haptic robots.13, 23, 31-32 

1.3 Mechanism of semi-crystalline RSM 

Traditionally, polymer crystallites have been viewed as mechanical constructs embedded 

in amorphous networks that hold a temporary shape. And, those morphological constraints 

merely disappear on melting. We have reconsidered this simple picture of semi-crystalline 

elastomers and demonstrate that the network of crystallites plays an essential steering role in 

shape-memory behavior. In addition to counterbalancing the entropic elasticity of the amorphous 

network, crystallites encode an architectural scaffold within the semi-crystalline polymer. 

Reversibility of shape transformations is achieved through partial melting of this scaffold, 
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leaving a latent template behind, that in turn, causes recovery of the original shape on cooling by 

steering crystallization to replicate the scaffold. By controlling the melting and recrystallization 

processes, we can shift and expand the reversibility range without the need to change the 

elastomer’s chemical structure. Our strategy integrates two different shape memory (SM) 

behaviors: conventional one-way SM, two-way reversible SM. Details will be discussed in the 

next chapter. 

1.4 Synthesis of poly(octylene adipate) (POA) elastomers 

To prove this concept and demonstrate its universality, we have synthesized a series of 

poly(octylene adipate) (POA) semi-crystalline elastomers with systematically varied degree of 

crosslinking (n) and melting temperature (T").33 Chemical structure is shown in Figure 1.2a. A 

dry flask was charged with adipic acid (3.000 g, 20.53 mmol), 1,8-octanediol (3.242 g, 22.17 

mmol), and scandium triflate catalyst (0.303 g, 0.62 mmol). The flask was nitrogen purged 

before heating the reaction to 80 °C. After 5 h, vacuum was lowered slowly to 40 torr, and 

remained at that pressure for 24 h at which time it was pulled to 3 torr for an additional 6 h. The 

polymerization was terminated by dissolving the polymer in CHCl3, filtering, and precipitating in 

cold methanol (-78 °C). Final yield was 4.378 g (DP=10, M%=2563 g/mol) of white solid. 

Endgroup functionalization was performed according to procedures described elsewhere.34  

To fabricate semi-crystalline POA elastomers, endcapped POA (1.500g, 0.55 mmol) was 

mixed with 1mL chloroform in a dry vial, then a drop (~0.2 µL) of 2,2-diethoxyacetophenone 

was added into the mixture. The vial was vortexed for 1min then sonicated for 0.5 h. The mixture 

was poured into the mold and UV exposed for 5 min. Then the thermoset elastomer was taken 

out of the mold and put in the oven (70 °C, 20 torr) overnight. Materials properties are 

summarized in (Table 1.1). 
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Table 1.1 Material properties of POA polymers. 

Sample n a Tm (oC) b Hm (J/g) b E80 
o

C (MPa) c ν (mol/m3) c gel% d 
1 6.3 23 21 7.9 900 0.99 
2 10.0 44 34 7.1 790 0.97 
3 11.1 47 44 5.3 610 0.97 
4 12.5 41 41 5.4 620 0.98 
5 13.3 50 55 4.2 470 0.98 
6 20.0 59 70 1.5 170 0.93 

a Determined by NMR. b Determined by DSC, second heat, 5 °C/min. c Young’s modulus, 

determined by tensile test from DMA, frequency of 1 Hz. Crosslinking density is calculated by 

n = 𝐸/3𝑅𝑇. d Determined by Soxhlet extractor, CHCl3 as the extracting solution, extraction time 

is 24 h and solvent is evaporated in vacuum oven for 24 h. Gel fraction is calculated using 𝐺 =

𝑚./𝑚/, 𝑚. is the weight of sample after washing and drying, 𝑚/ is the initial weight. 

1.5 Results and discussion 

 

Figure 1.2 Macroscopic shape and mesoscopic crystalline scaffold transformations. a) 

Chemical structure of poly(octylene adipate) (POA) oligomers used for the synthesis of shape-

memory elastomers. Their crosslinking density was controlled by varying the degree of 
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polymerization n of the oligomers, i.e. polymeric strands.  b-e) Examples of two-way reversible 

shape memory demonstrated for three different shape transformations upon heating to 38 °C and 

subsequent cooling to 5 °C. e) Reversible oscillations of the hairpin angle in b during eight 

consecutive heating-cooling cycles within the 5-38 °C range.  

All POA elastomers demonstrate conventional one-way irreversible SM observed upon 

complete melting. This behavior is relatively well understood.16, 35 Figure 1.2 shows an 

experimental demonstration of RSM concept using sample #2 in Table 1.1. In Figure 1.2 b, a 

straight bar of the semi-crystalline POA elastomer was programmed as a hairpin temporary 

shape by deforming the sample at 60 °C and then fixing it by crystallization at 5 °C.  Subsequent 

heating to 38 °C and cooling to 5 °C resulted in reversible shape transformations of the hairpin 

between 115° and 155° angles, which occurred spontaneously without applying any external 

force. The angle oscillations were highly repeatable: upon consecutive heating and cooling 

cycles, the sample shape changed reversibly multiple times without losing memory of both 

angular shapes (Figure 1.2 e). Similar reversible behavior was accomplished for a polymer coil 

(Figure 1.2 c) and for the folding-unfolding of origami-like polymer sheets (Figure 1.2 d).  Note 

that the upper temperature 38 °C corresponds to partial melting of the crystalline phase as shown 

in Figure 1.3. As discussed below in more detail, partial melting allows for memory of the 

temporary shape to be preserved, so it may be restored upon subsequent cooling and 

recrystallization.  
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Figure 1.3 Melting of POA semi-crystalline elastomers (sample #2). Second heating curve of 

POA sample from DSC measurement, heating and cooling rate of 5 °C/min. At 38°C the sample 

#2 was only partially melted. 

To achieve RSM, an experimental protocol with partial melting has been adopted, as 

shown in Figure 1.4. Three equations are used to investigate RSM performance: 

𝐹𝑖𝑥𝑎𝑡𝑖𝑜𝑛	𝑟𝑎𝑡𝑖𝑜 = 89
8:

      (1) 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦	𝑟𝑎𝑡𝑖𝑜 = 8?@89
8A@89

     (2) 

𝑅𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 = 8?EF@8G
89

     (3) 
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Figure 1.4 Experimental protocol. a) Shape programming, fixation, and recovery. A 

programing strain of εI  = 20% (dashed blue line) is applied at 80 °C and then fixed by quenching 

to 0 °C. Each data point in the fixation panel corresponds to a strain fixed by quenching at a 

given stage of the crystallization process. A percolated crystalline scaffold is developed. Crystals 

in black color indicate early stage (critical) in fixation, blue color indicate the rest ‘redundant’ 

crystals in fixation. At final stage of fixation, sample is fixed to the programmed strain εI. Upon 

melting, the crystalline scaffold is melted into percolated clusters. At any stage of the melting 

process, heating can be switched to cooling and reverse the shape transformation from εK to εL. b) 

After programming, a sample with programmed strain εI is heated to TIMLNKMO  (εK). Upon cooling, 

strain returns to εLPQ. 

Starting with a completely molten sample, we applied uniaxial programming strain ~20% 

( εI ) and upon cooling, crystallization occurs and crystallinity increases. As crystallinity 

increases, more programmed strain can be fixed. In fact, around 5% crystallinity, the fixation 

ratio is already sufficiently high >80%. Upon reaching to the maximum crystallinity ~35%, more 

than 95% of the programmed strain can be fixed. At this state, the sample is at its secondary 

shape (εS) (corresponds to Figure 1.1a). Upon subsequent heating of the sample, the secondary 

shape starts to melt partially, with a tendency to recover towards its primary shape, which leads 

to sample contraction to εK	(corresponds to Figure 1.1b). From this state, the sample can be 
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further altered in two different ways. First, we can continue heating the sample to complete the 

melting process and reach nearly 100% recovery of the original shape (εL) along with complete 

relaxation of the strained chemical network (corresponds to Figure 1.1c). This process is 

conventional one-way SM, which is irreversible. Second, we can cool the sample to prompt 

recrystallization of the molten polymer strands confined between the latent crystallites. This step 

causes two-way reversible elongation to εLPQ , which can be repeated multiple times similar to the 

shape transformations displayed in Figures 1.2b-d. Here, the crystallites serve both as seeds and 

templates for recrystallization, restoring the architectural scaffold of the secondary shape.36-37 

The reversibility of the SM processes depends greatly on the extent of melting, i.e. the 

temperature reached within the melting interval (Figure 1.4b). This dependence has been 

thoroughly studied for all synthesized materials (Figure 1.5). With increasing TIMLNKMO , the 

reversibility or the contribution of (εLPQ − εK) first increases, reaching a maximum at TIMLNKMO =

T" (T" is the melting peak determined from a DSC curve, such as in Figure 1.1f), and then 

decreases to zero. This can be explained from the aspect of chemical network and crystalline 

scaffold competition. At around T", there are sufficient amount of crystals becoming molten, 

releasing network strands to recover and contract towards sample’s primary shape, meanwhile, 

there are still enough crystals leaving behind, providing seeds and templates to restore the 

original crystalline scaffold upon cooling. Only at a balanced point, which is proven to be near 

T", can a sample reach its maximum capability to be reversible.  
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Figure 1.5 Reversibility at different partial melting temperatures 𝐓𝒑𝒂𝒓𝒕𝒊𝒂𝒍 . For all six 

samples, the maximum reversibility were found near the peak position of melting transition T". 

Lower or higher than T", the reversibility would decreased correspondingly. 

After discussing the melting temperature effect, we shall then discuss the effect of 

crosslinking densities of POA elastomers. To understand this issue in a quantitative fashion, each 

of six samples’ maximum reversibility is plotted against their crosslinking densities (Figure 1.6). 

In general, chemical crosslinks have a dual effect on shape-memory properties: First, the elastic 

modulus of an elastomer increases with crosslinking density, and a higher modulus favors 

recovery of the original shape upon melting. Second, chemical crosslinks frustrate the 

crystallization process and lower the degree of crystallinity, hence, impeding the ability of 

crystallites to encode the temporary shape. The result of these competing effects is demonstrated 
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in Figure 1.6, which shows maximum reversibility increasing up to almost 70% as the 

crosslinking density reaches ca. 700 mol/m3 followed by a decline for strongly cross-linked 

samples. The initial increase in reversibility is due to enhancement of the templating effect of the 

latent crystallites: molten polymer strands in strongly crosslinked elastomers exhibit slow 

relaxation and upon heating, they largely remain in place, and thus they are available to template 

recrystallization (on typical experimental time scales 𝑡 < 1	ℎ). The decrease in reversibility in 

strongly crosslinked materials is simply due to the inability of sparse crystallites to secure a 

temporary shape due to the lack of percolation of the crystalline domains across the sample. 

 

Figure 1.6 Trend of maximum reversibility with crosslinking densities. The maximum two-

way reversible for each sample initially increases with crosslinking density, reaching a maximum 

value of ca. 70% at n @ 600 mol/m3 (sample #3 and #4) and then decreases in highly crosslinked 

samples. Dashed line is drawn to show a trend. 
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1.6 Application of RSM as robotic gripper 

As mentioned in the introduction, reversible shape memory is very appealing for many 

practical applications. Applications of two-way reversible SMPs are quite straight forward and in 

line with other stimuli responsive systems like hydrogels and electrically active polymers.4, 38-39 

The advantage of shape memory polymers over other shape-responsive systems is the ability to 

adopt and routinely control complex shapes. An additional advantage of the two-way reversible 

systems discussed here is their ability to perform a nearly infinite number of shape-

transformation cycles completely autonomously, i.e. without application of an external force. 

The origami in Figure 1.2d, was used as a gripper to move objects between cold (10°C) and 

warm (36°C) water reservoirs (Figure 1.7), and a complete movie of this process can be viewed 

online (http://pubs.acs.org/doi/abs/10.1021/ma4023185). The objects varied in mass from 3 to 10 

grams, while the gripper was weighed 0.1 g.  In other words, the gripper can lift and hold objects 

that 100 times heavier than itself, i.e. the maximum achieved payload-to-weight ratio is 100, 

which is higher than many industrial robotic grippers. For example, the payload-to-weight ratio 

of ROBOTIQ robotic grippers is lower than 5.17 
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Figure 1.7 Robotic gripper. A soft gripper was designed from a shape-memory polymer which 

was programmed to perform two-way reversibility. The griper closes and opens during cooling-

heating cycles respectively. The gripper was used to move different weights (bolt & nut 

assemblies) from cold (10 °C) to warm (36 °C) water reservoirs. 

1.7 Conclusion and outlook 

In summary, we have developed a universal picture of reversible shape memory in semi-

crystalline elastomers, which integrates two conceptually different shape memory protocols: (i) 

one-way irreversible, (ii) two-way reversible shape transformations. Semi-crystalline elastomers 

with a synthetically tunable combination of chemical and physical crosslinks may be viewed as 

dual-network materials, wherein each network is designed to secure a different shape. Chemical 

crosslinks hold the memory of the original shape, while the physical network of crystallites 

constructs a scaffold of the temporary shape. While thermodynamics drives relaxation of the 

chemical network towards the original shape, crystallization of confined and constrained 
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polymer chains is biased towards fastest pathways during cooling guided by the remaining 

crystallites to the opposite direction. Maximum performance of each individual protocol can be 

achieved by tuning the crosslinking density and the degree of crystallinity of semi-crystalline 

elastomers. We have shown that the two-way reversible shape memory behavior is a 

consequence of interplay between the thermodynamics of the chemical network and kinetics of 

crystallization within a semi-crystalline elastomer. Further optimization of the reversible shape 

memory may be achieved by tuning chemical composition and widening the melting temperature 

interval, but the variety of the RSM behaviors studied obeys the same universal mechanism as 

discussed above. 
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 CHAPTER 2: ADVANCING REVERSIBLE SHAPE MEMORY BY TUNING THE 
POLYMER NETWORK ARCHITECTURE2 

2.2 Introduction and objectives 

In the previous chapter, it is shown that due to counteraction of a chemical network and a 

crystalline scaffold, semi-crystalline polymer networks exhibit a peculiar behavior- reversible 

shape memory (RSM), which occurs naturally without applying any external force and particular 

structural design.1 The goal of the present study is to explore structure-property correlations of 

semi-crystalline octylene-adipate polymer networks and expand the RSM limits with respect to (i) 

range of reversible strain, (ii) rate of reversed strain recovery, and (iii) decay of the reversibility 

with time. For this purpose, we have prepared po1.lymer networks with different topologies, 

including irregular network, clicked regular network, and loose network with dangles. 

Additionally, using oligomers with different degree of oligomerizations, we control crosslinking 

density in a broad range of ca. 50-1000 mol/m3. While controlling the crosslink density, we 

ensure that the densest network has sufficient amount of crystals to fix a programmed shape and 

the loosest network has enough elasticity to recover its original state. In this paper, we show that 

the RSM properties display significant shifts with increasing crosslink density, whereas network 

topology does not cause any specific impact on RSM. The crosslink density has dual effect on 

the network properties. It controls both elasticity of the chemical network, which provides a 

                                                   
2This chapter previously appeared as an article in Macromolecules. The original citation is as follows: Q. Li, J. Zhou, 
M. Vatankhah-Varnoosfaderani, D. Nykypanchuk, O. Gang, S. S. Sheiko, Advancing Reversible Shape Memory by 
Tuning the Polymer Network Architecture. Macromolecules, 2016, 49, 1383-1391. 
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restoring force towards the original shape, and dimensions of the crystalline scaffold, which 

secures memory of the programmed shape. By managing the interplay between the chemical and 

crystalline networks, we achieved nearly 80% recovery of the programmed strain at a high rate 

of 0.05 K-1 and less than 15% decay of reversibility after isothermal annealing for 2 h. 

2.3 Experimental section 

2.3.1 Synthesis of octylene-adipate (OA) oligomers 

All chemicals were used as purchased from Sigma-Aldrich. In a 100 mL dried two-way 

round bottom flask that connected to a condenser, 1,8-octane diol (4.0 g, 2.74 mmol) was 

dissolved in 40 mL anhydrous CH2Cl2 under mild heating condition (35 °C). Triethylamine (0.5 

g, 5.04 mmol) was added into the mixture. Adipoyl chloride (4.6 g, 2.52 mmol) was injected into 

the flask using a syringe pump at a rate of 1 mL/h while the mixture was stirring. After injection, 

the reaction was left for an additional hour. The oligomerization was terminated by filtering the 

salt triethylamine hydrochloride and then extracting excess of solvent followed by precipitation 

with methanol in ice bath. Precipitates were filtered and then dissolved in 40 mL 

dichloromethane and dried by adding anhydrous magnesium sulfate. The product solution was 

filtered and solvent was removed by rotary evaporator followed by drying under vacuum at room 

temperature overnight. Based on theory of step growth polymerization, oligomers have the same 

end-group of the excess monomer. In this study, we used excess amount of diol monomer. The 

molecular weight of oligomers can be controlled by the ratio of two monomers (1,8-octane diol 

and adipoyl chloride). Different monomers ratios and the corresponding degree of 

oligomerization n (including theoretical n predicted by Carothers equation and experimental n 

measured from 1H-NMR) are summarized in Table 2.1. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 

4.07 (t, 4n H), 3.66 (t, 4H), 2.34 (t, 4n H), [1.68 & 1.63] (broad, -OCOCH2-(CH2)2-), 1.34 (broad, 
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-COOCH2-(CH2)6-). Degree of oligomerization n was calculated as the ratio of area of peaks in δ 

= 4.07 ppm / δ = 3.66 ppm (Figure 2.1). 

Table 2.1 Relationship between monomer ratio and degree of oligomerization. 

r a n_cal. b 
Integral  

(δ = 3.66 ppm) c 

Integral  

(δ = 4.07 ppm) c 
n_NMR d 

0.50 1.8 0.37 1.0 2.7 

0.89 8.8 0.15 1.0 6.7 
0.91 10.3 0.10 1.0 9.7 

0.92 12.3 0.068 1.0 14.7 
0.93 14.0 0.066 1.0 15.1 

0.95 19.8 0.043 1.0 23.1 

a Monomer ratio r of [adipoyl chloride] to [1,8-octanediol]. 𝑟 = `abcdef	ghfdibaj
k,m@dgn`ojabdf

< 1 . b The 

degree of oligomerization calculated based on Carothers equation. c The integrated area of 1H-

NMR peaks at δ = 3.66 ppm (-CH2OH) and δ = 4.07 ppm (-CH2OCOCH2-). d The degree of 

oligomerization was calculated as the ratio of integral (δ = 4.07 ppm) / integral (δ = 3.66 ppm). 
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Figure 2.1 1H-NMR (400 MHz, CDCl3) of OA oligomer before end-capping (r = 0.93). δ 

(ppm) = 4.07 (t, 4n H), 3.66 (t, 4H), 2.34 (t, 4n H), [1.68 & 1.63] (broad), 1.34 (broad). The 

degree of oligomerization n = integral (δ = 4.07 ppm) / integral (δ = 3.66 ppm) = 1 / 0.066 ≅ 

15.1. Peak at δ (ppm) = 5.32 belongs to solvent dichloromethane. 

2.3.2 End functionalization of OA oligomers 

Mono-end functionalized oligomers were synthesized by the reaction of dissolved OA 

oligomers (2.0 g, 0.68 mmol) in 20 mL anhydrous CH2Cl2 with slowly added 2-isocyanatoethyl 

methacrylate (0.1 g, 0.68 mmol) in the presence of dibutyltin dilaurate (DBTDL) (0.01 g, 0.016 

mmol) as a catalyst in a 100 mL dried round bottom flask. After injection, the reaction was left 

overnight. The reaction was terminated by extracting excess of solvent and precipitated with 
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methanol in ice bath. Precipitates were filtered and dried under vacuum at room temperature 

overnight to extract any remaining solvent. 1H-NMR (400MHz, CDCl3): δ (ppm) = 6.15 (s, 4H), 

5.62 (s, 4H), 4.25 (t, 8H), 4.07 (t, 12n H), 3.66 (q, 4H), 3.52 (q, 8H), 2.34 (t, 12n H), 1.97 (s, 

12H), [1.68 &1.63] (broad, -OCOCH2-(CH2)2-), 1.34 (broad, -COOCH2-(CH2)6-). The ratio of 

mono-end capped chains (dangles) and both-end capped chains has been calculated as the ratio 

of δ = 3.52 ppm / δ = 3.66 ppm, which is equal to 2/1. Therefore, the mol% of dangles is 

determined as 67 mol% (Figure 2.2). 

To functionalize both end of OA oligomers with methacrylate group, excess amount of 2-

isocyanatoethyl methacrylate (0.3 g, 1.7 mmol) was added into OA oligomers (2.0 g, 0.68 mmol) 

in 20 mL CH2Cl2. 1H-NMR (400MHz, CDCl3): δ (ppm) =6.15 (s, 2H), 5.62 (s, 2H), 4.25 (t, 4H), 

4.07 (t, 4n H), 3.52 (q, 4H), 2.34 (t, 4n H), 1.97 (s, 6H), [1.68 & 1.63] (broad, -OCOCH2-(CH2)2-

), 1.34 (broad, -COOCH2-(CH2)6-). Disappearance of δ = 3.66 ppm and appearance of capped 

methacrylate peaks proved full conversion of hydroxyl groups into methacrylate groups at chain 

ends (Figure 2.3). 
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Figure 2.2 1H-NMR (400 MHz, CDCl3) of OA oligomer partially capped by methacrylate 

group (n = 15.1). δ (ppm) = 6.15 (s, 4H), 5.62 (s, 4H), 4.25 (t, 8H), 4.07 (t, 12n H), 3.66 (q, 4H), 

3.52 (q, 8H), 2.34 (t, 12n H), 1.97 (s, 12H), [1.68 & 1.63] (broad), 1.34 (broad). The ratio of 

dangling chains with free hydroxyl group and both-end capped chains has been calculated as 

follows:  

Assuming x mol of both-end capped chains and y mol of mono-end capped chains, 

𝐹𝑟𝑒𝑒	ℎ𝑦𝑑𝑟𝑜𝑥𝑦𝑙	𝑔𝑟𝑜𝑢𝑝
𝑅𝑒𝑎𝑐𝑡𝑒𝑑	ℎ𝑦𝑑𝑟𝑜𝑥𝑦𝑙	𝑔𝑟𝑜𝑢𝑝 =

Integral	(𝛿	 = 	3.66	ppm)
Integral	(𝛿	 = 	3.52	ppm) =

1
2 =

𝑦
2𝑥 + 𝑦 

Therefore	𝑦 = 2𝑥. 

So the mol% of dangling chains can be estimated as ��
����

≅ 67%. 
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Figure 2.3 1H-NMR (400 MHz, CDCl3) of OA oligomer both-end capped by methacrylate 

group (n = 15.1). δ (ppm) = 6.15 (s, 2H), 5.62 (s, 2H), 4.25 (t, 4H), 4.07 (t, 4n H), 3.52 (q, 4H), 

2.34 (t, 4n H), 1.97 (s, 6H), [1.68 &1.63] (broad), 1.34 (broad). Peaks at δ (ppm) = 6.20, 5.66, 

4.31, and 3.58 belong to unreacted excess amount of end-capper 2-isocyanatoethyl methacrylate. 

Peak at δ (ppm) = 5.32 belongs to solvent dichloromethane.  

2.3.3 Networks fabrication by photo-induced free-radical polymerization 

A series of poly(octylene adipate) (POA) networks with different crosslink densities was 

prepared by UV-crosslinking of OA oligomers with different degrees of oligomerization n.  In a 

dry vial, bi-functionalized OA oligomers were dissolved in CHCl3 at 50 wt% ratio. 1 wt% of 2, 

2-diethoxyacetophenone (DEAP) was added into the mixture and vortex was used to thoroughly 
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mix all components. The mixture was transferred into a syringe and injected into a PTFE mold 

covered with a quartz slide on top to prevent solvent evaporation. The filled mold was exposed 

to UV-365 nm for 5 minutes under nitrogen to form fully cured network. The fabricated network 

was then taken out and dried in vacuum oven at 80 °C overnight. Due to uncontrolled radical 

activation, the resulting network has a dense and irregular topology.  

In addition, dangling chain ends were introduced into the above network by using 

mixture of bi-functionalized oligomers and mono-functionalized oligomers. These networks 

were fabricated in different mole ratios of bi-functionalized oligomers to mono-functionalized 

oligomers: 100/0 (0% dangles), 60/40 (40% dangles), 33/67 (67% dangles). All molecular 

parameters of the irregular networks prepared by free-radical polymerization are summarized in 

Table 2.2. 

2.3.4 Networks fabrication by thiol-ene click reaction  

Stoichiometric tri-thiol cross-linker, trimethylolpropane tris (3-mercaptopropionate) was 

mixed with bi-functionalized OA oligomers at different mole ratios of -SH/-methacrylate: 1/1 

(100% SH), 0.5/1 (50% SH). UV curing was applied in the same way. Note that reactivity of the 

click reaction decreases with oligomer size due to viscosity enhancement, which increases the 

contribution of free-radical polymerization. As will be shown later in Figure 2.4c, for a short 

oligomer n = 6.7, the crosslink density of 6.7-100% SH sample nearly drops to 1/3 of 6.7-0% SH 

sample, while the longer oligomer n = 23.1 exhibits a much less decrease in crosslink density due 

to kinetic domination of the free-radical polymerization. The molecular parameters of the 

“clicked” networks are summarized in Table 2.2.  

The sol-gel fraction of all prepared networks has been measured using Soxhlet extractor 

in CHCl3 at 65 °C overnight. All samples show gel fraction >95%.  
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Table 2.2 Molecular structure and physical properties of POA networks.  

n a mol% 
SH b 

mol% 
dangle c 

E d Tm e Tc e ΔHm e TIMLNKMO"M� 	f ν g λmax h  LSAXS 
i dLSAXS  j LAFM k M/	

l M� m 

MPa °C °C J/g °C mol/m3  nm (FWHM) nm kg/mol kg/mol 

2.7  0 0 7.5 27 -2 36 26 842 1.3 13.4 0.027 n/a 1.2 .4 
6.7  0 0 5.6 39 13 42 39 630 1.6 14.0 0.024 n/a 2.3 .8 
6.7 50 0 4.0 46 24 51 44 450 1.7 16.1 0.023 n/a 2.4 1.6 
6.7 100 0 2.7 48 28 50 46 304 1.8 16.4 0.022 n/a 2.5 2.5 
9.7 0 0 4.8 47 25 53 45 540 1.7 15.0 0.022 18 3.1 1.0 
9.7 50 0 3.6 50 30 54 49 405 2.0 16.5 0.022 n/a 3.2 2.1 
9.7 100 0 2.7 56 32 60 50 304 2.5 16.6 0.021 n/a 3.3 3.3 

14.7 0 0 4.2 54 30 64 51 472 1.7 15.7 0.024 20 4.4 1.5 
14.7 50 0 3.6 55 31 65 53 405 1.7 16.8 0.022 n/a 4.6 3.0 
14.7 100 0 2.8 56 34 65 53 315 2.7 17.5 0.021 n/a 4.7 4.7 
23.1 0 0 2.3 60 37 73 58 259 1.8 18.5 0.022 22 6.7 2.2 
23.1 50 0 2.2 61 41 73 59 248 3.3 18.2 0.021 n/a 6.8 4.6 
23.1 100 0 2.0 62 41 75 n/a 225 4.8 18.5 0.021 n/a 7.0 7.0 
15.1 0 0 3.8 54 32 64 51 428 1.6 16.1 0.023 n/a 4.6 1.5 
15.1 0 40 1.9 59 38 72 52 214 2.5 17.3 0.021 n/a 4.6 2.5 
15.1 0 67 0.6 63 43 82 n/a 68 4.0 18.0 0.020 n/a 4.6 4.6 

a Degree of polymerization of functionalized OA oligomers (Figure 2.4a). b Molar fraction of 

trimethylolpropane tris (3-mercaptopropionate) (Figure 2.4a). c Molar fraction of monofunctional 

OA oligomers (Figure 2.4a). d Storage modulus measured by DMA using oscillation mode at 1 

Hz, e = 0.001, T = 80 °C.  e Melting peak, crystallization peak, and melting enthalpy (integration 

of melting peak) measured by DSC at 5 K/min.  f The optimum partial melting temperature at 

which the maximum reversibility was obtained. Samples 23.1-100% SH and 15.1-67% dangles 

showed no reversibility. g Crosslink density ν = G80°C/RT = E80°C/3RT, G80°C is shear modulus.  h 

Extensibility λmax = Lmax/L0. Lmax is length at break, L0 is original length. i Average long period 

of lamellae LSAXS = 2𝜋/qmax. qmax is peak position of SAXS profile. j Distribution of lamellae long 

period determined by the full width at half maximum of SAXS peak.  k Average spacing of 

lamellae on AFM height profile. l Molecular weight of functionalized oligomers based on 

chemical structure.  m Average molecular weight of network strand depends on the network 

topology as M0/3 for 0% SH, 2M0/3 for 50% SH, M0 for 100% SH, (M0/3)/(1−mol% dangles) 

for networks with dangled chains.  All samples have gel fraction >95%, fixation ratio and 

recovery ratio >95%. 
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2.3.5 Differential scanning calorimetry 

A heat/cool/heat cycle with a ramp rate of 5 K/min from 0 °C to 80 °C was used for all 

samples by DSC 220 from Seiko Instruments, Inc. Second heating was used to determine the 

melting transition, while cooling was used to characterize the crystallization transition. The 

crystallinity was calculated by the ratio of the integration of heating or cooling transition to the 

heat of fusion of octylene-adipate polymers, which is close to 150 J/g.2 

2.3.6 Dynamic mechanical analysis 

RSA-G2 dynamic mechanical analyzer from TA Instruments was used for mechanical 

tests. Storage modulus was measured in oscillation mode at 1 Hz, 0.1% strain. Extensibility was 

measured at 80 °C with a linear elongation rate of 0.5 mm/s.  

In a conventional shape-memory test (the same as in the previous chapter), a targeted 

programming strain of 	εI = 20%  is applied to a sample with original shape 	ε�  at 80 °C 

(typically, ε� = 0). Then the sample is cooled (5 K/min) to 0 °C, while maintaining the same 

programming strain εI. After releasing the load and annealing for 1 min at 0 °C, strain relaxes 

from	εI	to a fixed strain	εS		− programmed shape. Upon heating the sample to 80 °C (5 K/min), 

the shape recovers strain to	εL, which is irreversible. To quantify shape fixation and recovery, we 

use the same parameters defined in Chapter 1: 

	𝐹𝑖𝑥𝑎𝑡𝑖𝑜𝑛	𝑟𝑎𝑡𝑖𝑜 =
𝜀S
𝜀I
																																								(1) 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦	𝑟𝑎𝑡𝑖𝑜 =
𝜀L − 𝜀S
𝜀� − 𝜀S

																														(2) 

All samples in this study have fixation ratio and recovery ratio > 95%, therefore we 

simplify the notations: the fixed shape is the same as programmed shape (εS = εI), whereas the 
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irreversibly recovered shape is the same as original shape (εL = ε�), which is typically zero 

(ε� = 0). 

To conduct RSM, a sample of a programmed shape (εI), was heated to a partial melting 

temperature Tpartial, which was close to the melting peak Tm on DSC curves. Upon heating (5 

K/min), the programmed shape relaxed to an intermediate state characterized by strain εK. After 

short annealing time Δt at Tpartial (no less than 100 s to assure uniform temperature distribution), 

subsequent cooling induced reverse shape transformation towards its programmed shape 

resulting in a strain increase from εK to εLPQ	− reversed strain. To quantify RSM, we introduce the 

following parameter: 

𝑅𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =
𝜀LPQ − 𝜀K

𝜀S
																				(3) 

2.3.7 Atomic force microscopy 

Oligomers were dissolved in CHCl3 (1 wt%) followed by addition of DEAP (0.01 wt%). 

The solution was spin-coated onto a mica surface at 1500 rpm for 1 min, then placed on a hot 

plate (80 °C) to keep oligomers in a melt state. Then the film was cured by UV-365 nm for 5 

minutes under nitrogen. AFM images were taken using NanoScope V controller in PeakForce 

QNM mode (Bruker).  

2.3.8 Small angle x-ray scattering. 

Measurements were conducted at Brookhaven National Lab, Center for Functional 

Nanomaterials, using a Bruker Nanostar U instrument equipped with Vantec 2000 area detectors 

and Copper rotating anode as a source. Scattering patterns from the samples were measured at 0 

°C and collection time was set as 30 s for all samples. A polynominal decay function with 

Savitzky-Golay filter was used for baseline fitting. After baseline subtraction, the peaks were 
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fitted using Lorentz function to determine the full-width-at-half-maximum (FWHM). All 

mechanical and morphological characteristics of the POA networks are summarized in Table 2.2. 

2.4 Results and discussion 

Different formulations of dimethacrylates, monomethacrylates, tri-thiol crosslinkers were 

utilized to prepare three distinct network topologies (Figure 2.4). In all three synthetic protocols, 

we varied degree of oligomerization n of the oligomers (from 2.7 to 23.1) to cover a wide range 

of crosslink density (Table 2.2). We did not pursue higher crosslink densities as they imped the 

crystallization process and disallow shape fixation. We also did not study lower crosslink 

densities since this would lead to reduction of the restoring force and disable shape memory. 

Photo-induced free-radical polymerization of bi-functional oligomers (1) resulted in an irregular 

network I (Figure 2.4b) and high crosslink density (Figure 2.4c). For example, sample 2.7-0% 

SH (n = 2.7 of 1 and 0% of 3) shows the highest crosslink density (842 mol/m3) and lowest 

values in Tc (−2 °C) and ΔHm (36 J/g), which indicates constrained crystallization within a dense 

network yielding lower crystallinity and smaller crystallites. Additionally (network II), we 

mixed bi- and mono-functional oligomers (1 + 2) to introduce dangling chains, which do not 

support external stress and act as diluents decreasing the crosslinking density. Dangles also 

enhance crystallization, which is evidenced by rise of Tc from 32 °C to 43 °C and ΔHm from 64 

J/g to 82 J/g with increasing mol% of dangles (Table 2.2). To enable better control of the 

network topology, we applied thiol-ene click chemistry (1 + 3), which allows much faster 

reaction rate between methacrylate-SH than methacrylate self-polymerization.3-4 This synthetic 

approach yields networks III with better mesh uniformity, which resulted in lower modulus 

(Figure 2.4c) and significant enhancement in extensibility (Figure 2.4d).  
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Figure 2.4 Network design and control parameters. a) Bi- (1) and mono- (2) end-

functionalized octylene-adipate (OA) oligomers with an average degree of oligomerization n 

varied from 2.7 to 23.1 (Table 2.2), and (3) tri-thiol cross-linkers. b) Irregular topology prepared 

by free-radical polymerization of (1); dangling chains incorporated by free-radical co-

polymerization of (1) and (2); uniform topology prepared by click reaction of (1) and (3). c) The 

temperature-normalized shear modulus S
S@�

�
��

  increases upon decreasing the average molar mass 

of network strand M�. This modulus corresponds to molar crosslink density 𝜈 (number of moles 

of mechanically active network strands per unit volume), where f = 3 - branching functionality of 

network junctions and G - shear modulus measured at T = 80 °C. The dashed line is a linear fit 

consistent with the classical crossover equation for an entangled polymer network 𝜈 ≅ 𝜈P +

	 �
��

 ,5 excluding samples with dangles that are described by a different model with ‘loose-end’ 

correction6), where 𝜈P is the density of chain entanglements. d) Extensibility λ"M� = L"M� L/	 
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measured at T = 80 °C decreases with 1/M�. Samples with (1+3) topology follow a linear trend 

with a slope of -0.5, which is consistent with λ"M�	~	 M�	, theoretically expected for ideal 

networks. The inset shows true stress-true strain curve until break.  

Shear modulus G of polymer networks was measure in a melt state at T = 80 °C. Figure 

2.4c depicts the average molar crosslinking density	𝜈 ≅ S
S@�

�
��

  versus the number-average molar 

mass of the strands 𝑀� for different network topologies with f = 3 (functionality of the crosslink 

junctions). The slope 0.7 ∙ 10� 	kg m� of the linear fit (dashed line) is in good agreement with 

the polymer mass density 𝜌 ≅ 10� 	kg m� , whereas the intercept 𝜈P = 200	mol m�  and the 

corresponding shear modulus of GP ≅ 	
S@�
S
𝜈PRT ≅ 1.7 ∙ 10¢	Pa  are consistent with the 

respective characteristics of a typical entangled network (𝜈P	~	100	mol m� and GP	~	10¢	Pa).7 

These agreements, along with the characteristic slope in Figure 2.4d, indicate good synthetic 

control of the network topology and the crosslink density. 

Network topology exhibits significant effect on samples’ extensibility (λ"M�), which was 

measured in a melt state at T = 80 °C. As seen in Figure 2.4d, the irregular dense networks (I) 

demonstrate poor extensibility (lmax < 2) due to highly non-uniform stress distribution over the 

network strands. In contrast, the more uniform networks (III) and the network with dangling 

chains (II) allow extensions up to 5-times. Three samples with the same n = 9.7 exhibit almost 

the same stress-at-break (~ 1.5 MPa), while the strain-at-break increases up to three times as SH% 

increases. These loose networks show excellent shape memory behavior (~ 100% shape fixity 

and recovery) at high programming strains exceeding 100%. However, as discussed below, the 

shape reversibility decreases upon lowering crosslink density. In fact, one of the most irregular 
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and dense networks studied in this paper (2.7-0% SH) exhibits the best reversibility (ca. 80% of 

the programmed strain), while possessing the highest modulus and worst extensibility.  

Network topology and crosslink density greatly affect organization of the crystalline 

scaffold in semi-crystalline polymer networks. To study these effects, we used a combination of 

techniques including Atomic Force Microscopy (AFM), Small and Wide Angle X-ray Scattering 

(SAXS and WAXS), and Differential Scanning Calorimetry (DSC). AFM height micrographs in 

Figure 2.5a show morphology of three samples with different crosslink densities, where we see a 

characteristic organization of spherulite branches, composed of lamellae stacks (insets). With 

decreasing crosslink density, both size of the bundles and spacing between the stacked lamellae 

inside a bundle increase. This observation is attributed to the effect of crosslinking, which exerts 

both topological and dynamic constraints on network strands hindering the crystal growth.  
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Figure 2.5 Constrained crystallization: long period and crystallinity. a) AFM height 

micrographs of spin-coated films of POA networks with three different crosslink densities, 

determined by degree of oligomerization n as indicated. The micrographs show spherulite 

branches composed of lamellae stacks (insets). Cross-sectional profiles (along dashed lines in the 

insets) display an increase of spacing between lamellae with n. The spacing was averaged over 

100 lines in a chosen area. b) Molecular interpretation of stacks of folded-chain lamellae 

separated by an amorphous phase composed of chain folds, crosslink junctions, uncrystallized 
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strand sections. c) SAXS spectra after subtracting the polynominal decay function-fitted baseline 

were measured at 0 °C. Peaks were fitted using Lorentz function. Position qmax and peak full-

width-at-half-maximum (FWHM) were determined. d) Lamellae long period L	 = 	2𝜋/q"M�  

and e) crystallinity 𝜙 = ∆H/ΔH"/  decrease with crosslink density. The crystallinity numbers 

were obtained by DSC (𝛥H"/ = 150	J/g) and calibrated with WAXS as described elsewhere.8 

More quantitative information about the crystalline structure was provided by X-ray 

scattering and DSC. From SAXS intensity profile in Figure 2.5c, we determined the long period 

as L	 = 	2𝜋/q"M�, which includes both crystalline and amorphous fractions (Figure 2.5b). We 

have also calculated the full-width-at-half-maximum (FWHM) as a rough indication of the 

crystalline structure’s dispersity, assuming negligible contribution of crystallite size to peak 

broadening.9-10 As shown in Figure 2.5d, the long period decreases almost linearly with crosslink 

density, resulting in nearly 6 nm reduction in L between the highest and lowest crosslink density 

samples. This is consistent with the corresponding decrease of the melting temperature (Table 

2.2) as predicted by the Gibbs-Thomson equation, assuming that the long period is proportional 

to crystal size. Figure 2.5e shows that the increase of the crosslink density also results in a 

significant decrease of crystallinity, which was measured by DSC and then calibrated by WAXS 

8 as shown in Figure 2.6. As an example, sample 2.7-0% SH with the highest crosslink density 

shows the smallest crystal size (L), lowest melting temperature (T" ), and least amount of 

crystallinity (ΔH"). Besides crosslink density, the effect of network topology (controlled by 

SH%) is also significant. As shown in Figure 2.7, the dispersity of crystal size reduces with 

increasing SH%. This is ascribed to a less constrained crystallization of more uniform networks 

exert. 
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Figure 2.6 Crystallinity measurements using DSC and WAXS. Using Differential Scanning 

Calorimetry (DSC), we calculated the integral of melting peak (enthalpy ΔH) and crystallinity 

was calculated as 𝜙 = ∆H/ΔH"/ , ΔH"/ = 150	J/g. WAXS was used to calibrate the crystallinity 

measured by DSC. By taking the ratio of integral of crystalline peak and amorphous background 

on a WAXS curve (data shown previously in reference8), we can calculate the crystallinity based 

on WAXS profile. The two techniques have shown >98% agreements with each other. In this 

study, all crystallinities are calculated using DSC. 
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Figure 2.7 Dispersity of crystal size. SAXS profile was measured at 0 °C and subtracted by the 

polynominal decay function with Savitzky-Golay filter fitted baseline. Then peaks were fitted 

using Lorentz function. Peak’s full-width-at-half-maximum (FWHM) were measured and 

decreased with SH%, indicating a narrower distribution of crystal size of a uniform mesh 

network.  

All structural data are summarized in Table 2.2, which demonstrates consistent variations 

of the molecular and morphological characteristics. This provides a good foundation for 

quantitative studies of correlations between network architecture, crystalline morphology, and 

reversible shape memory (RSM). Some discrepancy in the long period (L) values determined by 

AFM and SAXS is ascribed to the surface effect on the crystallization process and 2D AFM-

imaging of a 3D structure. Although the AFM study is less accurate than SAXS with respect to 

measurements of crystalline dimensions, it provides visual verification of the lamellae 

morphology.  

Figure 2.8a depicts basic steps of reversible shape memory: fixation and recovery. The 

original (equilibrium) shape is controlled by entropic elasticity of a percolated polymer network 

secured by chemical crosslinks. To balance the network elasticity and fix a desired strain, a 

crystalline scaffold is introduced upon cooling (programming step). This scaffold may be viewed 

as a physical network, which also percolates through the entire sample with a mesh size larger 

than that of the chemical network. The percolation is essential as it enables fixation of the 

programmed shape. The left panel of the plot in Figure 2.8a demonstrates that less than 5% 

crystallinity is required for nearly 100% shape fixation. This observation is consistent with other 

shape persistent objects and organisms such as jelly fish supported by ca. 2 wt% of an organic 

scaffold.11 Subsequent crystallization generates an additional substantial fraction of the 

crystalline phase of ca. 30 wt%. Although these extra crystals are not required for shape fixation, 
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they greatly contribute to the sample rigidity as the Young’s modulus increases from the MPa to 

GPa range during crystallization (Figure 2.9). On heating (right panel of the plot in Figure 2.8a), 

the scaffold melts resulting in shape recovery. The shape alteration suggests that the scaffold 

percolation is interrupted, which presumably yields percolated clusters. The existence of such 

clusters was indirectly confirmed by measurements and modeling of shear modulus (G	~	𝜙�) of 

a semi-crystalline polymer network as a function of crystallinity (𝜙 ) during melting.1 On 

complete melting, the original shape is recovered and stays irreversible upon cooling. All 

samples in this study have high fixation ratio and recovery ratio ranging within 95-99%, which 

suggests an effective balance between elasticity of the chemical network and rigidity of the 

crystalline scaffold.  



 

 

39 

 

 

Figure 2.8 Concept and protocol of reversible shape memory (RSM). a) Shape programming, 

fixation, and recovery. A programing strain of ɛI  = 20% (dashed blue line) is applied to sample 

9.7-0% SH at 80 °C and then fixed by quenching to 0 °C. Each data point in the fixation panel 

corresponds to a strain fixed by quenching at a given stage of the crystallization process. A 

percolated crystalline scaffold is developed. Crystals in black color indicate early stage (critical) 

in fixation, blue color indicate the rest ‘redundant’ crystals in fixation. At final stage of fixation, 

sample is fixed to the programmed strain ɛI. Upon melting, the crystalline scaffold is melted into 

percolated clusters. At any stage of the melting process, heating can be switched to cooling and 

reverse the shape transformation from ɛK to ɛL. b) A DSC curve of sample 9.7-0% SH showing 

melting TI  and crystallization transition T¬ , using 5 K/min heating/cooling ramp rate. Partial 
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melting temperature TIMLNKMO is chosen near T" . The integration of melting and crystallization 

peak (enthalpy) divided by the heat of fusion (~ 150 J/g) is calculated as crystallinity, shown in 

dashed lines. The crystallization rate after cooling from TIMLNKMO is about 2% crystallinity per K 

(Figure 2.13). c) The strain reversibility is studied as a function of TIMLNKMO and annealing time Δt 

at TIMLNKMO . After programming, a sample with programmed strain ɛp is heated to TIMLNKMO 

(TIMLNKMO"M� 	= 45 °C). Upon cooling, strain returns to ɛrev. The rate of strain recovery γ (K-1) is 

measured as the linear slope multiplying the ramp rate 5 K/min.  

To achieve reversible shape shifting, a programmed sample (εI), is heated to a partial 

melt state causing partial shape recovery to an intermediate strain (εK). When cooled back, the 

sample undergoes recrystallization resulting in reverse strain variation towards the programmed 

shape (εLPQ). As discussed previously,1 the reversed shape transformation upon cooling is caused 

by self-seeding recrystallization of molten chains in the presence of the remaining crystalline 

scaffold. The extent of reversibility (eq. 3) is controlled by the interplay of two networks: (i) the 

chemical network, which is partially relaxed at T	 = 	TIMLNKMO  and (ii) the crystalline scaffold, 

which is partially degraded at T	 = 	TIMLNKMO . While counteracting, both networks provide 

topological constraints for the molten strands and direct the recrystallization process. If TIMLNKMO 

is too low (TIMLNKMO < T") and the crystalline fraction is still high, sample is prone to stay at its 

programmed state without any, or just marginal shape change. If TIMLNKMO is too high (TIMLNKMO >

T"), the crystalline scaffold is largely destroyed allowing for random pathways for polymer 

crystallization. By measuring reversibility (eq. 3) as a function of TIMLNKMO  (Figure 2.10), we 

determined an optimum temperature TIMLNKMO"M�  , which allowed for the greatest reversibility. Table 

1 summarizes TIMLNKMO"M�  values determined for each sample and shows that this temperature is near 

T" (TIMLNKMO"M� ≈ T"). The counteraction of the chemical and physical networks depends on the 
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crosslink density, which determines both restoring force of the chemical network and 

recrystallization of the crystalline scaffold. As shown in Figure 2.11a, reversibility initially 

increases with crosslink density ( 𝜈 ) and then levels off at ca. 80% as it reaches 𝜈 >

600	mol m�. This range of crosslink density corresponds to the irregular networks of Type I 

(Figure 2.4b) with shortest strands. 

 

Figure 2.9 Strain effect on storage modulus. DMA measured storage modulus upon cooling at 

5 K/min using oscillation mode at 1 Hz but different strains. By applying different strains (0% 

and 20%), the modulus varies slightly, indicating small difference in crystallinity. In this study, 

the programming strain was kept as 20%, therefore the strain effect can be neglected. The sample 

shown is 23.1-100% SH. 
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Figure 2.10 Reversibility dependence on the partial melting temperature. After shape 

programming with ~ 20% strain, the sample was heated to various partial melting temperatures 

at a heating rate of 5 K/min. The strain was partially recovered to ɛi. Then apply cooling at 5 

K/min, the strain recovered to ɛrev. By calculating reversibility at different Tpartial using equation 

(3), an optimum TIMLNKMO"M�  with the maximum reversibility can be determined. This optimum 

TIMLNKMO"M�  locates near the melting peak on a DSC curve. Sample shown here is 9.7-0% SH. 

A similar effect was observed for the recovery rate 𝛾 = dε dT, which is defined in 

Figure 2.10c as strain recovered on 1 K cooling from the partial melt state. As shown in Figure 

2.11b, sample 2.7-0% SH with the highest crosslink density (𝜈 =	842 mol/m3) recovers 5% of its 

programmed strain per 1 K of temperature decrease, while the looser networks demonstrate 

progressively slower recovery. In this study, we have applied 5 K/min cooling rate. For faster 

cooling, the recovery process takes only a few seconds, which has been useful the design of a 

robotic gripper.1 It is also instructive to examine correlation between the recovery rate and 

crystal size. Using the L vs. ν plot in Figure 2.5d, we can plot the recovery rate (g) in Figure 

2.12b as a function of the lamellae long period (L) (see inset of Figure 2.12a). The log-log plot 
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shows strong decay of the recovery rate as 𝛾	~	L@±. A physical interpretation of this scaling 

relation can be developed by expressing the recovery rate as function of crystallinity 𝜙 ≅ 𝑛L� as 

𝛾 = .8
.²
= .8

.³
.³
.²
≅ .8

.%
³
´µ

, where n – number of crystallites per unit volume, 𝜙 = 𝑑𝜙 𝑑𝑇  – 

crystallization rate, and L is proportional to the average crystal size. Experimentally, we have 

measured and shown that the crystallization rate weakly depends on the crosslink density and 

equal 𝜙 = 2 ± 0.1	wt% K (Figure 2.11). By equating the experimentally measured 𝛾	~	L@± and 

the above scaling relation 𝛾	~	 .8
.%
L@�, we obtain that the amount of strain secured by one crystal 

increase with decreasing the crystal size as .8
.%
	~	L@k . In other words, materials with smaller 

crystals allow for higher efficiency of shape fixation. 

 

Figure 2.11 Crystallization rate. Upon cooling from a partial melting temperature at 5 K/min, 

we calculated crystallinity change with temperature. Crystallization rate was then determined as 

the linear slope on the crystallinity-temperature curve. The rate was similar for different degrees 

of oligomerization n, therefore it can be treated as a constant (2 wt% crystal /K) for all samples 

for approximate calculations. 
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The slower shape response of the loose networks is ascribed to faster stress relaxation in 

the network strands upon melting. To verify this conclusion, we have studied the decay of 

reversibility during annealing in the partial melt state, when chain relaxation and recrystallization 

occur simultaneously. While relaxation of molten chains reduces their correlation with the 

programmed shape leading in a decrease of εLPQ, isothermal recrystallization causes spontaneous 

increase in the intermediate strain εK	towards the programmed shape εI. As such, the reversible 

strain fraction ∆ε = εLPQ − εK decrease from both sides, i.e. due to decreases of εLPQ and increase 

of εK, resulting in the decay of reversibility (eq. 3). However, the decay of reversibility is much 

lower in the samples with higher crosslink density. For example, 9.7-0% SH can maintain more 

than 85% of its initial reversibility after relaxing for Dt = 2 h at T = TIMLNKMO"M� . For short time 

variations (minutes), no measurable decay of reversibility was observed (Figure 2.13).   

 

Figure 2.12 Reversibility and recovery rate: the effect of crosslink density and crystal size. 

a) Reversibility (eq 3) increases with crosslink density within a range of ca. 50-1000 mol/m3. 

Reversibility varies from 0% to nearly 80%. b) The strain recovery rate γ normalized by ɛp, 

increases with crosslink density and decreases with lamellae period L ~ crystal size. A 

characteristic slope of −4 in the inset has shown great efficiency of smaller crystals.  
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Figure 2.13 Relaxation and recrystallization. a) Sample 14.7-0% SH was used to show the 

effect of annealing time Δt at a partial melt state. A series of temperature ramps (5 K/min) was 

applied including heating to TIMLNKMO"M� = 	50.5	℃ , followed by isothermal annealing at T =

	50.5	℃ for a controlled duration of Δt and cooling to 0 °C. As Δt increases, from 1.7 min to 120 

min, the lower dashed line (the strain of partial melt state ɛi) goes up because of the strain 

increased by isothermal recrystallization; the upper line (the strain of reversed state ɛrev) goes 

down because of the relaxation of molten chains. Overall, the recoverable portion (ɛrev	−	ɛi) 

decreases with the annealing time Δt. b) Fraction of reversible strain (eq 3) decreases with upon 

relaxation during Δt and higher crosslink-density samples show slower decay of reversibility. 

The Y-axis corresponds to normalized reversibility, i.e. fraction of reversible strain (eq 3) at 

different relaxation times Δt is divided by the corresponding fraction at Δt = 1.7 min. 

2.5 Conclusion and outlook 

Our understanding of reversible shape memory (RSM) has been advanced through accurate 

tuning of the architecture of semi-crystalline poly(octylene adipate) networks. Systematic 

variation of the network-strand length along with molar fractions of dangling chains and tri-thiol 

cross-linkers provided valuable correlations between the network topology, crosslink density, 

and mechanical properties (extensibility, modulus) of polymer network in a melt state. These 

variations of the network architecture directly affect the crystalline scaffold properties 



 

 

46 

 

(crystallinity and crystal size), as chemical crosslinks exert significant constraints on the 

crystallization process. Even though, the irregular and dense polymer networks generate smaller 

crystals with broader size distribution, they are more effective for shape control. The RSM 

properties (degree of reversibility and shape recovery rate) are shown to be mainly controlled by 

crosslink density, whereas the network topology plays a minor role for RSM. The developed 

structure-property correlations provide guidelines for network design targeting different RSM 

applications. For example, dense irregular network are suitable for fabrication of actuators that 

require small strain and fast cyclic motion, whereas loose networks allow for large-strain, yet, 

one-time actuation (Figure 2.14). 

 

Figure 2.14 Network topology and crosslinking density effect on reversibility. Irregular 

network with highest crosslinking density shows the best reversibility. Reversibility is mainly 

controlled by network crosslinking density, whereas network topology plays a minor role. 
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  CHAPTER 3: DYNAMIC OPTICAL GRATINGS ACCESSED BY REVERSIBLE 
SHAPE MEMORY3 

3.1 Introduction and objective 

Technological advances increasingly require optical components to be adaptable and 

multifunctional. Standard photonic components are typically crafted from rigid materials, with 

photonic structures often fabricated using ruling processes and copied with other rigid materials.1 

This rigidity allows photonic components to have only a single designed function, while in some 

cases switchable micro-optics components are desirable. Advances in soft lithography have 

allowed for the production of adaptable optical elements that use polydimethylsiloxane (PDMS) 

elastomers to mold photonic shapes.2-5 These photonic replicas can be stretched or compressed to 

induce a tunable optical response, and thus have shown a promising ability for use in optical 

setups, but the need for constant loads to be applied limits the application of these devices.  

Shape memory polymers (SMPs) are polymer networks capable of switching from one 

programmed shape to another. Two programming steps are necessary to prepare a semi-

crystalline elastomer for shape memory actuation. First, a primary shape is obtained via physical 

or chemical crosslinking.6 The secondary shape is then programmed by heating the crosslinked 

sample above its melting temperature (Tm), applying a force, and cooling below the Tm with the 

force still in place. When the force is removed, the secondary shape is maintained until a suitable 

                                                   
3This chapter previously appeared as an article in ACS Appl. Mater. Interfaces. The original citation is as follows: -
Q. Li,# C. Tippets,# Y. L. Fu, E. Donev, J. Zhou, S. A. Turner, A-M. Jackson, V. S. Ashby, S. S. Sheiko and R. 
Lopez, Dynamic Optical Gratings Accessed by Reversible Shape Memory. ACS Appl. Mater. Interfaces, 2015, 
7 (26), 14288-14293. 
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external stimulus of heat, sound, light, or electricity is applied.7-10 However, without external 

forces or designed structural constrains, most shape memory processes are irreversible.11-13 

Recent studies have shown that it is possible to reversibly “shape-shift” between two 

programmable shapes without applying external forces or reprogramming in a process called 

reversible shape memory (RSM). This approach offers a new route to hands-free multi-

functionality,14-16 and is a consequence of the interplay of the crystalline scaffold and chemical 

crosslinks, which are each capable of encoding a distinct shape. Partial melting of the crystalline 

scaffold leaves behind a latent crystalline template, and the programmed shape is recovered upon 

cooling by self-seeded crystallization along kinetically preferred pathways to replicate the 

scaffold. The reversibility is controlled by tuning the chemical crosslinking density as well as the 

partial melting temperature. At a macroscopic scale, the maximum reversibility of tensile strain 

has been reported as 75% for poly(octylene adipate) elastomers.16  

Compared to rigid optical components, SMP optics can be tunable with no external force 

needed to maintain a secondary shape. At smaller scales, SMPs have been explored for their 

ability to memorize micrometer and sub-µm features as well.17-19 For example, Xu et al. crafted 

deformable micro-optic surface structures from SMPs for use as dynamic optical components.19 

However, the advantages of SMP micro optics are often hampered by the irreversibility of most 

shape memory processes. Previous studies have demonstrated microstructured surfaces can be 

modulated via RSM to change surface effects including adhesion and wetting.18  

Here we report on the utilization of RSM at a sub-µm scale to create a reversibly tunable 

optical element. The ridge-type grating was chosen as a simple proof-of-principle model due to 

the straightforward relationship between ridge height and diffraction intensity. Understanding the 

reversible behavior of this photonic structure can then be extended to other grating geometries, 
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e.g. tooth-shaped, sawtooth shaped and triangle shaped.20-22 We have programmed a sub-µm ratio 

optical grating that exhibits reversible magnitude changes of its diffraction intensity (up to about 

36% modulation) when subjected to alternating changes in temperature. We have verified that 

this result is attributable to reversible modulation in the grating’s ridge height and that it is 

repeatable over multiple cycles. Through melting all crystalline regions within the sample, the 

grating structure can be erased, recovering the primary flat surface, which can then be 

reprogrammed to a new shape. 

3.2 Experimental section 

3.2.1 Material fabrication 

For this experiment we sought to fabricate the reversible optical element in a 

representative semi-crystalline polymer poly(octylene adipate) (POA) as reported previously.16 

The chemical structure of end-functionalized POA is shown in Figure 2.4a. In order to utilize the 

best RSM behavior of POA, we synthesized POA with a number average degree of 

polymerization (DP) of 𝑛 = 13  (𝑀% = 3500	g/mol) , which is known to exhibit significant 

shape reversibility.16 In the previous work, we used the condensation polymerization between 

adipic acid and octylene diol to produce POA,16 while in the present paper we have improved 

this synthesis by adipoyl chloride reacting with octylene diol. The new route faster reaction and 

more accurate control of molecular weight distribution. This resulted in a higher Tm 58 °C 

compared to previous synthesis which has Tm around 50 °C. Under the experimental ramping 

condition, a strain reversibility of 41% was observed when the shape-memory polymer was 

subjected to 15% uniaxial strain deformation (Figure 3.1). Figure 3.2b displays a two-step 

thermosetting procedure which has been used to make an optical grating with reversible control 

over grating height. First, POA was mixed with 10 wt% CHCl3 and 1 wt% 2,2-
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diethoxyacetophenone (DEAP). The mixture was then injected into a Teflon mold, covered with 

a glass slide and crosslinked with 365 nm UV light for 5 minutes. This produced a RSM 

substrate with an optically flat surface as the primary shape. The substrate was then annealed 

free-standing at 70 °C overnight to extract the remaining solvent and thermal history. Next, the 

substrate was heated to 70 °C and the optically flat surface was pressed against a 

perfluoropolyether (PFPE) grating (pitch 750 nm, ridge height 250 nm, ridge width 250 nm) 

followed by quenching in an ice bath. On separation of the substrate and the PFPE mold, the 

surface was in its secondary grating shape, which accurately replicated the PFPE grating.  

 

Figure 3.1 Bulk reversibility. A dogbone bulk sample’s maximum reversibility was 

characterized by DMA tensile test as 41%, where ɛp was defined as programmed strain and ɛr as 

recovered strain. Partial melting temperature Tp was near Tm = 56 °C. The temperature ramp has 

similar rate as the optical experimental set up: 1) Heat from 20 °C to 56 °C (10 °C/min); 2) Wait 

2 min at 56 °C; 3) Cool from 54 °C to 20 °C (5 °C/min). 
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3.2.2 Optical measurements 

Experimental measurements of the grating diffraction intensity were taken under 

illumination using a light from a 633 nm He-Ne laser, which was incident at a 5° angle with 

respect to the sample normal, the experimental set up is shown in Figure 3.3. The 750 nm grating 

pitch was chosen, such that only the M = +1 diffraction order will be measured, with sufficient 

angular space between the specular reflection (M = 0). Planar diffused Silicon photodiodes 

(United Detector Technology) with a spectral sensitivity from 400-1100 nm and a responsivity of 

~0.4 A/W at 633 nm were used to monitor the intensity of the 1st order diffraction mode and the 

intensity of the incident beam in order to correct for power fluctuations, and the temperature of 

the sample was controlled using a thermoelectric stage. Incident beam intensity was monitored 

by splitting the initial beam with a 50/50 beam splitter and measured with a diffused planar 

silicon detector. Simultaneously the 1st order diffracted light was monitored and relative intensity 

was calculated by normalizing the diffracted beam intensity with the incident beam intensity. In 

order to achieve RSM performance, instead of complete melting, the POA gratings were brought 

to a partial melting temperature (Tp) (Figure 3.2c) at a heating rate of 1 °C /s, and then held for at 

least a minute before natural cooling at a slower rate dictated by the thermal equilibration at 

room temperature (RT).  
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Figure 3.2 Synthesis and fabrication. a) Chemical structure of methacrylate-terminated 

poly(octylene adipate) (DP ≈ 13). b) The molding process: a glass slide is used to cure an 

optically flat surface of poly(octylene adipate).  A 750 nm pitch perflouropolyether (PFPE) 

grating is used as a mold to emboss the heated flat surface. After cooling the mold is removed 

and the grating structure remains on the SMP surface. c) A differential scanning calorimetry 

(DSC) thermogram of a crosslinked POA sample indicates the temperature range of partial 

melting temperatures (Tp ,hatched region), the melting peak (Tm = 56 °C), the temperature of 

complete melting (Tf = 64 °C), and the crystallization peak (Tc = 37 °C) (arrows indicate ramping 

direction). 

3.3 Results and discussion 

3.3.1 Microscopic and morphological characterization 

Temperature-triggered variations of the grating topography were monitored in situ using 

an atomic force microscope (AFM) equipped with a heating-cooling stage. In previous work, the 

maximum reversibility of POA was achieved when the partial melting temperature Tp was close 

to the melting peak Tm.16 In the present work, we have therefore recorded AFM measurements 

for the same maximum reversibility cycle ranging from RT to Tp = 56 °C. The ridge height was 

found to vary with temperature, while all other grating parameters remained constant. Figure 

3.3a-c shows the first heat-cool cycle from an as-prepared grating structure, Figure 3.3d-e shows 

the second heat-cool cycle, indicating a good repeatability. Average line profiles of the sample at 

56 °C and after cooling to RT are shown in Figure 3.3f. Average ridge height analysis (Figure 

3.4) of the line profiles shows the height reversibility is around 26% (Figure 3.3g). This 

microscopic reversibility of the grating feature is less than the bulk reversibility (~ 41%) of a 

polymer film when subjected to 15% uniaxial strain deformation. The discrepancy between bulk 

and microscopic reversibility may be due to plastic deformation and crystallization. We ascribe 

the observed plastic deformation to the non-uniform strain distribution generated by the 
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embossing process used for shape programming, which possibly induced the non-erasable 

grating artifacts present in a few locations even after complete sample melting at 80 °C (Figure 

3.5). In addition, we know from previous work that freshly molten chains tend to recrystallize 

into large spherulites (~ 10 µm),16 which interfere with crystallization in the nanoscale 

confinement of the grating and form an imperfect surface structure.  

 
Figure 3.3 AFM morphological studies. AFM images a) as prepared and at room temperature, 

b) after heating to 56 °C at 1 °C/s and c) after cooling back to room temperature. d) Second 

heating to 56 °C at 1 °C/s e) and after subsequent cooling back to room temperature. (all scale 

bars are 5 µm) f) Height averaged line profile of the sample during one heating cycle, (top) at 
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56 °C and (bottom) cooled to RT. g) The corresponding AFM mean ridge height was averaged 

over 180 line profiles per AFM image. The height reversibility is calculated using the mean 

heights of corresponding AFM images. 

 
Figure 3.4 AFM height analysis of grating topology. A cross-sectional area was chosen to be 

averaged and from this area 180 line profiles are averaged to compile the averaged line profile. 

The averaged line profile is then baseline corrected and the average ridge height is calculated. 

3.3.2 Reversible optical properties  

Variations in the optical properties of the RSM grating due to the observed change in 

surface topography were explored. Figure 3.6a depicts a reversible change in diffraction intensity 

upon the corresponding variation in substrate temperature (Figure 3.2a, Region 1). Before 

reaching 40 °C, the change in intensity is minimal. This finding agrees with the previous results 

indicating that the onset of shape recovery occurs only after melting of at least ~ 10% wt/wt of 

the initial crystallinity.16 Above 40 °C, the diffraction intensity begins to decrease due to the 

onset of shapeshifting (Figure 3.3b). Upon continued heating to a partial melting temperature Tp 

= 42 °C, the diffraction intensity continues to decrease. Upon cooling, the intensity recovers 

towards its initial value at RT (Figure 3.5a), indicating good optical reversibility (Figure 3.5b). 
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When a POA grating is heated to a higher temperature (Tp = 52 or 56 °C), the observed intensity 

modulation increases as well (Figure 3.5b).  For each Tp, we heated and cooled a single POA 

grating sample multiple times between RT and Tp, and observed that the intensity change was 

repeatable over multiple cycles. Typical experiments included 2-3 cycles per temperature, with 

less than 5% variation in optical intensity. Further cycling at a single Tp resulted in a loss of ~10% 

of optical intensity over 25 cycles. In Figure 3.6a, only one cycle for each Tp is shown for clarity.  

By varying Tp, we located the optimal melting temperature to maximize reversibility: The 

maximum optical reversibility is ~ 36% and is found when partial melting Tp = 56 °C, which is 

near the Tm
 (Figure 3.2c), and is consistent with previous a RSM study.[14] As we will explain 

later, when a sample is heated to Tp > Tm the grating is largely erased and the shapeshifting 

process is non-reversible.   

 

Figure 3.5 Optical reversibility. a) Optical intensity of a diffraction spot as temperature was 

varied (arrows showing ramping direction). Region 1: Optical intensity can be reversibly 

controlled within different cycles with Tp kept below Tm. Region 2: When Tp is increased above 

Tm, the grating is greatly erased and non-recoverable. The intensity drops significantly as the 

temperature increases to Tf. Now the surface returns to its flat primary shape and the intensity 
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changes upon cycling are due to melting/crystallization-induced scattering. b) Optical 

reversibility was calculated for three Tp cycles. A maximum optical reversibility of 36% was 

achieved when Tp was set at 56 °C, which is close to Tm. 

The optical reversibility (OR) (Figure 3.5b) is calculated using the following equation: 

𝑂𝑅 =
𝐼Ê²,P%. − 𝐼²:,IMLNKMO	"PON

𝐼Ê²,ËNMLN
																																																									(1) 

Where 𝐼Ê²,ËNMLN  is the intensity of diffracted light (1st diffraction order) by the grating at 

room temperature before heating; 𝐼²:,IMLNKMO	"PON   is the intensity of the diffracted light at a 

temperature of partial melting ( 𝑇I) ; 𝐼Ê²,P%.  is the intensity after cooling back to room 

temperature. The 1st diffraction order  was measured at 68° from the grating normal, and it was 

more than 10 times brigther than light detected in other directions due to some minor random 

scattering. Therefore, the observed optical reversibility is mainly attributable to changes in height 

of the grating ridges as a result of RSM behavior. As the temperature increases, a sufficient 

amount of crystalline scaffold has melted, which causes the grating to return towards its flat 

primary shape., Within the range Tp < Tm, enough crystallites remain to recover the embossed 

secondary shape upon cooling through self-seeded recrystallization, and the diffraction 

efficiency shows excellent reversibility and good repeatability over multiple cycles. Therefore by 

referring to Tm, as an upper temperature and lower grating height limit, a proper programing 

protocol can be determined for a desired reversible photonic actuation. The intensity never 

returns completely to the as-prepared programmed shape due to partial relaxation of the chemical 

network during recrystallization after each heat-cool cycle. Note that the strained chemical 

network always tends to return to its equilibrium unperturbed state (primary shape). However, 

the natural trend of thermodynamic equilibration is reversed by the kinetics of biased 
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recrystallization of the constrained network strands, which is biased by the remaining crystallites 

carrying the memory of the programmed secondary shape. 

When Tp > Tm, the POA grating enters a new behavior regime: the optical intensity 

decreases below Region 1 and enters the curve of Region 2 (Figure 3.5a).  In this regime a 

majority of the crystallites have melted, allowing the chemical network to relax to its 

thermodynamically preferred shape dictated by the chemical crosslinks and causing the sample 

to return towards its flat, primary shape.  The grating is largely destroyed and non-recoverable. 

Upon heating to T = 85 °C, the programmed grating feature is largely destroyed with only some 

small residues of grating structure (less than 10 µm x 10 µm over a 50 µm x 50 µm scan 

window) (Figure 3.6) and the surface returns to its original flat morphology. The optical intensity 

drops to a minimum value dictated by intrinsic scattering in the substrate.  

 
 

Figure 3.6 AFM morphology upon complete melting. An SMP piece was heated to 80 °C, a 

complete melting temperature, then cooled back to RT. Most gratings structures were erased and 

surface returned to the original shape a), however a few spots turned out to remain grating 

a)                        b) 
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structure due to plastic deformation b). The crystallization induced random roughness on the 

erased area was also observed.  

3.3.3 Separation of diffraction and scattering 

In Figure 3.5a Region 2, the optical response appears to be comparable in magnitude to 

that of Region 1, but the distribution of the detected light is different for both regions. In Region 

2, the sample has been heated beyond Tm and the periodic grating is completely destroyed, so the 

majority of the light is simply reflected by a flat melted surface in a specular fashion, missing the 

detector still located where the 1st diffraction order used to propagate (Figure 3.7c). When the 

sample is cooled from its fully melted state, the intensity increases when Tc = 37 °C is reached, 

and the sample undergoes a random crystallization without trace of any shape memory effect. 

This random crystallization gives rise to pronounced light scattering in all directions including 

that of the detector (Figure 3.7d). As the surface becomes optically rough, the light that was 

previously diffracted and reflected now contributes to the scattered light.   Intensity contributions 

from residual grating due to plastic deformation are minor, as the areas are randomly distributed 

over the entire sample and constitute a small percentage of  surface (<10%). It should be noted 

that this behavior is in distinct contrast with the modulation in Region 1, where the grating exists 

at all times and the bulk of the detected light is the 1st diffraction order with a minimal 

contribution from scattered light (<10%) (Figure 3.7). We have conducted a separate study to 

distinguish individual contributions from diffraction and scattering while a grating is present.   

The random scattering contribution in Region 2 is due to polymer crystallization yielding a 

heterogeneous assembly of randomly oriented crystallites with a size distribution ranging from 

10 to 1000 nm. This resulted in isotropic scattering, with minor variances of 1-2% observed. This 

result may offer an alternative way to study crystallization-induced surface roughness.  
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Figure 3.7 Schematic set-up and theoretical calculations. The diffraction and scattering 

intensity change with temperatures. The 1st diffraction order was monitored as the grating was 

cooled to RT a) and heated to a partial melting temperature Tp b). Length of arrow indicates 

relative intensity which relates with grating’s height. c) At Tf the surface returns to optically flat, 

detector only picks up scattering signal and when cooled back to RT d), crystals form in an 

unrestricted fashion, resulting in an optically rough surface that more readily scatters light. e) 

Theoretical calculations indicate a sine-squared relationship between grating height and grating 

efficiency between 10 nm and 200 nm. As grating height decreases from ~150 nm to 60 nm, the 

measured intensity should decrease near linear fashion.  

3.3.4 Theoretical diffractive mode intensity 

The magnitude of the diffraction intensity change can be understood by analyzing the 

effect of the grating height. When a monochromatic laser beam is incident on a reflective 

diffraction grating surface, the reflected light interferes in a phase sensitive manner that depends 

on the grating spacing, height, and overall geometry; and produces a series of bright diffraction 

modes. For an ideal diffraction grating, the intensity of 0th and 1st order diffraction modes can be 

represented by Equations (2) and (3), respectively.23  

                       (2) 2
0I cos (2 / )pd lµ
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                  (3)                                                                                                             

δ is the height of the grating, and λ is the wavelength of the laser beam. Figure 3.7e 

shows that the diffraction efficiency of 1st order diffraction mode increases with the grating 

height monotonically when the height is below 160 nm, which offers a wide operation range for 

a possible application. When the RSM grating is heated, its ridges decrease in height, reflecting 

weaker 1st order diffraction mode and higher 0th order diffraction mode. The slightly nonlinear 

optical response of the simulated grating efficiency, may contribute to the discrepancy between 

the height and optical reversibility.  

3.4 Conclusion and outlook 

Reversible shape memory (RSM) has been utilized to precisely replicate and control the 

shape of sub-µm features used in optical applications. This was determined by monitoring the 

diffraction efficiency as the patterned RSM substrate was subjected to heat-cool cycles, within 

the range Tp < Tm. The maximum optical reversibility was determined to be 36% when Tp is near 

Tm = 56 °C. The diffraction intensity can be controlled and always returns within 10% of the 

original intensity, unless Tp > Tm. The approach presented for the fabrication of the gratings can 

be applied to more complicated optical nanostructures for use in optical analytical equipment 

such as active blazed gratings. Furthermore, monitoring optical scattering intensity was also 

found to be a viable way to observe melting and crystallization induced roughness on the surface 

of semi-crystalline polymers. Additional studies need to be performed to determine relationships 

between crystallite size and scattering effects. 

  

2
1I sin (2 / )pd lµ
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 CHAPTER 4: HARD-TO-SOFT SEMI-CRYSTALLINE BOTTLEBRUSH 
NETWORKS4 

4.1 Introduction and objectives 

Hard-to-soft and soft-to-hard transition is ubiquitous in nature and vital for biology 

(echinoderms and reproductive organs),1-8 food science (pasta, rice, corn),9-11 and biomedical 

engineering (orthopedic casting).12 Unlike solid-liquid transitions that lead to the loss of integrity 

and shape definition, the aforementioned applications rely on well-defined shapes, specific 

rigidity, and distinct functions in both the hard and the soft states. Typically, conventional hard-

to-soft transitional organisms and materials demonstrate one to three orders of magnitude drop in 

modulus. For example, sea cucumber can demonstrate a modulus contrast between 50 MPa and 5 

MPa,13 semi-crystalline elastomers can change from GPa to MPa (Figure 2.9). However, for 

almost all dried polymeric networks and melts, there exists a lower modulus boundary on the 

order of 105 Pa, which is ascribed to polymer chains entanglement theory.14-15 The design and 

manufacturing of materials with a modulus less than 105 Pa is not achievable without adding 

liquid to create polymer gels, which bring the challenge and the instability of swelling and 

deformation. Previous studies in our research group has shown that by employing bottlebrush 

structure, the network entanglements can be effectively eliminated and the material’s modulus 

can be easily tuned to kPa range or even lower, without adding solvent.14 Here, we endow a 

semi-crystalline polymer network with this new bottlebrush architecture. In this case, we can 

                                                   
4This chapter is in the process of patent application. 
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incorporate both the rigidity of crystalline state with a modulus on the order of GPa, and the 

softness of amorphous state with a modulus on the order of MPa, kPa or ever lower. The 

modulus drop becomes unprecedentedly huge, up to five-six orders of magnitude (from GPa to 

kPa). The stiffness enables high precision in materials’ shape design, easy handling, penetration 

and piercing, while the softness can be adjusted to any softness of various bio-tissues (Figure 

4.1).16-17 In addition, unlike polymer gels, there is no incorporation of any type of solvent in the 

material, so there would be no volume change or phase separation upon the modulus transition.  

 

Figure 4.1 Modulus change with temperature of linear network and bottlebrush network. 

Above dashed line, linear semi-crystalline network demonstrates a typical modulus drop from 

GPa range to MPa range. Biological tissues such as cartilage and skin are located at MPa range. 

Due to the network entanglement, there is an intrinsic lower limit to linear network modulus, 

which is on the order of 105 Pa. By adopting bottlebrush architecture, the lower modulus can 

easily reach kPa range, or even lower down to hundreds of pascal. Many biological tissues are in 

this range, such as vessel, brain, and membrane. 

The combination of rigidity and tissue-like softness of a dried polymeric material can 

benefit bio-medical implantation field dramatically. At room temperature, the material is 

expected to be “dormant” and rigid, which can be machined or programmed into a sharp shape; 
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upon insertion into body, the material warms up and melts, becoming as soft as surrounding 

tissues without any mechanical mismatch, diminishing interfacial scar tissue growth.18-23 To 

bring bio-compatibility trait into our material, we choose FDA approved semi-crystalline 

poly(caprolactone) (PCL) to fabricate hard-soft semi-crystalline bottlebrush networks.24 By 

varying the molecular weight of PCL, we can accurately control the melting transition, and 

adjust close to body temperature. Broadly speaking, all polymers with thermal transitions (Tg, Tc, 

Tm) are potential candidates for these kinds of heat-responsive modulus shifting. 

We target two practical applications: brain implant and microneedles. Both cases require 

rigidity for penetration, and softness for tissue-compatibility. In addition, PCL demonstrates 

temperature related drug-diffusion property, namely, at crystalline state, drug diffuses very slow, 

whereas at amorphous state, diffusion becomes significantly fast.25-26 This is especially ideal and 

useful for microneedle applications.  

4.2 Experimental section 

4.2.1 Materials 

ε-Caprolactone, methacrylic anhydride (purity >97%), 4-Dimethylaminopyridine 

(DMAP), tin octoate, phenylbis(2,4,6-trimethyl-benzoyl)phosphine oxide, copper chloride, 

dichloromethane, dimethyl formaldehyde (DMF), tetrahydrofuran (THF), p-xylene (PX) were 

purchased from Aldrich and used as received. All other reagents and solvents were purchased 

from Aldrich and used as received without further purification.  

4.2.2 One-end hydroxyl terminated PCL synthesis 

In order to have a Tm around 37 ℃ (body temperature), we target to synthesize PCL with 

a molecular weight close to 1000 g/mol.27 A solution of ethanol (1/n mol% with respect to ε-

caprolactone, n is the target degree of polymerization) in ε-caprolactone (20 g, 175.22 mmol) 
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was prepared in an oven-dried flask. To the solution was added 3 Å molecular sieves and the 

mixture was dried for 48 h. The solution was filtered into a 250 mL round bottom flask using 

anhydrous toluene (20 mL) to aid in transferring the complete contents to the reaction vessel. Tin 

octoate (69 mg, 0.17 mmol) in 1mL of toluene was added via syringe. The reaction mixture was 

heated to 120 ℃. After 24 h of heating, the reaction was cooled to room temperature. THF (∼10 

mL) was added and the vessel sonicated to reduce the viscosity to a pouring consistency. The 

contents were then poured into methanol chilled in an ice bath to precipitate the polymer. The 

precipitation procedure was repeated two more times and the polymer was filtered and air dried, 

and then further dried under a vacuum to give ~19 g (>95% gravimetric conversion) of a white 

powder. 1H-NMR is shown in Figure 4.2. 
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Figure 4.2 1H-NMR (400 MHz, CDCl3) of one-end hydroxyl terminated PCL. Chemical 

structure is shown and related peaks are indicated in the figure. Degree of polymerization n is 

calculated as the ratio between integral of δ=4.17/ δ=3.71. 

4.2.3 Both-end hydroxyl terminated PCL synthesis 

The synthesis is similar to above procedure. Instead of ethanol, we used ethylene glycol 

to have two hydroxyl groups at each chain end. It is important for this polymer to have a 

molecular weight larger than two times of the mono PCL, because this both-end OH PCL will be 

later used as a crosslinker, which should have sufficient length to overcome steric hindrance. In 

this study, the crosslinker PCL was synthesized to be 4000 g/mol. 

 
 
Figure 4.3 1H-NMR (400 MHz, CDCl3) of both-end hydroxyl terminated PCL. Chemical 

structure is shown and related peaks are indicated in the figure. Degree of polymerization n is 

calculated as 2 times of the ratio between integral of δ=4.17/ δ=3.71. 
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4.2.4 End capping of PCL 

Synthesized polymers are dissolved in anhydrous dichloromethane and 1.5 equivalents 

methacrylic anhydride and 2.0 equivalents DMAP respect to the hydroxyl group in polymer were 

added slowly while the solution stirring vigorously in an ice bath. The reaction continued for 

overnight. Then excess amount of CH2Cl2 was removed until the solution become very viscous, 

and then precipitated in cold methanol twice. The appearance of two peaks in 5.57 ppm and 6.11 

ppm, and the disappearance in 3.71 ppm in 1H-NMR spectra of product showed that the 

successful end capping with methacrylate group.  

 
 
Figure 4.4 1H-NMR (400 MHz, CDCl3) of mono-methacrylate capped PCL. The signature 

appearance of two peaks in 5.57 ppm and 6.11 ppm, and the disappearance in 3.71 ppm proved 

the successfully end-capping of hydroxyl group. 
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Figure 4.5 1H-NMR (400 MHz, CDCl3) of both-methacrylate capped PCL. The signature 

appearance of two peaks in 5.57 ppm and 6.11 ppm, and the disappearance in 3.71 ppm proved 

the successfully end-capping of hydroxyl group. 

4.2.5 Bottlebrush elastomer film and tube preparation 

All elastomers were prepared by a one-step polymerization of monomethacryloxy 

terminated PCL with different molar ratios of both-end methacryloxy terminated PCL cross-

linker as listed in Table 4.1. The initial reaction mixture contained 50 wt% of the monomers, 32 

mg of phenylbis(2,4,6-trimethyl-benzoyl)phosphine oxide as photo-initiator, and 9 g of p-xylene 

as solvent. The mixtures of monomer, cross-linker and photoinitiator in p-xylene were bubbling 

in N2 for 30 minutes. To prepare an elastomer film, the mixtures were injected between two glass 

plates with a 0.25, 0.5, 1.0 and 3 mm PDMS spacer. The elastomer films were then allowed to 

polymerize at room temperature under N2 envrionment using a UV cross-linking chamber with 
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365 nm UV lamp for 12 hrs (0.1 mW/cm-2, 10 cm distance). Elastomer tubes were prepared by 

injection of the above mixtures between two concentric cylindrical molds with inner and outer 

diameters of 2.0 mm and 4.0 mm respectively. The cylinders were then allowed to polymerize at 

similar condition as film preparation. Films and tubes were then swelled in chloroform in a glass 

petri dish. After every 8 hrs, the chloroform was replaced with fresh chloroform to remove 

unreacted monomers. Then, the samples were carefully deswelled with ethanol and dried in 50 

°C oven. The conversion of monomers to elastomers (gel fraction) was measured by below 

equation and it was between 75 to 85 wt%. The fabrication process is shown in Figure 4.6. 

 

Figure 4.6 Synthetic route of PCL macromonomer and elastomer. A ring-opening 

polymerization was used to fabricate PCL macromonomer with desired molecular weight, and 

the elastomer was fabricated using UV assisted radical polymerization. Green strands represent 

PCL side chains, red strands represent PCL diacrylate crosslinkers, black strands represent 

methacrylate backbone. 

4.2.6 Differential scanning calorimetry 

A heat/cool/heat cycle with a ramp rate of 5 K/min from 0 °C to 80 °C was used for all 

samples by DSC 220 from Seiko Instruments, Inc. Second heating was used to determine the 

melting transition, while cooling was used to characterize the crystallization transition. The 
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crystallinity was calculated by the ratio of the integration of heating or cooling transition to the 

heat of fusion of caprolactone polymers, which is close to 150 J/g.28 

4.2.7 Dynamic mechanical analysis 

RSA-G2 dynamic mechanical analyzer from TA Instruments was used for mechanical tests. 

Before melting transition (T <36 °C), storage modulus was measured in oscillation mode at 1 Hz, 

0.1% strain; after melting transition (T ≥36 °C), material become significantly softer, therefore 

higher strain was applied up to 5% in order to obtain an acceptable signal-noise ratio. 

Extensibility was measured at 80 °C with a constant strain rate of 2E-3/s.  

Table 4.1 Composition and properties of PCL bottlebrush elastomer. 

M
n
  

(g/mol) 
a
 

Xlinker 
mol%

b
 

E
0℃ 

(Pa) 
c
 

E
80℃  

(Pa) 
d
 

T
c
  

(℃)
 e
 

T
m

  

(℃)
 e
 

ΔH
m

 

(J/g)
 k
 

1000 

0.25 7.6E8 4.4E3 4.4 35.0 57 

0.5 7.7E8 1.3E4 4.2 35.1 56 

1.0 7.3E8 3.4E4 3.8 36.1 56 

a Side chain DP determined by H-NMR. b mole of PCL diacrylate / mole of side chain monomer. 
c measured by DMA at 0 °C, 0,1% strain, 1Hz. d measured by DMA at 80 °C, 2 % strain, 1 Hz. e 

measured by DSC at 5 °C/min second-heat/cool cycle. k calculated by DSC. 

4.3 Results and discussion 

4.3.1 From GPa to kPa 

Poly(caprolactone), or PCL, is a very well-known and widely used semi-crystalline bio-

degradable polymer.  Depending on the molecular weight, its melting transition can be tuned 

within a broad range from 30 °C to 70 °C.27 Typically, the higher the molecular is, the high Tm is. 



 

 

73 

 

For this study, we are targeting bio-medical applications, therefore it is necessary to tune the Tm 

close to body temperature. As shown in Figure 4.7, regardless of the crosslinker amount, all PCL 

bottlebrush network with 1000 g/mol PCL side chain show similar melting peaks, which are 

located near 36-37 °C. Note that we can easily tune Tm to be a higher value in case of other 

applications. 

 

Figure 4.7 Melting and crystallization transition measured by DSC. Three polymers with 

different crosslinker usage showed similar melting transition around 37 °C and crystallization 

transition aroung 5 °C. The enthalpy is also similar, and it’s calculated as the peak integration. 

Like all semi-crystalline networks, PCL bottlebrush networks demonstrate a drop in 

modulus upon melting but with a considerably larger magnitude. As shown in Figure 4.8, at the 

crystalline state (0 °C), three PCL bottlebrush networks with different crosslinker amounts 

showed similar modulus 0.8 GPa, however, upon complete melting at 80 °C, they showed 

different modulus. The more crosslinker used, the higher the modulus is. As shown in Figure 4.8, 

0.25% crosslinker sample shows the lowest modulus 4 kPa, whereas 0.5% crosslinker sample 
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shows 13 kPa and 1% crosslinker sample shows 34 kPa. In theory, the crosslinker usage should 

be proportional to the network modulus, as discussed in previous chapters. However in this case, 

we have to take into consideration of crosslinker conversion percentage, namely, not all 

crosslinker added were successfully incorporated into the network. Especially for 0.25% 

crosslinker usage, given that it is such a small amount of crosslinker, it is much more likely to 

obtain a network with lower gel-fraction. Regardless, all samples show transitions from GPa 

range to kPa range (six order or magnitude), and they all occur around body temperature. 

 

Figure 4.8 Storage modulus change with temperature measured by DMA. Starting from 

similar modulus around 0.8 GPa at 0 °C, three polymers all showed drop in modulus upon 

melting. The less amount of crosslinker, the lower the end modulus was. For 0.25% crosslinker 

sample, it showed the largest change in modulus, from 0.8 GPa to 4 kPa. 

 There are many materials possessing modulus-shifting properties, such conventional 

semi-crystalline elastomers, glassy linear polymer chains, hydrogels and composites. If we plot 

Gbefore transition/ Gafter transition, VS Gafter transition, shown in Figure 4.9, we can see that PCL 
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bottlebrush clearly stands out with huge drop and low modulus after transition, and occupies an 

empty space where no other materials can achieve.16-17, 29-46 

 

Figure 4.9 Comparison with other modulus changing materials. Gafter transition represents 

materials’ high modulus before any modulus-dropping transition, such as melting transition, 

glass transition, or ionic interaction.  Gafter transition represents materials’ low modulus after the 

aforementioned transitions. Various groups of materials are listed, including synthetic linear 

polymers, elastomers, gels, and natural objects. Biological tissues don’t possess modulus change, 

but are also listed as reference points. The PCL semi-crystalline bottlebrush elastomers show up 

to six orders of magnitude change in modulus, whereas all other materials show much less 

magnitude change. Also, to the left side of the dashed line, only hydrogels and PCL bottlebrush 

are able to match the exact modulus with soft tissues, whereas other synthetic dry materials fall 

to the right side of the dashed line. In the picture, the top section of the sample was heated to 

molten state, demonstrating kPa modulus, whereas the bottom section of the sample remained at 

its crystalline state, possessing GPa modulus. 
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4.3.2 Brain implants 

A long-standing issue in brain implants, is the mismatch between the soft brain tissue 

(~500 Pa) and the rigid metal electrodes (GPa) that are widely used for deep brain stimulation.22 

Using the novel PCL semi-crystalline bottlebrush networks, we can fabricate a protection layer 

encapsulating the rigid electrodes inside. The material will serve both as a rigid shell for easy 

penetration at room temperature, and as a buffer layer segregating the rigid electrode and soft 

brain tissue. The material will have exactly the same softness as the brain after insertion, which 

can greatly reduce scar tissue growth and prolong the lifetime of the implant. A demo study is 

shown in Figure 4.10. We used thermocouple to represent the electrode, and a brain-shaped 

poly(acrylamide) hydrogel was synthesized with a modulus ~ 800 Pa to mimic brain tissue. As 

shown in the Figure 4.10, PCL semi-crystalline bottlebrush networks appear opaque, rigid and 

non-sticky at RT. After inserted into the pre-heated brain-gel (37 °C), the material became clear, 

significantly softer and sticky, securing the implant into the brain without mechanical mismatch. 

Further study will be conducted in a more realistic animal model. 
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Figure 4.10 Brain implant demonstration. A polyacrylamide hydrogel with a modulus close to 

500 Pa was fabricated with a brain-looking shape. The hydrogel has been preheated to body 

temperature. PCL semi-crystalline bottlebrush networks are used to encapsulate a rigid 

thermocouple. At room temperature, the material remains rigid and shape, and appear to be 

opaque. Upon insertion to the preheated brain gel, the material warms up, becoming as soft as 

the surrounding brain gel, sticky and hard to pull out. The thermocouple becomes visible as the 

material clears up. 

4.3.3 Microneedles 

Another application of hard-soft transition is the microneedles drug-delivery. Microneedles 

provide a novel transdermal drug delivery method, which can prolong drug-release and minimize 

pain sensation.47-51 Silicone has been widely used for microneedle fabrication, as its rigidity 

helps to overcome skin-barrier.52 However, due to the mismatch between the rigid needles and 

soft skin tissues, inflammation often occurs if the needles are kept for a long period of time.53-54 

Having the same modulus as soft skin and also having the rigidity to penetrate into skin, PCL 

semi-crystalline bottlebrush networks are great candidates for this application. There have been 

some works done on biodegradable PCL microneedles, and the drug release can be realized by 

heating-assisted diffusion behavior.25-26, 55-57 However, these conventional PCL needles are not 

able to reach a modulus lower than 105 Pa, given their linear network topology. With the help of 

bottlebrush architecture, we aim to fabricate a new generation of microneedles with the exact 

modulus of soft skin tissues, which is expected to prolong the usage time and decrease 

discomfort to more extent. 

As shown in Figure 4.11, at RT, the needles are dormant, rigid and drug-loaded. Upon 

patched onto skin, the needles become softer and sticky, and the drug start to diffuse out. This is 

an ongoing work, in future, we will systematically study release behavior and bio-compatibility. 
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In addition, PCL semi-crystalline bottlebrush networks shown great shape memory performance 

with high fixation ratio and recovery ratio. In future, we will combine this trait into applications 

as well.  

 

Figure 4.11 Microneedle concept and design. A PCL semi-crystalline bottlebrush network 

sheet has been programmed by compressing against a microneedle-shaped silicone mold 

(purchased from Micro-point Technologies) at molten state and then fixed by cooling. The 

dimensions are: needle height 800 µm, needle base 200 µm, needle pitch 680 µm. The sample 

with microneedle shape is shown in the picture. At room temperature, the sample remain 

dormant and hard, upon patching onto skin, the needles warm up and become as soft as skin, 

eliminating pain discomfort, and releasing the loaded drug. 

4.4 Conclusion and outlook 

In summary, we employed bottlebrush network architecture to the traditional semi-

crystalline poly(caprolactone) elastomers. The synthesized material demonstrates huge modulus 

drop up to six order of magnitude, from GPa at room temperature (crystalline state), to kPa at 

body temperature (amorphous state). The uniqueness of both rigidity for easy handling and 

penetration and softness for tissue-mimicking makes this material a great candidate for many 

bio-medical applications. Also, like many semi-crystalline elastomers, this material shows great 

shape memory performance, which can further be tailored and adapted to specific applications. 
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In future, we will explore more practical applications using these materials, such as brain-

implants, and microneedles. 

Overall, semi-crystalline polymer networks are a promising and versatile group of 

functional materials. From traditional one-way irreversible shape memory, to two-way reversible 

shape memory, and to hard-soft bottlebrush networks, many interesting advances have been 

realized within this group of materials.  
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