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Abstract 

Since its early introduction in the 1980s, 3D-printing has attracted considerable attention owing to 

its revolutionary ability to manufacture hierarchically complex structures in a simple and 

customable manner. With the increasing interest in 3D-printing, the need for the development of 

new printable materials is constantly growing in an attempt to integrate 3D-printing into new 

emerging fields and to enable innovative applications. In particular, there is a great interest in 

‘smart’ and dynamic polymers that can respond to external stimuli, such as pH, light or temperature, 

and perform essential functions. These materials hold great promise in a myriad of applications 

such as sensing, biomedicine, and robotics.  

While the synthesis of functional polymers has been explored for decades, their compliance with 

3D-printing technology is less studied and can become challenging, particularly when completely 

new polymers are processed. 3D-printable materials have to be formulated within a well-defined 

range of rheological parameters, exhibit structural integrity, be mechanically robust, and retain their 

shape and function post-printing. Meeting these criteria is essential for optimized 3D-printing and 

functional performance.  

This work describes the design, synthesis, characterization and 3D-printing of functional materials, 

focusing on pH-responsive polymers and self-healing gels. The function and properties of these 

materials are investigated, exploring their utility for the advanced manufacturing of functional and 

dynamic objects such as shape morphing structures, flow regulators, and catalytic devices. The 

processability of these polymers and gels are studied for the first time and optimized for 3D-

printing. Additionally, new approaches and methods are presented to address the process related 

limitations of 3D-printing, aiming to improve the mechanical properties of soft 3D-printed gels and 

to control the thermal processing of polymers. Both synthetic and engineering aspects of the 

development of new 3D-printable materials are outlined. 
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1.1.Introduction 

Three-dimensional printing (3DP) is an advanced layer-by-layer manufacturing technology that 

enables the fabrication of objects with hierarchically complex architectures from virtual computer 

models.1–4 3DP is globally recognized as one of the most promising and leading manufacturing 

technologies, owing to its numerous advantages, such as operational simplicity of 3DP equipment, 

direct and single-step fabrication, adjustable design of objects and reduced waste and production 

time.1–6 3DP is notorious for its freedom of fabrication and for enabling precise control over the 

geometry, density and dimensions of objects, which is not always achievable by traditional 

technologies.4 Various 3DP technologies have been explored, such as stereolithography (SLA), 

selective laser sintering (SLS), extrusion 3DP that includes fused deposition modeling (FDM) and 

direct ink writing (DIW), and inkjet printing.3,4 Owing to its technological versatility 3DP has been 

explored in a myriad of fields, such as pharmaceutics,7–10 tissue engineering,11–17 sensing,18–23 

electronics24,25 and robotics.26–28 With an increasing interest in 3DP, the need for the development 

of new printable materials is constantly growing in an attempt to integrate 3DP into new immerging 

fields and to enable more innovative applications.1,2,4,28 In 2016, for instance, the global market of 

3D-printable materials showed revenue of USD $ 530.1 million, and is anticipated to reach USD $ 

1,409.5 million by 2021.29 To meet these demands, the number of 3D-printable materials has 

drastically increased over the past years.6,20 Advances in the development of new 3D-printable 

materials have been achieved, however, the number of 3D-printable materials is still limited, 

remaining one of the biggest hurdles of 3DP.1,3,30 Materials for extrusion 3DP, for instance, are 

almost exclusively limited to conventional engineering thermoplastics, such as acrylonitrile-

butadiene-styrene (ABS), polylactide (PLA), polyvinyl alcohol (PVA) and polycarbonate (PC), or 

prepared by formulating blends or composites based on these polymers as dominant 

components.8,29–33 This approach is broadly adopted owing to the relative processing simplicity of 

these materials, enabled by available feedstock polymers and their well-studied properties. 

Although it is essential to introduce additional functionalities to the existing arsenal of 3D-printable 
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materials, very few researchers 3D-print completely new polymers, particularly when extrusion 

3DP techniques are used.28  

With the increasing need for high resolution, customizable, ‘smart’ devices that can perform 

important functions, such as environmental sensing18 and controlled drug release,7,8 the attention 

herein is focused on the development of functional and stimuli-responsive (‘smart’) materials, 

rather than on standard engineering materials broadly available in the market.  

 ‘Smart’ materials exhibit dynamic molecular changes in response to external stimuli, such as pH, 

temperature, force or light.34 Their responsiveness is attributed to conformational changes and 

molecular rearrangements, such as ionization of functional groups,34–36 changes in hydrophobicity 

that trigger globule-to-coil transition,34,37 polarization,38 cis-trans isomerization34,39 and bond 

cleavage.34,40 With changes in environmental conditions, these materials respond accordingly by 

changing their volume (swelling/shrinking),34,36,41 transforming from one temporal shape to 

another,42 or changing their colour40 or charge38. These unique properties make ‘smart’ materials 

promising candidates for 3DP of functional devices, such as actuators and sensors, where well-

controlled fabrication without the need for multi-stage parts assembly is beneficial. The dynamic 

changes of ‘smart’ materials introduce the 4th dimension of time, giving rise to a new immerging 

field known as ‘four-dimensional printing’ (4DP).43  

 Stimuli-responsive and functional materials have been known for decades; however, making them 

3D-printable still remains a grand challenge. Particularly, extrusion based 3DP technologies that 

derive the benefit of low cost, broad availability and fabrication simplicity,3,8,20,32 impose process-

specific requirements that must be met to allow the printability of a material and retention of the 

desired shape and functionality. Extrusion based 3DP methods, whereby soft matter (gel, paste, 

dispersion) or molten thermoplastic materials, are mechanically forced through a nozzle to deposit 

well-defined filaments on a substrate, often subject the material to high shear and temperatures.44,45 

Being subjected to these processing conditions, it is essential that the end-use performances of the 
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printed objects are not compromised and would ideally retain the desired properties and functions of 

intact materials. 

To fabricate stable structures, 3D-printed layers must self-support and exhibit structural integrity. 

These characteristics are enhanced with the increase in the formulation viscosity and elastic 

modulus. On the other hand, the material has to deform and flow continuously to allow printability, 

which is not possible when the viscosity and elastic modulus are exceedingly high. These 

contradictions often result in 3DP of mechanically weak structures that require additional post-

processing steps. Moreover, when 3DP is performed in high temperature, the material must remain 

stable at the selected operational conditions without being degraded.4,45 To avoid buckling and to 

enhance stable FDM printability, feedstock materials must have low melt viscosity, high elastic 

modulus, a smooth surface, a well-defined diameter and density.20,28,31  To date, only a few 

polymers are well-studied and possess the right thermal and rheological properties to comply with 

these demanding processing criteria.46  

Thermal and rheological behaviour of 3D-printable materials play a critical role in meeting the 

complex 3DP requirements mentioned above and therefore must be carefully studied and adjusted 

as an essential step towards formulating new 3D-printable materials. No less important than that, 

the final properties of fabricated parts have to be assessed and meet the application-specific 

requirements.28,44,45,47 

The objectives of this work are to design, synthesize, characterize, process and 3D-print new 

functional polymers, and to explore their applicability. Also presented are methodological 

approaches toward optimized extrusion, 3DP and post-printing processing of functional polymers 

and gels. 
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1.2.  3DP Technology  

3DP is an advanced fabrication technology that enables transformation of a virtual computer model 

to a three-dimensional (3D) object. The process is enabled by computer assisted design (CAD), 

which is used to generate the model of interest. After transforming the CAD file to the printer-

compatible format (.STL), a software slices the data into a series of two-dimensional, cross-

sectional elements that define the computer-controlled, sequential layer-by-layer deposition of a 

material.2–4 Unlike traditional manufacturing methods such as lithography or moulding, 3DP 

enables greater freedom of fabrication with outstanding control over the architecture of objects.4 

Additionally, this on-demand technology reduces the amount of chemical waste, streamlines 

production times and simplifies the manufacturing process by eliminating the need for complicated 

masks or moulds that are design specific and therefore non-reusable.4,5 Several 3DP methods 

evolved from the fundamental layered manufacturing principle, the most well-known are SLA, 

SLS, FDM, DIW and inkjet 3DP.4 Among these 3DP methods, extrusion 3DP methods (FDM and 

DIW) are the most popular owing to their affordable cost, compatibility with a broad range of  

materials, and the operational simplicity of their equipment.4,8,18 Today, small scale FDM printers 

can be purchased for a few hundred to several thousand USD, making them accessible even to small 

companies or individual home users.8,18  The simple mechanical design of FDM enables its 

adjustment to DIW,12,46or alternatively more advanced DIW equipment can be purchased.  

The following sections of this chapter discuss the principles of extrusion 3DP methods used in this 

work, outlining the challenges associated with the development of new extrusion 3DP-compliant 

materials.  

1.2.1. Material Extrusion 3DP (ME3DP)  

ME3DP is a process wherein a material of interest (molten thermoplastic, dispersion, paste or gel ) 

is dispensed through a restricted orifice.48 This process is driven by the application of a mechanical 

force generated by pistons, rollers, screws or pneumatics. After the material is extruded, it exits the 

nozzle in the form of filamentous strands.28,46,49 The extruded filaments are deposited on top of a 



28 
 

building stage layer-by-layer, subsequently assembling into a 3D object. ME3DP can be 

subcategorized to DIW and FDM. In FDM, a solid thermoplastic filament is forced through a 

heated nozzle, which heats the material to reach a semi-molten state. The liquefied material is then 

deposited on a building stage and solidifies upon cooling to enable the formation of solid 3D 

objects.3,4 In contrast, in DIW the feedstock material is usually a soft ink, which is dispensed from a 

syringe by applying a controlled pressure. DIW therefore allows 3DP of a broader range of 

materials, which include physically and/or chemically cross-linked gels, polymeric solutions and 

particulate dispersions.4,49  

ME3DP methods are schematically presented in Figure 1.1.  

 

Figure 1.1. Schematic of ME3DP methods: FDM (left) and DIW (right). The process is driven by 

applying a mechanical force to a soft matter (DIW), or a molten thermoplastic feedstock (FDM), 

resulting in formation of filaments and their layered deposition on top of a substrate. (Reproduced 

from reference 4 , Springer Nature 2016).       

 

1.3. Designing 3D-Printable Materials: Rheological, Mechanical and Thermal Considerations 

ME3DP involves numerous processing requirements, which are directly dictated by the 3DP 

equipment and its operating principles. Therefore, the development of new 3D-printable materials 

cannot be limited to materials synthesis and should include a broader range of considerations. 

Rheological tools, which provide the essential information about the deformation and flow 
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properties of materials, should be employed for the evaluation and optimization of the  printability 

of a material.11,49   

  To facilitate the extrusion of a material through a restricted nozzle, it is essential that the resistance 

to flow is low. In other words, low viscosity inks can be printed more easily. For DIW, a broad 

number of apparent viscosity values have been reported, ranging from 1×102  up to 1×106 mPa.s 

(depending on the shear rate and temperature).4 The dependence of the apparent viscosity on 

temperature and shear rate makes any direct comparison between formulations, or the establishment 

of clear printability boundaries, difficult. Contradictory to the demand for low viscosity, each layer 

of ink should retain its own structure and exhibit structural fidelity without spreading or collapsing 

upon other layers in the stack.2,12,50,51 One way to achieve this rheological balance is by 3DP shear 

thinning inks, which are the ideal candidates for DIW.49,51 3DP-induced shear disentangles the well-

oriented polymer chains, resulting in a decreased viscosity. When 3DP shear is stopped, the 

viscoelastic filament instantly stabilizes and the apparent viscosity recovers to its initial (zero shear) 

value.4,49  

  However, viscosity provides only partial information about the rheological behaviour of a material 

and is not sufficient for the characterization of printable materials.4,11,49 Other important parameters 

of consideration are the yield stress, associated with the flow point, and the dynamic (shear) 

moduli.49,51 Storage and loss modulus (G’ and G’’, respectively) and their relative dominance (tan 

delta) determine to what extent the viscoelastic material is more viscous (‘fluid-like’) or more 

elastic (‘solid-like’).52 An increase in storage modulus indicates an increased material stiffness and  

results in 3DP of high resolution objects with improved structural fidelity and mechanical 

robustness.51 Only when the applied shear stress exceeds a critical value, known as the yield stress, 

the viscoelastic ink will flow.4,11,49  The yield stress also provides an indirect indication of the 

structural stability of an ink, which increases with higher yield stresses.51 The reported storage 

moduli and yield stresses of 3D-printable inks are in the range of ~40 to 1×104 Pa,  and ~1×102  to 

1×103 Pa, respectively,11,16,22,51  depending on the dispensing system and the end-use requirements. 
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3DP of strong and mechanically-robust formulations will often require increased 3DP pressures or 

temperatures,49 and as a result, more sophisticated 3DP equipment. More importantly, high shear 

rates and temperatures can result in mechanical damage, degradation or loss of properties.18,53,54  

 DIW of mechanically robust inks is rarely achieved without in situ or post-printing (secondary) 

treatment, which increases the mechanical strength of 3D-printed objects. The treatment includes a 

direct irradiation of 3D-printed objects by ultraviolet (UV) light,12,45,49,55,56 chemical or physical 

cross-linking,45,49,57,58 thermally induced self-assembly,51,59 or  curing by evaporation60. Other 

strategies include multi-material 3DP with sacrificial materials49,61 or hybrid 3DP by alternating 

deposition of soft gels and strong thermoplastics.62  

   To be compatible with FDM, the thermal, physical and rheological properties of feedstock 

filaments must meet some essential criteria.  These include such parameters as heat resistance and 

thermal stability at the operating temperatures, a low thermal expansion coefficient, minimized 

shrinkage and a moderately high softening point.63  Additionally, the diameter of the filament has to 

fit the inlet diameter of a printhead within a certain level of tolerance (1.75 or 3.0 ± 0.05 mm in 

most FDM printers), to enable smooth filament loading.28,31  Produced filaments have to be 

rheologically balanced. On the one hand, a filament has to be stiff since it acts as a piston, forcing 

the material out of the heated nozzle. During 3DP, buckling can occur as a result of a pressure drop 

during mechanical forcing of a filament through a liquefier. To minimize the buckling effect, the 

filament has to have a high elastic modulus, which is directly proportional to the buckling pressure 

according to Euler’s analysis.20,31,54 On the other hand, a low melt viscosity is required to facilitate 

the extrusion.31  Other important characteristics are low surface roughness and high filament 

density. The density should be maximized to decrease the amount of trapped air. A low density melt 

will result in the fabrication of mechanically weak and non-uniform parts and can cause non-

continuous 3DP.28  Increased moisture content in filaments can cause nozzle blockage and change 

the morphology of materials due to water evaporation.54  
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The 3DP process and the mechanical properties of parts fabricated by FDM can be optimized by 

controlling several 3DP variables.28,47 Yang et al. demonstrated that control over the cooling rate of 

3D-printed parts could be achieved by controlling the building stage temperature. Fast cooling rates 

resulted in weak interlayer adhesion, mismatched layers and shrinkage.28 It was shown that 

exceedingly low printing speeds cause localized heating and poor heat dissipation, producing soft 

and unstable parts. The same study presents FDM modifications that reduce nozzles jamming by 

controlling air flow.28   

   Unlike the formulation of soft viscoelastic inks for DIW, the preparation of new FDM feedstock 

materials includes an intermediate step of filament preparation. Hot-melt extrusion (HME) is 

usually used for this purpose. The basic principles of HME, key considerations and parameters for 

the preparation of FDM-compatible filaments are discussed in the following section.  

 

1.4. Hot-Melt Extrusion (HME)  

Understanding of the HME process is crucial for filament production and can determine the 

printability of produced filaments. HME is a well-known manufacturing process whereby raw 

thermoplastic materials are gradually mixed, sheared, melted and pressurized through a die to form 

a homogeneous product with a defined shape and size.64–67  

During HME, materials are fed into the feeding port in the form of powder or pellets. After the 

hopper is filled, the mechanical rotation of a screw (or screws) gradually conveys the material to 

different regions of the extruder, where the contact of the material with a heated barrel under shear 

enables it to achieve homogenization and shaping. Functional regions of an extruder are specified 

below and schematically presented in Figure 1.2:64–66 

1. Feed zone (conveying zone): after being fed from the hopper by gravity, the material starts being 

transported as a solid plug through the screw channel and the barrel.  
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2. Transition zone (plasticizing zone) located at the inner area of the extruder. In this region, the 

solid material starts experiencing compression, melting, plasticizing and mixing. The melt is 

circulated through the helical path by drag flow, pressure flow and leakage.  

3. Metering zone (mixing zone): the fully melted material reaches its homogenised state. It is then 

pushed through the die cavity. 

 

Figure 1.2. Extruder cross-section. Different regions of an extruder and material flow sections are 

demonstrated. Letters H1-H5 represent different temperature regimes at the functional sections of 

the extruder.  (Reproduced from reference 66, Hanser Gardner Publications, 2001). 

 

The main challenges associated with the production of filaments by HME are related to the thermal 

and rheological properties that can affect the process.68 

  During HME, entangled viscoelastic polymer chains are subjected to high shear and compression 

forces that result is stress accumulation. To achieve stress relaxation, these coiled molecules are 

driven by a “memory” effect, which forces them to re-orient and restore their initial form upon 

exiting the die. To achieve this, the extrudate recovers by swelling, a phenomenon known as die 

swelling, schematically presented in Figure 1.3.31,52,68,69  
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Figure 1.3. Die swelling phenomenon and its parameters. (Reproduced from reference 52 , Elsevier, 

2015).  

 

While several production processes can derive a benefit from the expansion of the extrudate,52 

distorted filaments with increased diameter may not fit the inlet of  FDM print heads and thus fail to 

act as suitable feedstock materials.31 To minimize the die swelling effect, it is essential that the 

extrudate will achieve its maximal relaxation inside the extruder. This can be achieved by several 

processing strategies and choice of equipment. Long land length (L) and smaller die diameter (D0) 

will restrict the mass flow and increase the dwell time of the extrudate inside the extruder, 

increasing the time for its relaxation. A higher L/D0 ratio will decrease the die swelling.31,69 

Significant differences between the temperature of the resin and the die can increase the die 

swelling by up to additional 5%.52,68,69  Die swelling increases with the increase in shear rates since 

high rotational speeds cause significant deformations and disentanglements to polymer chains.52,69 

Shear rates experienced by the resin during HME can be as high as ~100-1000 s-1, depending on the 

functional region and specific equipment.68  Higher extrusion temperatures, on the other hand, 

provide more kinetic energy, and therefore enhance the relaxation of polymer chains, minimizing 

the die swelling.69  Precise control over these processing variables will dictate the shape and 

dimensions of the produced filaments and therefore their suitability for 3DP.  

  Another critical parameter of consideration is thermal stability. Thermal stability of polymers 

depends on numerous factors, such as the degree of polymerization,53,70 presence of temperature 

sensitive chemical groups such as reversible addition-fragmentation chain transfer (RAFT) agents 
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or metal catalysts,53,71 moisture content that can accelerate polymers hydrolysis,71,72 the processing 

atmosphere and residence time inside the extruder.53  Thermal degradation and mechanically-

induced degradation have to be considered as independent factors. It is often estimated that polymer 

processing under high shear rates can have a negative impact on polymer stability.  

Fang et al. reported a decrease of up to 4°C in the melting temperature of PLA post HME, which 

was attributed to the covalent bond breakage as a result of shearing effects.73 However, this is not 

always the case. Altintas et al. demonstrated that mechanical stresses generated during HME had no 

additional attribution to the degradation process of mid chain RAFT-polystyrene (PS) subjected to 

elevated temperatures only.53  The assessment of polymer degradation can be done by 

thermogravimetric analysis (TGA), which allows a gross evaluation of stability by weight loss, 

setting an upper limit for HME temperature,67 size exclusion chromatography (SEC), which allows 

tracing of more delicate processes of polymers defragmentation,18,53 or suitable spectroscopic 

methods for the evaluation of chemical stability.53,71  

  Another parameter of importance is tan delta, which is defined as the ratio between the loss and 

the storage modulus. Dynamic mechanical analysis (DMA) can be performed to examine tan delta 

as a function of temperature. When tan delta values are higher than 1, the material begins to 

transform from solid-like to fluid-like state.67 More importantly, the peak of the curve represents the 

glass transition temperature (Tg), below which the movement of polymer segments is constrained, 

and the polymer cannot be efficiently processed.67,74 The shape of the tan delta peak (broad or 

narrow), the number of peaks, and their amplitude indicate the miscibility of blended materials, 

phase transitions, and the rigidity or softness of these materials.74,75 

   Understanding the role of viscosity is important for the selection of the operational window 

during polymer processing. Considering the constant geometry and dimensions of any given 

extruder, the viscosity of the melt can be controlled via extrusion temperatures and the rotation 

speed of the screw, which dictate the shear rates in different regions of the extruder.65  It has been 

shown that for several polymers the recommended complex viscosity range for HME is ~1,000-
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10,000 Pa.s.52,67 While resins should flow freely and deform to allow their efficient shaping, when 

viscosity values are exceedingly low their ability to be processed into well-defined shape-retaining 

filaments is lost.52 Therefore, finding a balanced working region to meet these contradictory 

requirements is essential and has to be included in the optimisation study.  

  In addition to the thermal and rheological parameters of consideration, the extrusion process can 

be further optimized by extruding dry materials (moisture content below 300 ppm)28,32 and by 

controlling the collection speed of the filament spooler.28 Another strategy to improve the 

processing of polymers, polymer blends, and nanocomposites in particular is by utilization of 

additives, such as surfactants and plasticizing agents. These additives can act as compatibilizers,32 

reduce the viscosity of the melt, affect polymer-polymer interactions and reduce resins sticking to 

the surface of the extruder.76 However, external additives can also affect the functionality of the 

filament.   

 

1.5. 3DP of Functional Materials 

Functional polymers and nanocomposites are materials that possess specific structure and 

properties that allow them to perform essential physical, chemical and biological functions. Some 

of these materials can be classified as stimuli-responsive (‘smart’), whereas others can perform a 

function of interest without any need for external stimuli. 

 ‘Smart’ polymers are an important class of materials that can respond to external stimuli, such as 

temperature, light, or pH by transforming their structure.34 A stimulus triggers changes in the 

molecular structure of these polymers by protonating or deprotonating ionisable groups,34–36,77 

isomerization,34,39 bond activation and cleavage,40,78 enhancement of hydrophobic/hydrophilic 

interactions,37 or polarization38. With the changes in environmental conditions, ‘smart’ materials 

respond accordingly by changing their volume (swelling /shrinking),34,36,41 transforming to 

temporal shapes,42 changing their colour40,78 or charge38. Mostly, these transitions are dynamic and 

reversible. These unique properties have been harnessed for the preparation of grippers and 
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actuators,79, 80 photonic devices,81 drug carriers,77,82 microfluidic devices83 and sensors84. Although 

broad and successful utility of these devices has been demonstrated, their freedom of fabrication 

was limited or included a complex, multi-stage fabrication and assembly. Zhang et al., for example, 

fabricated stress sensors that enabled the detection of crack propagation by incorporating mechano-

responsive moieties of spiropyran (SP) into a dually cross-linked elastomeric matrix. The films 

were prepared by standard casting and cutting.84 Park et al. fabricated a microfluidic device from a 

pH-responsive polymer by using photolithography. The preparation included multi-layered 

bonding and stacking of the parts  in a multi-step sequence.83 Unlike the traditional fabrication 

methods, 3DP of ‘smart’ materials into advanced, customizable and well-controlled architectures 

can eliminate the need for parts assembly,6 enabling facile preparation of monolithic devices,19 

control spatial distribution and localization of the ‘smart’ element in a construct,85 and therefore 

enable the fabrication of new functional devices with streamlined production times and improved 

performance.  

Sections 1.5.1-1.5.7 of this chapter review the advances in 3DP of functional materials, focusing on 

different subgroups of polymers. 

 

 

1.5.1. Temperature-Responsive Polymers 

Temperature-responsive polymers represent a broad group of materials that can respond to heating 

or cooling. Temperature-responsive polymers include a subclass of polymers with a lower critical 

solution temperature (LCST) or upper critical solution temperature (UCST), and shape memory 

polymers (SMPs). 3DP of these polymers and polymeric gels are discussed in the following 

sections. 
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1.5.1.1. Hydrogels with a Critical Solution Temperature 

Gels are cross-linked polymers that form a 3D network. Polymeric segments are joined at the points 

of cross-linking and therefore become insoluble, but can strongly interact with solvents by 

swelling.86 Thermo-responsive polymers undergo coil-to-globule transition below the upper critical 

solution temperature (UCST) or above the lower critical solution temperature (LCST). At the LCST 

or UCST, thermodynamic changes occur and the hydrophobicity of a polymer drastically increases, 

leading to its decreased solubility and formation of aggregates.34,37 Therefore, when the temperature 

of a solvent reaches a critical value, temperature-responsive gels shrink, a dynamic property that 

can be explored for 3DP of shape morphing objects and actuators.56,58  Although the utility of 

polymers with critical solution temperature for the preparation of shape changing structures is well-

known, these structures are traditionally molded or cast into thin films. However, shape morphing 

structures are usually composed of passive and active materials, and their precise localization in the 

structure requires multistep and time-consuming preparation and assembly processes. Alternatively, 

3DP enables a single-step preparation of complex hybrid structures, by deriving the benefits of 

CAD and multimaterial 3DP of passive and active components. 

Bakarich et al. 3D-printed thermally actuating hydrogels that comprised dually cross-linked, 

interpenetrating (iPN) networks of poly (N-isopropyl acrylamide, PNIPAm ) and  alginate. The 

dimensional changes of the 3D-printed hydrogel with temperature are attributed to PNIPAm, the 

well-studied LCST polymer, and the degree of swelling was tuned by controlling the composition 

of PNIPAm in the gel. Preparation of thermo-responsive flow controlling channels that collapsed 

above the LCST (~32°C) and restricted the water flow was reported.58 Naficy et al. also examined 

the shape-morphing behaviour of 3D-printed PNIPAm gels. In this work, a 3D-printed cube was 

manufactured by combining active and passive layers. 3DP of the active gel (thermo-responsive 

PNIPAm-polyether based polyurethane, PNIPAm-PEO-PU), was combined with 3DP of the 

passive poly (2-hydroxyethyl methacrylate, PHEMA) layers. When the 3D-printed box was 
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introduced to cold water (20°C), swelling of PNIPAm triggered the closing of the box. At 60°C, 

well above the LCST of PNIPAm, the box unfolded again.56   

  Design and 3DP of block copolymers (BCPs) with a critical solution temperature is an efficient 

approach to 3D-print concentrated gel precursors. Above a critical micelle concentration (CMC) 

and the LCST, BCPs can self-assemble and transform from sol to gel. First, the solution is loaded 

into a syringe and maintained below the LCST by controlling its temperature. Afterwards, the 

solution naturally forms a physical gel at ambient temperature.51,59,87,88  Tri-BCP of hydrophobic 

poly (propylene oxide, PPO) and hydrophilic poly (ethylene oxide, PEO) (PEO-b-PPO-b-PEO), 

(part of the Pluronic series of polymers), is a well-studied thermo-sensitive polymer which is 

broadly used for biomedical applications. The thermo-reversible gelation and biocompatibility of 

PEO-b-PPO-b-PEO and its derivatives make it very promising for 3DP, particularly 

bioprinting.51,59,87,89  

Kolesky et al. 3D-printed a biocompatible BCP gel precursor that was used as a vascularized tissue 

engineering construct. The BCP used was Pluronic F127. 3DP of this concentrated aqueous solution 

(~40 wt% Pluronic F127) was facilitated by cooling the solution to 4°C while its natural gelation 

occurred at room temperature, enabling 3DP of stable gels.59   Following a similar approach, Zhang 

et al. 3D-printed poly (isopropyl glycidyl ether)-b-poly (ethylene glycol)-b-poly (isopropyl glycidyl 

ether) (PiPrGE-b-PEG-b-PiPrGE). 15 wt% aqueous solution of this tri-BCP self-assembled above 

5°C, facilitating a natural gelation at ambient temperature. This hydrogel was similar to the Pluronic 

F127 hydrogel59 in its stimuli-responsiveness. However, it proved to have higher elastic modulus, 

which is desirable for a stable deposition of advanced self-supporting structures and several 

biomedical applications.51  Wu et al. 3D-printed physical gels, which contained poly (n-acryloyl 

glycinamide, PNAGA), a UCST polymer. Upon heating, the hydrogen bonds between the 

acrylamide units were disrupted, but their full recovery at ambient temperature after 3DP enabled a 

reversible gelation and its structural stabilization.90  
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Temperature-responsive hydrogels with a critical solution temperature were demonstrated not only 

as promising candidates for 3DP of dynamic, shape morphing and actuating structures,56,58 but their 

critical solution temperature was found beneficial for designing stable self-supporting structures by 

facilitating the 3DP process via temperature control.51,59,90 Both LCST and UCST polymers have 

been 3D-printed, but the choice of polymers is limited to well-studied polymers such as Pluronic, 

PNIPAm or PNAGA. Other LCST or UCST polymers should be studied to enable a broader range 

of critical temperatures and enhanced tuneability of thermoresponsive properties. 

 

1.5.1.2. Shape Memory Polymers (SMPs) 

SMPs possess the ability to recover from temporal deformations and restore their intact shape. The 

process of shape memory and recovery includes a sequence of several steps. The first stage is 

programming, whereby the polymeric structure is heated above its melting temperature (Tm) or Tg, 

generally referred to as transition temperature (Ttrans), followed by setting of a temporal deformation 

of interest to the softened polymer. After the temporal shape is formed, the structure is cooled down 

below its Ttrans, and the deformation is ‘frozen’. Finally, heating the structure again to a temperature 

above its Ttrans increases the chains mobility, and triggers a thermodynamically-driven recovery by 

releasing the accumulated stress. This allows partial or full restoration of the original shape.42 The 

most critical parameters for the evaluation of SMPs are shape recovery, which refers to the ability 

of materials to restore their pristine structure, and shape fixity, which reflects the ability of materials 

to ‘fix’ their temporal shape.42,91–93 A major drawback of the SMP systems known to date is their 

irreversibility. After the initial shape is restored, it is necessary to initiate additional deformation 

cycles in order to achieve multiple deformation−recovery sequences.42 

   SMPs represent the most explored family of ‘smart’ 3D-printable materials, and a significant 

amount of 3D-printable SMPs have been developed in recent years.28,33,91,93–99 The most popular 

SMPs include polycaprolactone (PCL),91,97,99 polyurethane (PU),28,98,99  acrylic/methacrylic or 
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epoxy-based resins,92–94,96 or different combinations thereof.  In most cases, 3DP of SMPs is 

harnessed for the fabrication of self-evolving, shape-morphing structures and grippers.28,93–96  

Yang et al. 3D-printed SMPs by using FDM technology. Neat PU filaments were prepared and then 

3D-printed. The authors demonstrated a successful fabrication of functional parts from PU, which 

were used as grippers.28 Yu et al. presented inkjet 3DP of epoxy-based polymers with different Tgs. 

These polymers were 3D-printed as different sections of a helical-shaped element, the segments of 

which were aligned from the lowest to the highest Tg. After deforming the helix to the shape of a 

rod and cooling, the structure was heated to the temperature above the highest Tg. A gradual, time-

dependant shape recovery was observed. The elements with the lowest Tg curled first, followed by a 

sequential folding of elements with higher Tgs. The recovery process is demonstrated in Figure 1.4. 

In this work, a principle of functional gradient was successfully demonstrated.96   

 

Figure 1.4. A sequential shape recovery of the 3D-printed SMP helix. The structure comprises 

epoxy-based segments with gradational Tgs. When the structure is heated, a sequential recovery of 

the temporal rod shape to the intact helical shape takes place, so that the segment with the lowest Tg 

recovers first. (Reproduced from reference 96 , Elsevier, 2015).  

  Structures which can transform to multiple temporal shapes during their recovery were presented 

by Li et al.94 Similar to the approach presented by Yu et al.,96 polymers with different Tgs were 

designed and 3D-printed. Each polymer acted as a different building segment of the structure, with 

the FDM printer controlling the precise localization of these segments. In this study, triblock 

copolymers of poly (styrene-block-[methyl acrylate-random-styrene]-block-styrene) (PS-b-P[MA-r-

ST]-b-PS) were used as a SMP, where the composition of the intermediate block was responsible 

for the tuneability of Tg values.94  Yu et al. 3D-printed a hybrid epoxy-acrylate iPN that combined 
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the advantages of cationic and radical polymerization. The shape fixity and recovery of the 3D-

printed objects were >99%, with full recovery achieved within less than 20 s, shape memory 

performances that are superior to other reported systems.93 

  Owing to its high flexibility, low Tg (~60°C) and broad commercial availability, PCL has attracted 

a lot of attention as a promising 3D-printable material.  Zarek et al. used SLA to 3D-print 

methacrylated-polycaprolactone (M-PCL) structures. With the increasing degree of methacrylation, 

the crystallinity of the resin decreased, enabling the precise tuning of M-PCL mechanical 

properties. Complex structures with submillimeter dimensions, such as vascular stents, were 3D-

printed with high resolution, demonstrating a recovery efficiency of 93% within seconds. The shape 

memory effect was also harnessed for the manufacturing of electronic devices, where the opening 

and the closing of electrical circuits by shape transformations were triggered by heating.91   

In addition to the classic shape-morphing applications discussed above, recent studies demonstrate 

that the shape memory effect can be particularly attractive for biomedical applications, such as 

manufacturing of self-fitting implants,33 personalization of tracheal stents and exploration of less 

injurious medical procedures,97 or 3DP of reversibly stretchable scaffolds that can provide a 

mechanical stimulation to cells and control their differentiation and morphology.98   

3DP of SMPs holds great promise for the advanced manufacturing of robots, actuators, electronic 

and biomedical devices. In particular, the breakthrough was achieved with the ability to 

manufacture high resolution and miniaturized thermoset SMPs, typically by SLA. Thermosets are 

known to have improved shape memory properties compared to their thermoplastic analogues,97 but 

are often overlooked due to their limited processability.     

 

1.5.2. pH-Responsive Polymers 

pH-responsive polymers are a class of stimuli-responsive materials that have ionisable groups. 

These polyelectrolytes protonate or deprotonate above or below a critical pH value, and as a result 

transform from a coil-to-globule state. Polymer charging causes electrostatic repulsion between the 
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neighbouring functional groups and therefore polymer chains stretch to their coiled configuration. 

When the electrical charge is neutralized, the polymer collapses to its globular form.34,86 pH-

responsive polymers can be classified as polyacids or polybases. Polyacids, such as poly(acrylic 

acid) (PAA), poly(methacrylic acid) (PMA), and their derivatives will release protons at pH values 

above a critical value (pH>pKa) and become negatively charged.34,100 Polybases, such as poly(2-

vinylpyridine) (P2VP), poly(4-vinylpyridine) (P4VP), or poly(N,N-dimethyl aminoethyl 

methacrylate) (PDMAEMA) contain an amino-functional group, that will accept protons at acidic  

conditions (pH<pKb) and become positively charged.34,36 pH-responsive polymers and gels have 

found utility in a broad spectrum of applications,35 such as controlled drug release,82,77 responsive 

surfaces,101 microfluidics83  and photonics81. However, very few of them were explored as 3D-

printable materials.  

  Okwuosa et al. reported 3DP of poly (methacrylic acid-co-ethyl acrylate) (P(MA-co-EA)) as a pH-

responsive shell of sustained release capsules. The functional system in this work consisted of a 

polymeric poly (vinylpyrrolidone) (PVP) core with an active pharmaceutical ingredient (API), 

protected by a P(MA-co-EA) shell (Figure 1.5). Limited solubility of P(MA-co-EA) in acidic 

environments (pH<5.5) sustained the release of API in the gastric tract, while its release was 

triggered in the intestine. Importantly, the fabrication freedom of a multi-material FDM printer 

enabled a single step preparation of multi-component capsules, controlling the API release profile 

by adjusting the thickness of the P(MA-co-EA) shell.10   
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 Figure 1.5. 3DP of sustained drug release capsules by a multi-material FDM printer. (a) CAD 

model of the core-and-shell capsule. (b) A schematic of the FDM machine, its components and the 

functional filaments used for 3DP of core-and-shell capsules. (c) A 3D-printed tablet. (Reproduced 

from reference 10, Springer, 2017). 

 

 Dutta et al. 3D-printed dually responsive pH and temperature-responsive gels. Pluronic F127 was 

functionalized with dimethacrylate groups to form a cross-linkable monomer, which acted as a 

temperature-responsive unit. Acrylic acid was chosen as a pH-responsive monomer in this work. 

SLA was used for 3DP of ‘smart’ macroscopic objects, such as cylindrical rods, macroporous 

scaffolds or valves. These hydrogels exhibited dual-responsiveness to pH and temperature, 

demonstrating the most significant water uptake at neutral pH and 6°C.89  

Although the reports about  3DP of synthetic pH-responsive polymers are limited, 3DP of natural 

polymers is attracting a lot of attention due to their biomimetic functions.102  Proteins contain amino 

acids as their building blocks, which possess both carboxylic acid and amine functionality, and are 

therefore pH-responsive. Lee et al. 3D-printed a collagen gel precursor at acidic pH. It was then 

transformed to gel upon neutralisation of the acid. These scaffolds were used for skin tissue 

regeneration.103 Placone et al. developed a method of 3DP hydrogels from keratin, a natural 
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polymer from human hair.104 Despite their great promise in biomedical applications, one of the 

biggest limitations of 3DP protein hydrogels is that their gelation pH is non-physiological.102   

So far, very few pH-responsive polymers have been explored as 3D-printable materials, remaining 

an intriguing group of materials for future study. 

 

1.5.3. Light-Responsive Polymers and Composites 

Light interaction with polymers or composite materials can trigger subsequent responses by 

different reaction mechanisms, including cis-trans isomerization,105 self-assembly,106 ionization or 

dimerization,34 and photothermal effects.107, 108 Roppolo et al. 3D-printed light-responsive micro-

cantillivers from ethoxylated bisphenol-A methacrylates with incorporated azobenzene. 

Azobenzene, a well-known photochromic dye, exhibits cis-trans isomerization upon irradiation with 

visible light and reverses to its cis form when UV irradiation is applied. This dynamic isomerization 

process leads to volumetric changes in the azo-containing resin, resulting in photo-hardening and 

photo-softening effects.105  In another work, Gupta et al. 3D-printed controlled release capsules. 

The capsules contained a polymeric core with a bioactive compound, and a light-responsive shell of 

gold nanorods(AuNRs) and poly(lactic-co-glycolic)acid (PLGA). Light-induced rupture of the shell 

was facilitated by a photothermal effect attributed to AuNRs. Spatial patterns and hierarchically 

complex arrays with controlled volumes were achieved owing to the advanced manufacturing 

capabilities of 3DP.108  Boyle et al. pioneered 3DP of photonic crystals that selectively reflected 

violet, green and orange light and could act as light guides. In their work, benzyl and alkyl wedge 

monomers were used for the synthesis of dendritic BPs, which spontaneously self-assembled into 

lamellar and spherical periodic structures during HME. The wavelength of the reflected light was 

controlled by the molecular weight of each block. 3DP enabled the advanced fabrication of complex 

macroscopic structures with tailored optical properties. The replacement of dyes and pigments by 

nanostructured polymers is presented as a new proof-of-concept for the future development of 

optically active 3D printed parts.106  Recently, photo-responsive SMPs were 3DP by FDM. The 
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photo-responsive composite comprised of 10 wt% carbon black (CB) and PU. CB, well-known for 

its high photothermal conversion efficiency, facilitated a strong photothermal effect upon 

illumination with both external light source and natural sunlight. The transformation of light to heat 

was harnessed for the structural recovery of temporarily deformed objects to their original, as-

printed shape (Figure 1.6).107 

 

Figure 1.6. The shape recovery of a 3D-printed PU-CB cubic frame: (a) under 87 mW cm−2 of an 

external light source and (b) under sunlight. First, a temporal (flat) shape was fixated by cooling. 

Then, the structure was able to absorb light and to generate heat, which leaded to its shape 

recovery.( Reproduced from reference 107 , John Wiley & Sons, 2017)  

 

1.5.4. Mechanochromic Polymers 

Mechanochromic materials contain mechanically sensitive units (mechanophores), which exhibit 

changes in their absorption/luminescence/fluorescence upon mechanical deformation.109  A well-

known strategy to synthesize force-sensitive polymers is by direct covalent linking of 

mechanophores to the polymer. The molecular structure and the location of the attachment points 

are crucial for obtaining the force-activated response, since only an efficient force transmission 

through polymer junctions will result in mechanoresponsivenss.18,40,110 The most explored 

mechanophore is spiropyran (SP), which undergoes force-induced ring opening transformation to 

merocyanine (MC) through the cleavage of a spiro carbon-oxygen bond. This reaction is reversible 

and MC can be transformed back to SP by exposure to visible light.40,78,84 This force triggered 
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transition has been harnessed for the preparation of macroscopic force sensors. Peterson et al. 

reported pioneering works of 3DP mechanochromic polymers.18,111  A series of SP-functionalized 

PCL polymers were synthesized, in which the location of the covalent SP attachment was variable. 

These polymers were then blended at various concentrations with neat PCL and extruded for the 

preparation of 3D-printable filaments. Multi-material 3DP of SP-functionalized filaments and 

standard PCL filaments enabled a spatio-localization of the mechano-responsive units and 

fabrication of force-sensors. These 3D-printed sensors responded to mechanical stretching in a 

sequential manner, so that each mechanochromic region changed its colour to violet above its onset 

of activation. However, only structures that contained chain-centred SP linkages were found to be 

mechano-responsive.18  

Despite the promising results of these proof-of-concept studies, only a limited number of 3D-

printed mechanochromic materials have been reported so far. A limiting factor for 3DP of 

mechanoresponsive polymers is the stability of mechanophores during HME and FDM. Potentially, 

to overcome this limitation other 3DP methods can be used as milder processing alternatives to 

eliminate the effect of high temperatures and shears. A detailed quantitative analysis of the 

accumulated stress in the 3D-printed sensors would enable a better prediction of failures by 

establishing a more comprehensive colour-stress relation, beyond an onset of activation. The 

printability and applicability of other mechanophores in polymer systems112 are yet to be explored.  

 

1.5.5. Self-Healing Polymers and Gels  

Self-healing materials are a class of materials that can recover from damage, fully or partially 

restoring their pristine properties and structure. This unique nature-mimicking ability enables them 

to extend their shelf lives, which are often limited as a result of mechanical damage occurring with 

time. Most of the approaches to synthesize self-healing polymers and gels are based on 

constitutional dynamic chemistry (covalent or non-covalent). The concept of this approach is 

formation of dynamic, reversibly forming-reforming bonds. Therefore, when the cut parts are 
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connected together, the dynamic reversibility of these bonds enables bond exchange at the damaged 

interface, facilitating the self-healing effect.113,114 The self-healing effect can be achieved 

autonomously,115 or with the aid of external stimuli, such as acid or base,116 or heating and 

cooling.117 Common examples of dynamic chemistries explored for the preparation of self-healing 

polymers and gels include Diels-Alder cycloaddition,117 acylhydrazone and disulphide bonds,116,118  

imine,119,120 boronate ester complexation,121 oxime,122 and supramolecular chemistries such as 

hydrogen bonds,115,123,124  ionic interactions,125 and  π-π interactions.126 Another approach for the 

preparation of self-healing materials is not reliant on dynamic bonds. The healing agent is 

encapsulated inside a polymer matrix, and its release is triggered by local cracking, enabling the 

damage repair. White et al., for example, reported ring-opening metathesis polymerization (ROMP) 

of the encapsulated dicyclopentadiene upon its release in the crack and contact with Grubbs’ 

catalyst. This approach enabled  the restoration of 75% of the pristine polymer toughness.127   

The utility of self-healing gels led to a significant increase in their popularity. However, self-healing 

gels are usually shaped by standard molding/casting techniques and very few works report their 

3DP.  

  Wang et al. reported the synthesis and 3DP of supramolecular hydrogel prepared from 

copolymerized N-acryloyl glycinamide (NAGA) and 1-vinyl-1,2,4-triazole (VTZ). Without any 

external cross-linkers, the formation of physical gels was enabled by hydrogen bonding between the 

amide groups. These gels exhibited anti-inflammatory and antibacterial properties, could stretch up 

to 1300%, and restored 90% of their tensile strength after damage recovery.128 Wu et al. 3D-printed 

conductive, cytocompatible and self-healing gels based on poly (N-acryloyl glycinamide-co-2-

acrylamide-2-methylpropanesulfonic acid) (P(NAGA-co-AMPS)) doped with poly (3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS). The hydrogen bonding enabled the 

formation of physical gels, which were destabilized by heating during 3DP, and reformed again 

after post-print cooling. The gels restored ~85% of their initial strength upon heating for 3 hours.90  

Highley et al. presented a novel approach for 3DP of perfusable scaffolds. They 3D-printed gels of 
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hyaluronic acid (HA) functionalized with adamantane (AD) and β-cyclodextrin (β-CD) into stable 

support gels of the same chemistry. AD/β-CD host-guest interactions facilitated the self-healing 

effect and enabled an immediate recovery of the support gels around the 3D-printed channels.12 

Zhang and Hart also 3D-printed supramolecular gels based on hydrogen bonding and hydrophobic 

interactions.13,51 Recently, Invernizzi et al. 3D-printed self-healing SMPs prepared by 

copolymerization of M-PCL with methacrylated ureido-pyrimidinone (UPy) units. UPy motifs 

facilitated the self-healing effect by formation of hydrogen bonds in the cracked interface. The 3D-

printed objects with UPy exhibited a healing efficiency of ~54%.129  

  Recently, a thermo-reversible Diels-Alder reaction has been harnessed to address some of the 

well-known problems associated with FDM printing: mechanical defects, poor interlayer adhesion 

and reduced mechanical strength compared to bulk materials. Furan-maleimide adducts were added 

to PLA, acting as a mending agent (MA). Upon heating during 3DP, the retro Diels-Alder reaction 

took place, enabling printability. Upon cooling, the mending agent facilitated the self-healing effect, 

improving the interlayer bonding between the 3D-printed  layers and increasing the mechanical 

strength of the 3D-printed parts.130,131 An efficient recovery of ~77% of the pristine strength after 

break was achieved.131  The process and the self-healing performances reported in this study are 

demonstrated in Figure 1.7.  

  Although recently 3DP of self-healing materials has attracted a considerable amount of attention, 

most studies almost exclusively report 3DP of non-covalently cross-linked gels. Owing to the 

decreased strength and lower stability of physical interactions, supramolecular gels can be 

processed more easily, enabling their facile destabilization and breakage during extrusion, followed 

by their rapid post-print recovery. However, supramolecular gels exhibit lower stability and strength 

and are also limited by their functionality. To introduce diverse chemical functionalities and 

properties, 3DP of new covalently cross-linked gels is highly desirable.   
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Figure 1.7. 3DP process, chemical structure and the self-healing performances of PLA with furan-

maleimide adducts: (a) Illustration of the principle and process of MA-PLA FDM 3DP. (b) Optical 

images of the 3D-printed MA-PLA structures before and after self-healing. (c) Tensile strength test 

results of the 3D-printed MA-PLA and control (PLA) parts before and after healing (Z represents 

the printing direction).  MA-PLA exhibits increased mechanical strength compared to neat PLA, 

and also restores ~77% of its pristine strength after recovery from a break compared to only ~6% 

for neat PLA. (Reproduced from reference 131 , Royal Society of Chemistry, 2017).   

 

1.5.6. Piezoelectric Polymers and Composites 

Piezoelectric polymers transform mechanical forces into power and can generate electrical charge 

upon their subjection to mechanical stress. A reverse mechanism of action is also possible, whereby 

an application of electrical field on piezoelectric polymers triggers their strain and deformation.38 

(a)

(b) (c)
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Although ceramics provide the strongest piezoelectric response, their brittleness and limited 

processability challenge their suitability for the manufacturing of advanced 3D functional devices. 

Therefore, 3DP of piezoelectric polymers and composites can provide alternative routes for the 

manufacturing of piezoelectric devices, such as sensors, transducers or energy harvesting 

devices.21,38,132,133  The most popular piezoelectric polymer is poly (vinylidene fluoride) (PVDF). 

PVDF is a flexible and biocompatible semi-crystalline polymer, which has 4 crystalline 

polymorphs: α,β,γ, and δ phases.134 β-phase exhibits the strongest piezoelectric response, and 

therefore 3DP of PVDF is often combined with electrical-poling (EP), to increase the fraction of β- 

phase and to maintain its dipole alignment.135–137 Lee et al. reported EP-assisted 3DP of PVDF 

filaments by FDM printer. In this method, a high electric field is applied to the area between the 

nozzle and the substrate. The application of magnetic field rotates the polymer by 60° or 180° 

around its axis, aligning the dipole moments along the same direction during 3DP. The unique 

combination of high temperature-shear extrusion, EP and high pressure annealing increased the β-

phase content, which increased with the increase in the intensity of magnetic field. Flexible 

piezoelectric devices that responded to cycled bending by producing electrical current were 

manufactured by this method.135 Another approach to increase the β-phase content in PVDF is 

solvent evaporation (SE)-assisted 3DP. In this method, the shear generated during extrusion 3DP 

trigger the phase transformation of PVDF and its alignment, while the rapid evaporation of the 

volatile solvent in the formulation enables stable shape retention of 3D-printed structures. Most 

importantly, this method eliminates the need for EP, making the 3DP process easier, enabling multi-

material 3DP with EP-sensitive components.133  

Despite its processability and flexibility, the piezoelectric coefficient of PVDF (d33 ~20-34 pC/N) is 

still lower by more than an order of magnitude than that of ceramics (d33 >200 pC/N). This 

compromises the piezoelectric efficiency.138 To address this limitation, the most commonly adopted 

approach includes 3DP of polymer-ceramic nanocomposites, PVDF-BaTiO3 in 

particular.21,132,133,137–139  These hybrid materials combine the ease of processability with reduced 
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brittleness and enhanced piezoelectric response. Recent studies of 3D-printed PVDF 

nanocomposites report piezoelectric coefficients of ~39 pC/N for composites of PVDF and BaTiO3 

nanoparticles with an acrylate-grafted surface,138 and 160 pC/N for photocurable resin-BaTiO3 

composites after high temperature sintering and resin removal.132  

The vast majority of 3D-printed piezoelectric devices reported to date are almost exclusively 

manufactured from PVDF or PVDF-BaTiO3 nanocomposites. In order to enhance the processability 

and the piezoelectric performance of printed materials and widen the potential applications, several 

aspects of this area need to be explored in the future. PVDF functionalization, its substitution by 

other piezoelectric polymers, employment of other piezo-ceramic particles, and modifications of 

printing processes are some of the understudied aspects of printed piezo-materials. 

 

1.5.7. Functional Electroactive Composites 

Conductive polymer composites (CPC) are hybrid materials prepared by incorporation of 

conducting nano-fillers into a polymeric matrix. CPC have attracted considerable attention in recent 

years owing to their ease of processing, elasticity, electrical conductivity, light weight and the 

tuneability thereof.140,141  CPC are often used to 3D-print piezo-resistive sensors for strain sensing 

and vapour detection.19,20,23,142 Leigh et al. reported 3DP of CPC inks that consisted of PCL and CB. 

Piezo-resistive strain sensors and capacitive vessels for liquid sensing were 3D-printed by a simple, 

low cost FDM printer.23  Christ and Kim prepared CPC feedstock filaments by co-extruding 

thermoplastic polyurethane (TPU) and multi-walled carbon nanotubes (MWCNT). These filaments 

were used for 3DP of strain sensors.19,20  Guo et al. 3D-printed PLA/MWCNT composites that 

selectively changed their resistance in the presence of organic solvents.142   

 Recently, 3DP of electroactive scaffolds has found utility in tissue engineering.55,143 These 

materials can provide electrical stimulation (ES) to cells, and therefore promote the regeneration of 

ES-sensitive tissues. Sayyar et al., for example, 3D-printed CPC of graphene/methacrylated-

poly(trimethylene carbonate) (M-PTMC). Only 3 wt % graphene drastically increased the electrical 
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conductivity of M-PTMC (~ 5 orders of magnitude), reaching conductivity values of ~0.001 Scm-1, 

comparable with the conductivity values of muscle tissue. The ES successfully stimulated the 

expression of osteogenic genes.55  

CPC are promising candidates for 3D-printing of electronic devices, sensors and biomedical 

scaffolds, and therefore represent an important group of materials. However, a detailed discussion 

about CPC is not included in this review as this thesis concentrates on the development and 3DP of 

purely organic functional polymers and gels.  

 

1.6. Cryogels 

Cryogels are 3D macroporous networks with a sponge-like, interconnected microstructure. A 

typical process of cryogel preparation involves subsequent freeze-thaw cycles, during which the 

precursors of the cryogels are cooled below the freezing point of the solvent, and are then allowed 

to thaw.144 The cooling causes the crystallization of the solvent, while other components of the 

system (monomers, polymers, cross-linkers, oligomers or colloidal particles)145 are partially 

maintained in their liquid form, undergoing local cryo-concentration and forming precursor-rich 

microphases. In these precursor-enriched zones, the concentration of the gel-forming components 

locally increases and the reaction of gel formation is facilitated. The crystals of the frozen solvent 

act as local porogens, which are naturally removed by thawing, eliminating the need for chemical 

post treatment and excluding trapped porogen traces in the final product.144–147 After thawing, the 

cryogel retains its interconnected macroporous structure, which improves its mechanical properties 

compared to its hydrogel equivalents, decreases its stimuli-response time, and enables improved 

proliferation and migration of cells.144,145,148,149 Owing to these advantages, which are attributed to 

the unique microstructure of cryogels, they are broadly applied in tissue engineering, microbiology 

and bioseparation.147,149–153  Schematic illustrations of the cytotropic gelation process and its 

comparison with a standard hydrogel formation process are presented in Figure 1.8.  
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Figure 1.8. The process of porous hydrogel versus cryogel formation. (a) Porous hydrogels are 

prepared by a standard cross-linking reaction in the presence of removable template molecules 

(porogens). (b) Cryogel preparation by the freeze-thaw method. (Reproduced from reference 144, 

Royal Society of Chemistry, 2013).    

 

The properties of cryogels are dictated by their microstructure, which can be controlled by the 

composition of the cryogel precursors and the cryogelation conditions. Increasing the concentration 

of the precursors in the solution decreases the pore size by increasing the availability of cross-

linkable unfrozen microdomains and decreasing the content of the free solvent.144,145 The freezing 

rate, controlled by the freezing temperature and the geometry of the sample, has a crucial effect on 

the morphology of cryogels. A high freezing rate accelerates the crystallization of the solvent and 

results in a larger amount of small nuclei crystals. After thawing, smaller pores are 

formed.144,145,150,151  Moreover, at lower cooling temperatures the volume of the non-frozen liquid 

decreases, creating a densification effect which results in thinner pore walls.144,150,151  It has been 

shown that when the cooling rate is exceedingly rapid, very small or irregular pores can be 

formed.144,145 However, the correlation between the cooling temperature and the morphology is not 

always linear.144 In general, the cryogelation process is complex and consists of multiple chemical 

and physical factors. Some studies report distinct trends in the effect of the cooling rate on the 
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morphology and mechanical properties of cryogels. Lower cooling temperatures and therefore 

cryogels with smaller pore size, are associated with improved mechanical strength.145 Several 

studies, however, report the existence of an optimal temperature, below which a drastic decrease in 

the elastic modulus is observed. The effect was reported for PVA and polyacrylamide (PAA) 

cryogels.150,154  These observations can be explained by the competition between several cryogel 

forming factors: while cooling the cryogel precursors to the subzero point increases the extent of 

cross-linking by the cryo-concentration effect, below a critical temperature the cross-linking rate 

decreases due to a significant increase in viscosity and decreased components mobility.150 

Oelschlaeger et al. reported that decreasing the cooling temperature of an aqueous HA cryogel 

precursor from -15 to -18°C decreased the pore size from 233 to 136 µm and the wall thickness 

from 40 to 20 µm.151 Dinu et al., however, reported only a decrease in the pore size of PAA 

cryogels with the decrease in freezing temperatures, while the wall thickness remained almost 

constant.154 Other factors, such as presence of solutes146 and charge density145 can also influence the 

morphology and the properties of the cryogels. It is to be noticed that several cryogel 

characterization methods can only provide an estimation of the properties of the cryogels, involving 

low precision tests (porosity assessment, for example), or enabling examination of only bulk 

properties neglecting localized properties in the macroporous sample.144,151 Low precision or a lack 

of well-established methods of characterization can also be a source of differences between the 

reported observations. 

One of the most attractive features of cryogels is the ability to tune their structure and mechanical 

properties by cryogelation conditions and the synthetic approaches. This ability to modulate the 

properties in a well-controlled manner can be potentially explored for less conventional 

applications.  
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1.7. Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization 

Radical polymerization is the most broadly applied polymerization method because of its tolerance 

to a large number of functional groups, reaction conditions and compatibility with a variety of 

monomers (M). However, the process has some noticeable drawbacks in controlling the structure 

and the molecular weight distribution (MWD) of polymers. In RAFT polymerization, molecular 

weight and the polydispersity (Ð) control are facilitated by a chain transfer agent (CTA) and the 

molecular weight linearly increases with conversion. The structure of CTA (thiocarbonylthio,  

(Z-C(=S)S-R)), allows functionality swapping, in which the R group of the CTA is a leaving group, 

and the Z group is responsible for controlling the kinetics of the reaction. The S=C acts as a reactive 

double bond. The first step of RAFT polymerization is identical to a standard free radical 

polymerization, in which the activated initiator species (I·) attacks the double bond of the monomer 

to form a propagating radical chain (Pn·). With the attachment of Pn· to the CTA, the R group 

detaches and acts as an initiator, which initiates the polymerization of a new polymer chain, known 

as a degenerating chain (Pm·). Controlled polymerization is achieved by rapid equilibration between 

Pn· and Pm·, which makes the chain growth rate constant and controlled by the RAFT agent.155 The 

overall reaction and the mechanism of RAFT polymerization are presented in Figure 1.9. The 

controlled and living nature of RAFT have found utility in the synthesis of polymers with advanced 

architectures, such as BCPs, stars of grafts, where the controlled living polymerization can be 

sequentially performed. The covalent attachment of the CTA to the polymer backbone creates CTA-

terminated polymers. These thiocarbonylthio groups can be exploited as functional handles for post-

polymerization modifications of polymers.156  
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Figure 1.9.  RAFT polymerization. (a) Overall reaction of RAFT polymerization. (b) The 

mechanism of RAFT polymerization (k represents the corresponding reaction constant). 

(Reproduced from reference 156, Royal Society of Chemistry, 2014). 
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1.8. Scope of Thesis 

This thesis describes the design, synthesis, characterization, processing and 3DP of functional 

polymers and gels. 

After providing a critical literature review about recent advances in 3DP of functional polymers, 

outlining various challenges related to polymers processing and the criteria for their compliance 

with 3DP in Chapter 1, new functional polymers and approaches towards the optimization of their 

mechanical and rheological properties are explored based on the identified gaps.   

The objectives of this thesis are: 

1. To develop functional polymers for 3DP, aiming to meet the rapidly increasing demand for 

materials with new properties and applications. The focus of this work is on some of the 

least studied groups of 3D-printable materials: 

 pH-responsive polymers. 

 Covalently cross-linked self-healing gels. 

2. To demonstrate the potential applications of these materials.  

3. To investigate and discuss the compliance of these polymers with 3DP and processing 

technologies for the preparation of feedstock materials.  

4. To explore new approaches of controlling and tuning the rheological/mechanical properties 

of polymers aiming to optimize their processability and mechanical integrity. 

These research objectives are addressed in the following chapters of this thesis: 

Chapter 2 reports the synthesis, thermal and rheological characterization, HME for filament 

production, 3DP and potential applications of pH-responsive polymers (P2VP). P2VP is explored 

for the first time as a FDM-compliant 3D-printable material. A detailed investigation of thermal and 

rheological properties of P2VP and its processing is outlined including optimization of the filament 

production process and investigation of the potential applicability of P2VP for 3DP. 3D-printed 

cross-linked and quaternized P2VP is also explored as a dynamic, pH-responsive flow regulating 

device. The versatile chemistry of P2VP is then considered in terms of its post-printing surface 
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functionalization by formation of coordination complexes with silver ions. Ag-functionalized, 3D-

printed macroporous P2VP is explored as a recyclable catalytic device for the degradation of 

environmental pollutants.  

Chapter 3 discusses the synthesis and the 3DP of covalently cross-linked, self-healing gels based 

on imine chemistry. Being one of the very few reported dynamic 3D-printable gels with covalent 

cross-links, the printability window for these gels is explored, examining the suitability of 

numerous gel formulations for 3DP and providing methodological insights about the printability of 

covalently cross-linked gels. The practical evaluation of the suitability of the gel for 3DP is 

performed in conjunction with a detailed rheological study, which allows the screening of 3D-

printable gels and the establishment of their printability window. The ability of these gels to rapidly 

and autonomously recover from cuts including reformation of their pristine mechanical properties is 

studied. They are further employed as selectively applied protective coatings and self-evolving, 

dynamically shape transforming structures. The shape morphism in response to different 

environmental stimuli of these 3D-printed imine-based gels is also considered. 

Chapter 4 proceeds with the development of covalently cross-linked, 3D-printable self-healing 

gels. Self-healing hydrogels with oxime cross-links are synthesised and 3D-printed. These gels 

exhibit rapid, full and autonomous recovery from damage. As a post-printing reinforcement 

method, the cryogelation process is explored in conjunction with 3DP. The combination of cooling-

catalysed oxime ligation with the strategic design of the polymer with hydrogen bonding motifs 

enabled the study of the formation of doubly dynamic gels by post-printing cryogelation. The 

potential of cryogelation to dramatically reinforce 3D-printed structures and fully retain the self-

healing properties of these gels is studied. Different cryogelation conditions are explored as a 

strategy to modulate the mechanical properties of the gels via gels morphology, exploring the 

tuneability of their strength.  

In Chapter 5, the effect of the symmetry (skewness) of MWD is explored as a new strategy to tune 

the processing parameters of PS. A new synthetic method to skew the MWD shape, where the 
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feeding rate of the initiating species controls the skewness of MWD without changing the Ð and the 

molecular weight of the polymers, is explored as a strategy to tune the Tg, apparent and complex 

viscosity and thermal stability of the polymers. The aim is to expand the operating window of 

polymer processing, reduce the temperature and shear rates required for HME, or increase the 

degradation temperature (Td) of polymers without alternating their fundamental characteristics. 

Chapter 6 summarises the work presented in this thesis and provides concluding remarks and 

suggestions for future research.  
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Chapter 2   

 

 

Three-Dimensional Printing of pH-Responsive and 

Functional Polymers on an Affordable  
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2.1. Abstract 

In this work we describe the synthesis, thermal and rheological characterization, hot-melt extrusion,  

and three-dimensional printing (3DP) of poly(2-vinylpyridine) (P2VP). We investigate the effect of  

thermal processing conditions on physical properties of produced filaments in order to achieve high  

quality, 3D-printable filaments for material extrusion 3DP (ME3DP). Mechanical properties and  

processing performances of P2VP were enhanced by addition of 12 wt.% acrylonitrile-butadiene- 

styrene (ABS), which reinforced P2VP fibers. We 3D-print P2VP filaments using an affordable 3D 

 printer. The pyridine moieties are cross-linked and quaternized postprinting to form 3D-printed pH- 

responsive hydrogels. The printed objects exhibited dynamic and reversible pH-dependent swelling. 

These hydrogels act as flow-regulating valves, controlling the flow rate with pH. Additionally, a  

macroporous P2VP membrane was 3D-printed and the coordinating ability of the pyridyl groups 

was employed to immobilize silver precursors on its surface. After the reduction of silver ions, the 

structure was used to catalyze the reduction of 4-nitrophenol to 4-aminophenol with a high  

efficiency. This is a facile technique to print recyclable catalytic objects. 
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2.2. Introduction 

Three-dimensional printing (3DP) is rapidly gaining momentum as an enabling technology. This  

software-controlled, on demand additive manufacturing technology provides personalized solutions 

 to advanced fabrication needs with minimal waste and significantly streamlined costs and time.1,2  

Printed objects have enabled a broad range of applications, including tissue engineering,3,4  

pharmaceutics,1,5 electronics,1,6 robotics,7 and anion exchange membranes.8 Numerous additive  

manufacturing processes have been developed. However, most of the 3DP equipment is expensive 

 and not always affordable.1 Among the available 3DP processes, material extrusion 3DP (ME3DP), 

also known as fused deposition modeling (FDM), is gaining popularity due to its operational  

simplicity and low cost.2 Today, ME3DP machines can be purchased for a low price, some as low  

as US$500. Low cost makes ME3DP machines accessible for small companies and even for private  

home users.1,5 In ME3DP, a polymeric filament is mechanically forced through a heated nozzle,  

which liquefies the polymer to a semi molten state. The material is deposited on top of a build tray,  

layer-by-layer, until a desired structure is formed.1,2 Production of filaments for ME3DP is an 

essential step which includes polymer processing by hot-melt extrusion, during which raw  

materials are melted and compressed to become filaments with defined shape and properties.9 The 

diameter of 3D-printable filaments must fit the inlet diameter of the printing nozzle, and exhibit  

structural integrity, strength, and low surface roughness. These characteristics are important for 

avoiding interruptions to continuous printing and can impact physical properties of fabricated  

parts.9,10 Therefore, production of filaments by hot-melt extrusion requires a strict definition of  

processing conditions. 

   Recently, there is an increasing interest in stimuli-responsive materials, which undergo dynamic 

 structural transformations when subjected to an external stimulus, such as pH, temperature, or 

 light.11 These “smart” materials have enabled the concept of “4D” printing.12 These dynamic  

changes make stimuli-responsive polymers prospective candidates for sensing,13 soft robotics,14 and 
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fabrication of electronic devices.15 Peterson et al. pioneered 3DP of force sensors by integrating 

units of mechano-responsive spiropyran to poly(ε-caprolactone) polymers.13 Recently, 3D-printed 

electrical devices based on shape-memory polymers,15 and gold nanorod-containing capsules for  

laser-triggered biomolecules release have been reported.16  Hart et al. synthesized and 3D-printed 

polycaprolactone derived polymers and silica nanoparticle composites via ink-jet printing.17 Wang  

et al. fabricated metallic structures by initiating polymerization of metal chelating polymer brushes 

on the surface of 3D-printed structures.18 Xu et al. 3D-printed artificial bones based on  

polycaprolactone/hydroxyapatite, which successfully mimicked the biomechanics of natural  

bones.19 Although the field of 3D-printable materials evolves, there are still limited numbers of  

functional polymers that are printable. Expanding this “toolbox” will enable even more 

applications.20 

   In this work, we employed poly(2-vinylpyridine) (P2VP) for production of filaments and 3DP of  

dynamic objects. This well-known pH-responsive polymer exhibits a globule-to-coil transition upon  

protonation below pH 4.0.11 The pH-responsiveness of  P2VP makes it an attractive platform for 

applications such as pH-responsive membranes21 and photonic gels.22 To the best of our knowledge, 

 no works so far have presented pH-responsive polymers as thermally processable and compatible  

with ME3DP technology. Moreover, pyridine chemistry is not limited to pH-responsiveness but  

rather offers additional opportunities for functionalization, such as formation of coordination 

complexes with metals,23 templating of mesostructured oxides,24,25 and supramolecular self- 

assembly.26,27   

  Here, we first examine the thermal properties of P2VP and implement rheological tools for the 

examination of its dynamic viscoelastic properties. We investigate the effect of thermal 

processing conditions on physical and morphological properties of P2VP filaments and determine  

an optimal temperature range for P2VP extrusion. Finally, we demonstrate 3DP capabilities 

with P2VP and show that its versatile postprinting functionalization can be successfully applicable  

as a platform for manufacturing of flow-regulating devices and catalytic supports. 
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2.3. Experimental Section 

       2.3.1. Materials 

Tetrahydrofuran (THF, VWR Australia, 99.9%), diethyl ether (Chem-Supply, 99.5%) N,N- 

dimethylformamide (DMF, VWR Australia, 99.9%), 2-(dodecylthiocarbonothioylthio)-2- 

methylpropionic acid (DDMAT, Sigma-Aldrich, 98%), acrylonitrile−butadiene−styrene (ABS, 

 Filabot, 448T grade), silver nitrate (Ajax Finechem), sodium borohydride (Scharlab, 98%), 1,4- 

dibromobutane (DBB, Sigma-Aldrich, 99%), 1-bromoethane (BE, Sigma-Aldrich, 99%),  

4-nitrophenol (Sigma-Aldrich, 95%), ethanol (VWR Australia, 96%), acetone (Chem-Supply,  

99.8%), n-hexane (RCI Labscan, 95%), hydrochloric acid (HCl, Ajax Finechem, 36%), nitric acid 

(Thermo Fisher, 70%), sodium hydroxide (VWR Australia, 99.6%), and lithium bromide (LiBr, 

 >99%, Aldrich) were obtained. 2-Vinylpyridine (2VP, Sigma-Aldrich, 97%) was passed through a 

 basic alumina column to remove the inhibitors, and 1,1′-azobis(cyclohexanecarbonitrile) 

(ACHN, Sigma-Aldrich, 98%) was recrystallized from ethanol and dried overnight prior to use. All 

 other materials were used as received. 

 

       2.3.2. Instrumentation 

Size exclusion chromatography (SEC) was performed on the Shimadzu liquid chromatography 

system with Phenomenex Phenogel columns, and DMF with 0.05 mol L-1 LiBr as an eluent at 70 °C 

with a flow rate of 1 mL min-1. Average molecular weights (Mn, Mw) and polydispersity index (Đ) 

were calculated based on polystyrene calibration standards. Nuclear magnetic resonance (13C- 

NMR, 1H-NMR) was performed on a Varian 400 MHz spectrometer. Thermogravimetric analysis 

(TGA) was performed on a PerkinElmer Diamond instrument. The powder was placed in an  

alumina crucible and heated from 30 to 600 °C at a rate of 10 °C min-1 under an air flow of 1  

mL min-1. Dynamic mechanical analysis (DMA) was performed on a controlled stress rheometer  

with parallel plates geometry with a diameter of 40 mm (AR-G2, TA Instruments). Polymer  

extrusion for filament production was performed on a single screw extruder, rotating at a constant 
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speed of 35 rpm (Filabot Original, Filabot) with a 1.60 mm diameter self-designed nozzle. The 3D- 

printed objects were created with a MakerBot Replicator 2X (Makerbot, 1.75 mm nozzle inlet 

diameter). Printing parameters were nozzle temperature 220 °C, platform temperature 90 °C, and 

travel speed 100 mm s-1. Computer models for 3DP object design (.STL format) were downloaded  

from the Makerbot database, and their dimensions were modified by Makerbot software. Fourier  

transform infrared spectroscopy (FTIR, Varian 7000, ATR mode) was used for the chemical  

analysis of 3D-printed objects. Surface morphology of the filaments was characterized by a field 

emission scanning electron microscope (SEM, Philips XL30) operated at 2.0 kV. The elemental 

 analysis of the functionalized object was conducted by an FEI Quanta FEG 200 scanning electron  

microscope with energy-dispersive X-ray spectroscopy (EDS) analyzer (Oxford Instrument INCA 

 X-ACT, silicon drift detector). UV−vis absorbance was detected with a Shimadzu UV-1800 

 spectrophotometer and UV Probe software  package. Inductively coupled plasma optical emission 

 spectroscopy (ICP-OES, 720ES, Varian) was used for the quantitative analysis of silver loss into 

 catalyzed solutions. 

 
      2.3.3. Methods and Procedures 

P2VP Synthesis and Characterization 

 2VP (30.0 g, 285 mmol), ACHN (21.0 mg, 8.60 × 10−2 mmol), and DDMAT (157 mg, 0.430 

 mmol) were combined with DMF (31.6 mL) in a 250 mL Schlenk tube equipped with a magnetic 

 stir bar and subjected to three cycles of freeze−pump−thaw. After degassing the reaction mixture  

was sealed under nitrogen and the Schlenk tube was placed in an oil bath set at 75 °C for 22 h. The 

 reaction was quenched by placing the Schlenk tube in an ice bath. The polymer was precipitated 

 into cold diethyl ether, filtered and collected, dissolved in THF, and precipitated again. A light pink 

 powder was collected and dried overnight. 

The chemical structure of P2VP was characterized by 1H-NMR. Dimethyl sulfoxide-d6 (DMSO- 

d6) was used as a solvent. Conversion was calculated by comparing the integration of vinyl double  

bond signals (δ = 5.39, 5.41 ppm) with saturated hydrocarbons of P2VP backbone (δ = 1.68, 2.21  
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ppm) by crude 1H-NMR. The product was synthesized with 60% conversion, Mn =47 kDa,   

Đ = 1.50, ~40% yield. Additionally, 13C-NMR and FTIR were used for the characterization of the  

structure. 

Preparation of P2VP-ABS Blends  

ABS pellets were grinded by a ring milling device (LabTechnics, Australia) at 720 rpm for 30 s 

until a fine powder was obtained. Afterward, P2VP (88 wt. %) and ABS (12 wt. %) were mixed for  

10 s. 

Rheology 

 The examined sample (0.70 g) was compressed into a 40 mm diameter slab. A compressed disk  

was placed between the parallel plates after zero gap calibration, heated to 200°C, and ramped 

 down to 80 °C.28 The samples were examined under the frequency of 1 Hz at 0.3% strain, which is 

 within the linear viscoelastic region, as was previously determined by the strain sweep experiment. 

 Apparent viscosity was measured by ramping the shear rate from 100 to 1000 s-1 at 165°C.  

Extrusion 

 The polymers were added to the extruder at a constant rate, keeping the hopper full. The 

 P2VP−ABS blend was extruded at the temperature range of 145−195 °C. Filaments were  

collected for further analysis. The diameter of filaments was measured by an electronic calliper, and  

the density was calculated by dividing the weight of a filament fragment by its area. 

Postprinting Quaternization and Cross-Linking  

3D-printed objects were cross-linked with DBB and quaternized with BE.22 The reagents were 

 added to an n-hexane (80 vol. %) and acetone (20 vol. %) mixture and stirred for 10 min. 

 Immediately afterward, 3D-printed objects were placed in the reaction vessel, sealed, and placed in 

the oil bath at 40 °C for 15 h. The objects were then removed, rinsed with n-hexane, and allowed to 

dry overnight. A small piece was cut from the object and analysed by FTIR. 

For cross-linking only, molar ratios of DBB to P2VP repeating unit were 0.70 and 0.05 (samples 

3D-P2VPC70 and 3D-P2VPC5, respectively). For quaternization and cross-linking molar ratios of  
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DBB and BE to P2VP repeating unit were 0.05 and 0.20, respectively (sample 3D-P2VPC5Q20). 

Determination of Degree of Swelling  

The degree of swelling was calculated according to equation 2.1: 

%S= [(WW -WD)/WD] x 100%       (2.1) 

where WD is the dry weight of the object, WW is the weight of the object after submersion into the 

solution, and %S is the degree of swelling in percent.29 To measure the degree of swelling, the  

object was taken from the solution, gently wiped to remove excess surface water, and weighed. 

Flow Rate Measurement 

A 3D-printed cross-linked and quaternized object was immobilized by a heat gun on the bottom of a  

glass tube (3D-P2VPC5Q20, dimensions 0.3 cm × 0.3 cm × 0.3 cm, 80% infill).  

Constant volumes (15 mL) of solutions with different pH values (2.0, 2.5, 3.0, 3.5, 7.0,  

10.0, and 13.0) were introduced to the tube, and the time required for the liquid to flow through the  

tube was monitored with a stopwatch. First, sodium hydroxide solution (pH 13.0) was introduced to 

 the tube, and then other solutions with decreasing pH values (from 13.0 to 2.0) were injected one 

 by one. Three continuous cycles of this experiment were conducted. 

Preparation of the 3D-Printed Catalytic Membrane 

 A 3D-printed object (0.174 g, 0.9 cm × 0.9 cm × 0.5 cm, 50% infill) was submerged into 20 mM 

 aqueous AgNO3 solution (0.117 g of AgNO3, 34.5 mL of deionized water) overnight. The sample 

 was then introduced to NaBH4 solution (0.076 g of NaBH4, 30.5 mL of deionized water) by direct 

 pipetting and dried under nitrogen.23 

Catalyzed Reduction of 4-Nitrophenol30  

4-Nitrophenol solution (240 μL, 0.002 M) was mixed with aqueous NaBH4 solution (16.0 mL, 0.06 

 M) and deionized water (13.4 mL) and introduced to the catalytic membrane. To follow the 

 catalytic activity, a fraction was collected from the reaction vessel at specified time intervals and 

 examined under UV−vis. Three cycles of catalytic reactions were performed continuously.  

Analysis of Silver Leaching 
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Detection of silver traces in collected fractions of 4-aminophenol solutions was conducted by ICP- 

OES analysis. After each catalytic cycle, 2 mL of the finally collected fraction was diluted by 

 addition of 2 mL of nitric acid (5% in water) and filtered. Silver concentrations were calculated 

 from calibration curves based on silver standards. 

 

2.4. Results and Discussion 

Reversible addition-fragmentation chain transfer (RAFT) polymerization was utilized to prepare 

well defined P2VP (Mn=47 kDa, Đ =1.50, ~40% yield). See Scheme 2.1 for the synthesis, Figure 

S2.1 for SEC chromatogram, Figure S2.2 for crude 1H-NMR, Figure S2.3 for 13C-NMR and Figure 

S2.4 for FTIR spectra. Structural confirmation was also performed by 1H-NMR. The spectrum 

shows the formation of broad signals at δ=8.25, 7.35, 6.96 and δ=6.35 ppm, which correspond with 

P2VP aromatic protons. Signals at δ=2.21 and δ=1.68 ppm are attributed to the protons of saturated 

hydrocarbons forming P2VP backbone (Figure 2.1). 

 

Scheme 2.1. Synthesis of P2VP by RAFT polymerization. 

 

Figure 2.1. 1H-NMR spectrum of P2VP in DMSO-d6. Formation of broad peaks in the aromatic 
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 region (a,b,c,d) and the appearance of peaks in the region of saturated hydrocarbons (e and f)  

support a successful synthesis of P2VP. 

 

  To be ME3DP compatible, polymers must obtain a balanced flexibility and rigidity to retain their 

structural integrity. Successful materials must not deform or break while filaments are loaded or 

being printed. Our initial attempts to extrude P2VP at a broad range of temperatures (140-190°C) 

without external additives yielded fragile filaments which defragmented when were pushed through 

the nozzle. We therefore tried to improve the mechanical properties of P2VP filaments by adding a 

small fraction of ABS (12 wt. %). ABS is the most used thermoplastic material in ME3DP,2 which 

is known for its toughening properties and outstanding mechanical characteristics.31 As a result of 

ABS addition, mechanical properties of P2VP filaments significantly improved. The produced 

filaments could successfully withstand the entire processing workflow without any signs of damage. 

The storage modulus of P2VP-ABS blend increased when compared with neat P2VP, which 

demonstrates the reinforcement effect of ABS (Figure S2.5). 

     Viscoelastic properties of polymers play a key role in the assessment of their processing 

conditions.
28

 To determine the glass transition temperature (Tg), at which polymer chains have 

enough thermal energy for a free motion, begin to disentangle and flow, DMA was performed
28

 

(oscillatory strain sweep is shown in Figure S2.6). The Tg of P2VP-ABS blend is 120°C, which is 

represented by the maximum of tan delta curve (Figure 2.2). A single peak demonstrates that ABS 

is miscible with P2VP.
32

 While the Tg of neat P2VP is 124 °C (Figure S2.7), the addition of ABS 

shifts the peak of tan delta towards 120°C due to the presence of ABS. The Tg of styrene-

acrylonitrile (SAN) polymer in ABS is 116°C, as was previously reported in the literature.
31,33

 

Therefore, the peak of the blend is located in the region between 116°C and 124°C. P2VP-ABS 

blend exhibits shear thinning, which makes the blend suitable for extrusion processing (Figure 

S2.8).  
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Figure 2.2. Loss tangent of P2VP-ABS blend exhibits a single maximum at 120°C indicating the 

Tg. 

 

The TGA profile of P2VP−ABS blend shows that the degradation temperature is 360 °C, above 

which approximately 60% of the initial weight is lost (Figure 2.3). A small weight loss observed at 

~108 °C is attributed to the evaporation of the absorbed moisture. TGA results, therefore, indicate 

that the blend is stable and can be processed below 360 °C. These findings are also supported by 

SEC analysis before and after thermal processing, which indicates the chemical stability of the 

polymer (Figure S2.9). 

 

Figure 2.3. TGA plot of P2VP-ABS blend indicates that the blend is thermally stable below 360°C. 

 

To comply with ME3DP, the diameter of produced filaments must be strictly defined. During 

extrusion, polymers are subjected to high shear and compression forces. When melts are subjected 
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to shear, they develop normal stresses, which are unevenly distributed in the direction of the flow 

and perpendicular to the flow direction due to the polymers’ anisotropic microstructure.34 After 

exiting the die, the extrudate swells to recover from caused deformations, the phenomenon which is 

known as die swell.9,34,35 Die swell is highly undesirable during filament production since the 

diameter of the filament must not exceed the inlet diameter of the printing nozzle (1.75 mm with 

0.05 mm tolerance). Several strategies to minimize the die swell effect are known, such as 

optimization of extruder geometry and control of rotation speed, temperature, and flow rate.34,35 

Since the geometry and the rotation speed of our extrusion system are not variable, we controlled 

the die swell by adjusting the flow rate and the temperature of the blend. A self-designed nozzle 

with a diameter of 1.60 mm was used to compensate for the die swell effect. When the diameter of 

the nozzle decreases, the residence time of the polymer inside the extruder increases, which allows 

more time for relaxation processes and therefore decreases the swelling.9,34,35 When a standard 1.75 

mm nozzle was used in preliminary studies, the diameter of produced filaments exceeded 1.80 mm 

for a wide range of extrusion temperatures, which made the filaments unsuitable for 3DP.  

     To optimize the process of filament production by hot-melt extrusion, we investigated the effect 

of extrusion temperature on the filaments’ physical properties. The diameter and density of 

filaments as a function of extrusion temperatures are summarized in Table 2.1. When the extrusion 

temperature was set between 145 and 165 °C, the diameter of the filaments constantly remained 

1.70 mm. At 175 °C the diameter increased to 1.80 mm. These diameters are within the optimal 

range to meet ME3DP requirements. When the extrusion temperature exceeded 175 °C, the 

diameter of the filaments drastically increased and reached 2.0 and 2.05 mm at 185 and 195 °C, 

respectively, making these filaments unsuitable for 3DP (Figure 2.4a).  

    The density of filaments is another important characteristic for printing quality. When extrusion 

temperatures are exceedingly high, air bubbles are trapped in the melt. As a result, a filament 

develops internal voids, which may result in discontinuous printing and deterioration in a structural 

integrity of a printed part.10 A study of filaments density shows that below 175 °C the density is not 
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significantly affected by temperature variations. At 145 °C the density of the filament is 1.29 g/cm3, 

the highest in the examined temperature range. With further increase in temperature, the density 

slightly decreases and remains constant in the range of 1.25−1.26 g/cm3, as can be concluded from 

the plateau of the curve in Figure 2.4b. Above 175 °C, the density sharply drops to 1.11 and 1.08 

g/cm3 when the extrusion temperature is 185 and 195 °C, respectively. A simultaneous increase in 

filament diameter and a sharp decrease in density above 175 °C suggest that air bubbles are trapped 

inside the filament.  

 

Extrusion 

    temperature [°C] 

Diameter 

[mm] 

Density 

       [g/cm
3
] 

145 1.70 ± 0.00 1.29 ± 0.02 

155 1.70 ± 0.00 1.26 ± 0.02 

165 1.70 ± 0.07 1.26 ± 0.04 

175 1.80 ± 0.07 1.25 ± 0.05 

185 2.00 ± 0.07 1.11 ± 0.07 

195 2.05 ± 0.21 1.08 ± 0.18 

 
 

Table 2.1. Summary of physical characteristics of the extruded filaments (average of 2 

 measurements ± standard deviation). 

 

Figure 2.4. The effect of extrusion temperature on the characteristics of produced filaments: (a) 

filament diameter; (b) filament density. Above 175°C the diameter of filaments drastically 

increases and the density decreases.  
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SEM characterization demonstrates a gradual increase in surface roughness with the increase in 

extrusion temperature (Figure 2.5). At 165 °C, the filament is smooth and does not exhibit noticed 

surface defects (Figure 2.5a). At 175 °C, the surface roughness slightly increases (Figure 2.5b). 

Above 185 °C, the surface becomes exceedingly rough with multiple defects and local 

microfractures (Figure 2.5c,d). The increase in the surface roughness with the increase in extrusion 

temperature is attributed to internal deformations of the filament caused by the trapped air. 

 

Figure 2.5. SEM images of P2VP filaments produced at different extrusion temperatures: (a) 165, 

(b) 175, (c) 185, and (d) 195 °C. Surface roughness gradually increases with the increase in 

extrusion temperature. 

 

 Based on the characteristics shown above, the range of optimal extrusion temperatures which 

 yield filaments with sufficiently high density, 1.70−1.80 mm diameter, and a smooth surface is 

145−175 °C. Below 140 °C, the extrusion was found ineffective due to an extremely slow and non-

continuous mass flow.  
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The produced filaments (Figure 2.6a) were successfully used for 3DP of objects such as starfish or a 

seahorse (Figure 2.6b), which were 3D-printed within approximately 15 min and exhibited high 

printing quality. 

 

Figure 2.6. (a) Filaments produced by hot-melt extrusion. (b) 3D-printed P2VP objects: starfish 

and a seahorse. 

 

 Rectangular slabs (8.0 mm × 16.0 mm × 2.0 mm, 80% infill) were 3D-printed for the preparation 

 of pH-responsive gels. The 3D-printed objects were cross-linked with DBB to give the  

objects structural integrity and quaternized with BE to enable further swelling properties to the 3D- 

printed hydrogels. The FTIR spectrum reveals the formation of peaks at 1589 and 1568 cm−1, which 

represent C=C stretching vibration of pyridine rings. Formation of a band at 1639 cm−1 indicates  

that the quaternization was successful due to formation of the characteristic pyridinium band29,36  

(Figure 2.7a). The intensity of the pyridinium band increases with the increasing fraction of 

quaternizing reagents, while no peak is seen in the unmodified object (3D-P2VP). After the  

reactions, printed slabs become pale brown with white coloration, possibly due to the conversion of  

pyridine to pyridinium salt. Quaternized and cross-linked objects were dipped into aqueous HCl  

solutions (pH 2.0) to investigate swelling properties. The swelling dynamics of printed objects was  

studied by tracking the change in the objects’ degree of swelling at defined time intervals. Dynamic  

swelling curves indicate a rapid water uptake by quaternized and cross-linked P2VP (Figure 2.7b).  

Control of the polymer structure, for example the cross-linking density (by DBB stoichiometry) and 

the final charge (by BE addition), gave access to dramatically different swelling profiles. Swelling 

characteristics are summarized in Table 2.2. The 3D-printed object cross-linked with DBB (3D- 

P2VPC5) exhibits a rapid increase in weight. The degree of swelling reaches 69% after 40 s of  
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exposure to HCl solution. After 24 h, the degree of swelling reaches an equilibrium value of 97%. 

When the molar ratio of DBB to P2VP repeating unit increased to 0.70 (3D-P2VPC70), the degree 

of swelling became significantly lower. During the first 10 s the object swelled by 43%. The uptake  

of water plateaued and reached an equilibrium of only 57% after 24 h. In order to gain further  

responsive behaviour, the remaining pyridine groups of the cross-linked 3D-printed object were  

quaternized with BE to increase the charge of P2VP. This cross-linked and hydrophilic gel (3D- 

P2VPC5Q20) shows a different swelling profile with a significant water uptake within the first 10 s  

of exposure to the acidic solution, reaching 107% swelling. After 22 h, the swollen object reached 

 its equilibrium swelling of 125%. The swelling of both cross-linked and cross-linked and  

quaternized objects is attributed to the formation of a positive charge on pyridine groups. While 

cross-linking with DBB charges P2VP, it also forms a physical barrier by cross-linking P2VP,  

which constrains the swelling. Therefore, the degree of swelling decreases with the increasing  

concentration of DBB. Additional quaternization with BE increases the charge on pyridine rings, 

which enhances the interactions with water. Therefore, when BE is added the rate of water uptake  

increases and also reaches higher equilibrium values than objects which were not introduced to BE. 

When the object was not treated with BE and DBB (3D-P2VP), almost full solubilization occurred  

within 24 h of submersion into HCl. Only small traces of the printed object were left, which mostly  

contained residual ABS. 

 

 

Sample 

 

Molar ratio of P2VP 

repeating unit/ DBB/ BE 

 

Equilibrium     

swelling 

(%) 

 

3D-P2VPC70                1 / 0.70 / 0                  57 

3D-P2VPC5                1 / 0.05 / 0                 97 

3DP2VPC5Q20               1 / 0.05 / 0.20                125 

 
 

Table 2.2. Summary of swelling characteristics of the 3D-printed, cross-linked, and quaternized 

P2VP objects. The degree of swelling decreases with a higher degree of cross-linking and increases 

with quaternization by BE.  
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 Dynamic swelling of P2VP was used as a principle for fabrication of a flow regulating device. 

 The experimental setup of the system is presented in Figure S2.10. A P2VP object was 3D-printed  

to fit into a glass capillary; upon cross-linking and quaternization we investigated the pH-dependent  

regulation of water flow through the capillary (Figure 2.7c). When pH values were 7.0, 10.0, and  

13.0, average flow rates were 2.05, 2.29, and 2.17 mL/s, respectively. When the pH decreased to  

3.5, flow rates decreased by approximately 30%. Below pH 3.0, flow rates further decreased to 1.51, 

1.15, and 1.07 mL/s at pH 3.0, 2.5 and 2.0, respectively. This sharp decrease in flow rates is  

attributed to P2VP protonation below pH 4.0, which induces P2VP transformation from globule to 

 coil state.11 As a result, flow restrictions are caused by a physical blocking of the tube outlet by  

swollen P2VP. The reversibility of the process was also investigated. When a P2VP valve is  

introduced to an acidic solution (pH 2.0), P2VP swells and therefore the flow rate decreases. When  

an alkaline solution (pH 13.0) is injected into the tube, P2VP deprotonates and shrinks, which  

causes the recovery of the flow (Figure 2.7d). These dynamic properties make 3D-printed P2VP 

successfully applicable as a pH-responsive, flow-regulating valve. 
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Figure 2.7. Quaternization and cross-linking of 3D-printed P2VP objects and demonstration of their  

pH-responsiveness. (a) FTIR spectra of 3D-printed objects: unreacted P2VP object (3D-P2VP), 

object cross-linked with different ratios of DBB (3D-P2VPC70 and 3D-P2VPC5), and object cross- 

linked with DBB and quaternized with BE (3D-P2VPC5Q20). Reacted objects show a formation of  

pyridinium peak at 1639 cm−1 (marked by an arrow). (b) Dynamic swelling of 3D-printed objects 

shows control over swelling properties by controlling the pyridine chemistry; with increased cross- 

linking density (3D-P2VPC70) minimal swelling is observed, with decreased cross-linking density 

(3D-P2VPC5) increased swelling is observed, and with minimal cross-linking and further  

quaternization of the pyridyl groups (3D-P2VPC5Q20) a substantial increase in swelling is observed. 

The inset shows a quaternized and cross-linked 3D-printed object (3D-P2VPC5Q20) in its swollen 

state. (c) Cross-linked and quaternized 3D-printed P2VP application as a flow-regulating valve: 

flow rate as a function of pH (average of three measurements ± standard deviation). (d) pH- 

dependent, reversible flow control is achieved by swelling and shrinking of 3D-printed P2VP. 
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 To demonstrate the chemical versatility of P2VP and to explore its broad applicability beyond pH- 

responsiveness, the ability of our 3D-printed system to interact with metals was studied. Metal 

 nanoparticles are of great interest due to their unique optical, electrical, and catalytic 

 properties.23,30 Silver nanoparticles are known as efficient catalysts for organic reactions, such as 

 oxidation of styrene37 and reduction of aromatic nitro-compounds.30 These catalytic reactions are 

 usually conducted by dispersing a metal catalyst in a solution. To prevent the agglomeration of 

 nanoparticles, surfactants are used as stabilizers which interact with the surface of nanoparticles. 

 Since the catalysis is mainly a surface reaction, the catalytic activity is prone to inhibition.30 Other 

 approaches include utilization of polymeric supports with loaded catalysts.30,38 The efficiency of  

these methods is still limited since they require purification steps to separate, remove, and recycle 

 the catalyst after the reaction is accomplished.  

      Pyridines are known for their ability to form coordination complexes with transition metals 

 via nitrogen atoms.23,25 By utilizing 3DP capabilities to design objects with advanced architectures, 

 we fabricated a macroporous P2VP membrane which acts as a heterogeneous catalyst support in a 

 single-step reduction of 4-nitrophenol to 4-aminophenol. This novel approach eliminates the need 

 for costly and time-consuming separation processes. P2VP filaments were used for 3D-printing of a 

 macroporous structure (Figure 2.8a). The object was reacted with silver nitrate and then reduced. 

 After the reduction, dark coloration was observed due to formation of the silver layer on the surface 

 of the object (Figure 2.8b). Energy-dispersive X-ray spectroscopy indicates that the surface is 

 densely covered with silver (77.72 wt. %, 29.45 atom %, Figure S2.11).  

To demonstrate the catalytic activity of 3D-printed Ag-functionalized P2VP, we investigated the 

 catalysis of 4-nitrophenol reduction. 4-Nitrophenol is recognized as an environmentally hazardous 

 material. Since the compound is not degradable, 4-nitrophenol treatment is of a high importance for 

 environmental considerations.38 We placed the 3D-printed Ag-functionalized P2VP into a glass 

 column, added aqueous 4-nitrophenol solution, and monitored the catalysis at room temperature. 

 To follow the catalytic activity, we collected a fraction from the column at specified time intervals, 
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 and applied UV−vis to monitor the conversion of 4-nitrophenol to 4-aminophenol. The absorbance 

 at 400 nm, attributed to 4-nitrophenolate ion, gradually decreased with the reaction time, while a 

 310 nm 4-aminophenol peak appeared (Figure S2.12a).30,38 These changes can be also visually 

 monitored by a gradual decay in a yellow color with the reaction time. Around 96% conversion is  

reached after 62 min, while without the catalyst the reaction does not take place even after 24 h 

(Figure 2.8c). The calculated apparent rate constant of this pseudo-first-order reaction is 0.033 

min−1 (Figure S2.12b). The apparent rate constant is lower than previously reported in the  

literature30,38 potentially due to significantly larger reaction scales. The 3D-printed Ag- 

functionalized P2VP retained its catalytic activity for three continuous reaction cycles without  

showing any significant decrease in the reaction rate (Figure 2.8d). Moreover, silver leaching from 

the 3D-printed object into the solution was assessed after the completion of each catalytic cycle. 

ICP-OES analysis indicates the presence of very low silver amounts in the catalyzed solutions,  

which increases with the number of catalytic cycles. After the first, second, and third catalytic  

cycles, respectively, 0.42, 0.54, and 0.64 ppm silver were found in the solution. These low  

concentrations of silver represent 0.035 (cycle 1), 0.045 (cycle 2), and 0.052% (cycle 3) loss of the 

initial silver load on the surface of the 3D-printed structure. These results indicate that only a 

negligible loss of silver occurs during the reaction and therefore the catalytic structure is stable.  

After the reaction, the 3D-printed catalytic membrane was easily removed from the column, without 

additional separation steps for the catalyst recycling. 
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Figure 2.8. Preparation and evaluation of 3D-printed Ag-functionalized catalytic objects. (a) 3D- 

printed macroporous P2VP structure before functionalization. (b) P2VP structure after reaction with 

 silver precursor and reduction. (c) Catalytic activity of Ag-functionalized, 3D-printed P2VP; the 

 reaction of 4-nitrophenol reduction reaches almost full conversion after 62 min. (d) Reaction 

 constants of 4-nitrophenol reduction in the presence of Ag-functionalized P2VP remain stable 

 within three continuous cycles. 
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2.5. Conclusion 

In this work, we present for the first time P2VP as thermally processable and 3D-printable material 

with versatile applications. We demonstrated that an easily synthesized pH-responsive polymer can 

 be extruded and 3D-printed using affordable and easily accessible technologies. Addition of ABS  

to P2VP as a reinforcing material efficiently enhanced the mechanical stability of P2VP, which was 

initially prone to damages caused by the 3DP process. First, we show that processing conditions,  

such as temperature, play a critical role in the filament production process. Then, we demonstrate 

the printing capabilities of both simple and advanced macroporous structures. We perform a  

postprinting functionalization of P2VP by quaternizing and cross-linking 3D-printed P2VP objects. 

The postprinting functionalization approach was extremely effective, as shown by FTIR study and  

dynamic swelling experiments. We demonstrated that the degree of swelling can be precisely tuned 

by a choice of quaternizing reagents and their stoichiometry. More importantly, postprinting 

functionalization strategy addresses current limitations of ME3DP materials,1 allowing 3D-printing 

of polymers which are functionalized to become hydrogels in a single-step reaction. Therefore, the  

postprinting functionalization approach expands the applicability of ME3DP for an even broader  

scope of applications. We also demonstrated that 3D-printed P2VP can coordinate with metal  

precursors, which can be utilized as 3D-printed catalytic objects. Heterogeneous catalysis mediated 

by 3D-printed P2VP eliminates the usage of harmful chemicals and streamlines operational time  

and costs needed for catalyst separation and recycling without compromising on reaction efficiency. 
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2.6. Supporting Information 

 

 

 

 

 

 

 

 

Figure S2.1. SEC traces of the synthesized P2VP (Mn=47 kDa, Đ =1.50). 

 

 

Figure S2.2. Crude 1H-NMR of 2-vinylpyridine polymerization reaction in DMSO-d6 after 22 

hours of reaction. Conversion was calculated by comparing the integration of vinyl double bond 

signals (δ=5.39, 5.41 ppm) with saturated hydrocarbons signals of P2VP backbone (δ=1.68, 2.21 

ppm). The calculated conversion is 60%. 

 

20 22 24 26 28 30

0.083

0.084

0.085

0.086

0.087

0.088

0.089

R
I I

n
te

n
si

ty

Retention time [min]



100 
 

 

Figure S2.3. 13C-NMR of P2VP in CDCl3. The spectrum reveals a successful synthesis of P2VP. 

Chemical shifts: δ=163.68 ppm, δ=148.47 ppm, δ=135.49 ppm, δ=123.06 ppm, δ=120.55 ppm, 

and δ=42.80. 

 

Figure S2.4. FTIR spectrum of the synthesized P2VP. Absorbance bands at 1568 and 1589 cm-1 

represent C=C stretching vibrations of pyridine ring. The absorbance band at 744 cm-1 represents 

C-H bending vibration, a band at 3057 cm-1 represents aromatic C-H stretch and 993 cm-1 band is 

assigned to C-H aryl bending.39,40,41  In agreement with 1H-NMR and 13C-NMR, a successful 

synthesis of P2VP was achieved. 
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Figure S2.5. Storage modulus as a function of temperature of neat P2VP and P2VP-ABS blend. 

ABS addition increases the storage modulus of P2VP, indicating the reinforcement effect. 

 

Figure S2.6. Oscillatory strain sweep: storage and loss moduli of P2VP-ABS blend (130°C).  

The plot shows that 0.3% strain is within the linear viscoelastic region. 

 

Figure S2.7. Loss tangent of neat P2VP indicates that the Tg is 124°C. 
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Figure S2.8. P2VP-ABS blend viscosity as a function of shear rate at 165°C. The blend 

exhibits shear thinning behaviour. 

 

 

 

Figure S2.9. SEC traces of P2VP before and after thermal processing. An overlap between the 

elution profiles indicates that the polymer is stable and does not exhibit thermal degradation. 
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Figure S2.10. The experimental setup used in pH-dependent flow regulation studies. A 3D-printed 

cross-linked and quaternized P2VP object (0.3 x 0.3 x 0.3 cm, pointed by a dashed arrow) was 

immobilized on the glass column with the outlet diameter of 0.7 cm. A transition between pH 

dependant states of the P2VP valve is demonstrated. Left: the 3D-printed P2VP valve in its 

shrunk state allows a free flow through the tube (pH 13.0); right: the 3D-printed P2VP valve in 

its swollen state. Upon P2VP swelling, the flow is interrupted due to the physical blocking of the 

outlet (pH 2.0). 

 

 

 

Figure S2.11. EDS analysis of Ag-functionalized 3D-printed P2VP. The results indicate that the 

surface of P2VP is densely covered with silver. 
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Figure S2.12. (a) UV-vis monitoring of 4-nitrophenol reduction to 4-aminophenol with  

Ag-functionalized P2VP. The absorbance at 400 nm decreases with reaction time and a new peak of 

4-aminophenol appears at 310 nm. The inset shows the change in coloration from yellow (t=0) to 

transparent (t=62 min.). (b) Normalized concentration as a function of reaction time for the 

catalysed 4-nitrophenol reduction. The slopes of the curves represent the reaction constants. Only a 

small change in reaction rates was observed within 3 catalytic cycles. 
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Chapter 3  

 

 

 

2D and 3D-Printing of Self-Healing Gels: Design and 

Extrusion of Self-Rolling Objects 
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3.1. Abstract 

In this work, we report the synthesis, characterization and three-dimensional (3D) printing of self-

healing gels. The gels are prepared by cross-linking benzaldehyde-functionalized poly (2-

hydroxyethyl methacrylate) (PHEMA) with ethylenediamine (EDA) to form dynamic imine bonds. 

An immediate gelation was observed within seconds, followed by a full maturation, enabling time 

independent and stable printing. The self-healing gels showed 98% recovery from mechanical 

damages. To establish a printable window for our well-defined system, and to allow robust 

printability, we examined a broad number of ink formulations. To tune the rheology towards the 

formation of soft and extrudable, yet stable and self-supporting materials, we examined self-healing 

gels with controlled degrees of cross-linking and polymer concentrations. Single-layer patterns and 

self-healing objects with tuneable layer thicknesses and shapes were successfully 3D-printed, with 

their self-healing capabilities fully retained. After post-printing reinforcement by further imine 

cross-linking, the swelling properties of these 3D-printed functional structures were employed for 

the fabrication of self-rolling, dynamic objects. These self-healing “smart” objects could change 

their shape and axes of folding by sensing their chemical environment. 

 

Design, System, Application  

We present a methodological approach to design 3D-printable, self-healing gels, covalently cross-

linked with small molecules. Our molecular design includes a facile synthesis of polymers, which 

are employed as a functional platform for preparation of autonomously and rapidly self-healing 

gels. To make these gels printable, a delicate balance between the ability to flow, and a sufficient 

rigidity to retain structural fidelity, is required. Therefore, our optimization strategy included a 

detailed rheological examination of numerous formulations with a precise control of the polymer 

concentration and degrees of cross-linking. The outcome of this work allowed an efficient mapping 

of the printability space, and therefore can be implemented as a general approach to formulate and 

3D-print covalently cross-linked gels. The utilization of 3D-printing technology to deposit self-

healing gels represents a novel approach for a selective application of protective coatings with 
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customable designs, streamlined time and waste. Moreover, the functionality of our gels is not 

limited to self-healing. These dynamic gels enabled a successful fabrication of “smart” objects, 

which exhibited environment-dependant swelling, self-assembly and self-rolling properties. 3D-

printing of dynamic and self-healing objects represents a proof-of-concept, first of its kind, which 

holds a promise for a future manufacturing of actuators and soft robots with extended lifespan. 

 

3.2. Introduction 

           Self-healing materials are capable of recovering from damages and restoring their functionality, just 

like the natural ability of living creatures to repair their tissues.1 This unique property, offers the 

ability to extend the lifetime of products, which is usually limited by mechanical failures.2-4 Inspired 

by nature, scientists are engineering new self-repairing systems and the interest in the field is rapidly 

growing.5 Autonomously self-healing gels based on hydrogen bonding,2,6,7 and dynamic covalent 

chemistry approaches1,4,8-12 have been recently reported. These reports concentrate on the 

development of chemically-tuned performances of self-healing materials. However, very few works 

discuss the processability of self-healing gels. In order to achieve a desired shape, a gel is usually 

cast into a mold or applied as a coating.2,13 With the rise of three-dimensional (3D) printing 

technology, it is now possible to fabricate 3D structures with a customable design. This additive 

manufacturing technology provides precise control over the shape, dimensions and density of a 

structure, and allows the streamlining of production costs and time.14-16 Despite the rapid evolution 

of 3D-printing, the number of functional, 3D-printable inks is still limited, and their development 

remains a challenge. In particular, 3D-printing of chemically cross-linked gels is not a trivial task, 

which requires a delicate balance between the flow properties of inks and structural fidelity of 

printed objects. These properties are dictated by inks rheology, which is a critical factor for inks 

printability, and therefore must be carefully adjusted.17,18  Of particular interest is the 3D-printing of 

smart materials, which can sense their environment, and change their structure in response to 

external stimuli.14,19-22 These materials are often employed for fabrication of soft robots, self-
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evolving structures and actuators.20-24 However, these 3D-printed shape-changing objects are prone 

to damages, especially due to an extensive and repetitive utilization of their mechanical functions, 

such as bending or folding. 3D-printing of soft and dynamic objects based on self-healing gels holds 

a great promise for an advanced design, manufacturing and extended utilization of these functional 

structures. Herein, we report 3D-printing of self-healing gels prepared from benzaldehyde-

functionalized poly (2-hydroxyethyl methacrylate) (PHEMA). Aldehyde groups were cross-linked 

with a diamine functional small molecule (ethylenediamine, EDA) to form dynamic and reversible 

imine bonds,25,26 creating gels with fast dynamics of cross-linking, which autonomously self-heal. 

We investigate the rheological properties of these gels, which can be carefully tuned and controlled 

by the degree of cross-linking and the concentration of the polymer, making them 3D-printable. 

After assessing the printing potential of numerous self-healing inks, the optimal formulation was 3D-

printed. We employ the dynamic nature of self-healing gels for fabrication of self-rolling structures, 

which can swell and generate biaxial movements of unfolding and rolling. 

 

3.3. Experimental Section 

      3.3.1. Materials 

           4-Formylbenzoic acid (4FBA, Sigma-Aldrich, 97%), 4-cyano-4[(dodecylsulfanylthiocarbonyl) 

sulfanyl] pentanoic acid (CTA, Sigma-Aldrich, 97%), diethyl ether (ChemSupply, 99.5%), N,N-

dimethylformamide (DMF, VWR, 99.9%), methanol (ChemSupply, 99.8%), DMF anhydrous 

(VWR, 99.8%), sodium borohydride (Scharlab, 98%), dicyclohexylcarbodiimide (DCC, Alfa Aesar, 

99%), 4-(dimethylamino)pyridine (DMAP, Alfa Aesar, 99%), ethylenediamine (EDA, Sigma-

Aldrich, > 99%) were used as received without further purification. 2-Hydroxyethyl methacrylate 

(HEMA, Sigma-Aldrich, >99%) was purified by basic alumina column to remove the inhibitors. 

1,1′-Azobis(cyclohexanecarbonitrile) (ACHN, Sigma-Aldrich, 98%) was recrystallized from ethanol 

and dried over-night prior to use. 
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                3.3.2. Instrumentation 

 Size exclusion chromatography (SEC) was performed on the Shimadzu liquid chromatography 

 system with Phenomenex Phenogel columns. DMF with 0.05 mol L−1 LiBr was used as an eluent at 

 70 °C with a flow rate of 1 mL min−1. Average molecular weights (Mn, Mw) and polydispersity 

 index (Đ) were calculated based on poly(ethylene glycol) calibration standards. Proton nuclear 

 magnetic resonance (1H-NMR) analysis was performed on a Varian 400 MHz spectrometer.  

Rheology study was conducted on a controlled stress rheometer with 40 mm diameter parallel  

plates geometry (AR-G2, TA Instruments), equipped with a solvent trap. Fourier transform infra- 

red (FTIR, Varian 7000, ATR mode) was used for infra-red analysis. For 3D-printing, 3D- 

Bioplotter (Developer Series, EnvisionTec, Germany) was utilized with Bioplotter RP software for 

file processing. Printing parameters: print head speed 13 mm s−1, piston pressure 0.6 bar, 

temperature 25 °C, nozzle diameter 0.4 mm, solid infill mode, rectangular (mesh) infill pattern 

(100%), uniform slicing. 

 

             3.3.3. Methods and Procedures 

Synthesis of PHEMA  

HEMA (30.0 g, 231 mmol), 4-cyano-4-[(dodecylsulfanylthio-carbonyl) sulfanyl] pentanoic acid 

(264.0 mg, 0.654 mmol) and ACHN (31.9 mg, 1.3 × 10−2 mmol) were combined with DMF (30.0 

 mL) in 250 mL Schlenk tube. After 3 cycles of freeze–pump–thaw the Schlenk tube was sealed 

under nitrogen, placed in an oil bath, heated to 85 °C, and allowed to react under stirring for 21 h. 

The reaction was quenched by placing the Schlenk tube into ice. The viscous contents of the tube 

were diluted with DMF and precipitated into diethyl ether twice. The product was filtered, collected 

and allowed to dry overnight under vacuum. 

Synthesis of benzaldehyde-functionalized PHEMA (PHEMA0.35-co-P4FBA0.65) 

PHEMA (2.0 g, 15.37 mmol), 4FBA (2.31 g, 15.37 mmol), DMAP (0.19 g, 1.54 mmol) and DCC 

(3.17 g, 15.37 mmol) were separately dissolved in anhydrous DMF. Dissolved PHEMA, 4FBA and 
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DMAP were combined under stirring. DCC was added dropwise to the reaction vessel under 

rigorous stirring. The reaction lasted for 19 h. After filtration, the liquid was collected and 

precipitated into methanol. The functionalized polymer (PHEMA0.35-co-P4FBA0.65) was filtered, 

collected and dried under vacuum.  

Preparation of self-healing 3D-printable gels  

The gel was prepared from PHEMA0.35-co-P4FBA0.65 cross-linked with EDA (molar ratio of 

aldehyde:EDA 1:0.08), optimized polymer concentration was 6.5% (wt/vol). PHEMA0.35-co-

P4FBA0.65 (0.4 g) was dissolved in DMF (5.0 mL) until a fully transparent and homogeneous 

solution was obtained. A stock solution of the cross-linker was prepared by dissolving 57.6 mg 

EDA in 11.0 mL DMF. An aliquot of the stock solution (1.1 mL) was introduced to the dissolved 

PHEMA0.35-co-P4FBA0.65 at ambient temperature and immediately vortexed to allow 

homogenization. Gel formation was verified by a standard inversion test. In a similar manner, self-

healing gels with different polymer concentrations and degrees of cross-linking were prepared. 

General annotation for prepared gels: Gx%_yEDA, where x represents the concentration of 

PHEMA0.35-co-P4FBA0.65 (wt/vol %) and y represents the molar ratio of EDA to the aldehyde 

repeating unit. 

3D-printing  

The gels were loaded into a disposable syringe with the attached nozzle, manually compressed with 

the lid until a good contact between the lid and the gel was obtained and the air was evacuated. The 

syringe was then loaded into the 3D-Bioplotter. A cycle of purging was performed by applying 

pneumatic pressure for three seconds, until a filamentous gel strand exited the nozzle. Immediately 

afterwards, the tip of the nozzle was cleaned with a brush, and the nozzle was automatically 

calibrated. Optimization of printing parameters (printing speed and pressure) was achieved by 

examination of alternating speeds and pressures, the combination of which yielded a stable, 

continuous printing with well-defined gel filaments. 3D-printing could be performed immediately 

afterwards.  
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Secondary (post-printing) cross-linking   

Freshly 3D-printed objects were introduced to the cross-linker solutions of EDA in DMF (2.0 mg 

mL-1, 1.0 mg mL-1 or 0.7 mg mL-1, as specified) for 20 min. The objects were then removed from 

the cross-linking solution and allowed to dry.  

Reduction of the self-healing gel  

2 equivalents of sodium borohydride were dissolved in methanol. 3D-printable gel (G6.5%_0.08EDA) 

was introduced to the sodium borohydride solution and allowed to react overnight. After the 

reaction, the gel was removed from the reaction vessel, washed with methanol and excess of solvent 

was gently wiped.  

Rheology of self-healing gels  

Kinetics of gel (G6.5%_0.08EDA) formation was studied by placing the polymer (50.0 mg of 

PHEMA0.35-co-P4FBA0.65 dissolved in 0.67 mL DMF) on the rheometer plate. Afterwards, 0.1 mL 

from EDA stock solution (7.0 mg EDA dissolved in 1.0 mL DMF) was directly and evenly 

introduced to the plate and the changes in dynamic moduli as a function of time were traced at 1% 

strain, angular frequency of 6.283 rad s-1 and 25°C. Self-healing properties of the gel were 

examined by strain ramp up under a constant frequency of 6.283 rad s-1 at 25°C. The study of 

dynamic moduli dependence on frequency was performed by conducting a frequency ramp up 

scanning the region of 0.01 to 1000 rad s-1 under 1% strain at 25°C. Recovery properties of the gel 

from high strain deformations were studied by step strain measurements. Oscillatory strains were 

alternated from 1% to 1000% and vice versa under a constant angular frequency of 6.283 rad s-1 at 

25°C, and the changes in dynamic moduli were examined as a function of time. The % recovery 

was calculated by formula (3.1):27 

                                                  % Recovery =
G′

(𝑡)

G′0
× 100     (3.1) 

Where G′(𝑡) is the elastic modulus of the gel at a defined time (t), an𝑑 G′0 is the elastic modulus of 

the intact gel monitored at 1% strain. Stress ramp up and viscosity measurements were performed at 
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25°C under a constant frequency of 6.283 rad s-1. Overnight stabilized gels were used for self-

healing studies.  

Preparation of dynamic objects  

The first step of the preparation included 3D-printing of G6.5%_0.08EDA  rectangular solids with 

different dimensions on a glass substrate. While the thickness (z) and the width (w) of the 

rectangular solids were kept constant (z=1.0 mm, w=1.0 cm, respectively), the length (L) of the 

rectangular solids varied (L=2.5, 3.5 and 5.0 cm). After a secondary cross-linking with 0.7 mg mL-1 

EDA, the structures were allowed to dry in the fume hood for approximately 1 h, which was 

followed by a gentle detachment of the objects from the glass by a spatula. The objects were kept 

exposed to the air to allow drying.  

Dynamic self-rolling studies  

The 3D-printed objects were submerged into a reservoir of DMF and allowed to self-evolve without 

any external intervention. Dynamic changes in their shape were monitored (using digital 

photography) as a function of time.   

 

3.4. Results and Discussion 

The preparation of 3D-printable chemically cross-linked self-healing gels require a complex, 

multi-step design, whereby we harness well-defined dynamic covalent chemistry to control the 

rheology of the inks. We develop a 3D-printable window, which is schematically presented in 

Figure 3.1. The first stage includes the synthesis of self-healing gels. To allow a rapid and 

autonomous self-healing, imine chemistry has been chosen for current work owing to its dynamic 

covalent nature and fast reaction kinetics.25 Therefore, in order to develop a functional platform for 

the formation of imines, benzaldehyde-functionalized polymers were synthesized, which we have 

recently shown to have versatile functionality and dynamics.28,29 PHEMA was selected as the 

functional polymer platform owing to its alcohol groups, which allow a facile attachment of 

benzaldehyde units to the polymer via carbodiimide coupling reaction. To obtain PHEMA with 
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well-defined characteristics (Mn= 31 kDa, Đ =1.36, yield ∼60%), reversible addition-fragmentation 

chain transfer (RAFT) polymerization was used according to Scheme S3.1. A successful synthesis 

was supported by 1H-NMR and SEC. See Figure S3.1 for 1H-NMR and Figure S3.2 for SEC traces. 

Functionalization of PHEMA with 1 equivalent of 4FBA resulted in 65% conversion of hydroxyl 

groups to benzaldehydes (PHEMA0.35-co-P4FBA0.65, 45% yield, Figure S3.3). Benzaldehyde 

functional handles of PHEMA0.35-co-P4FBA0.65 were employed for the reaction with EDA to form 

imine bonds. The chemical structure of the gel is illustrated in Figure S3.4a. FTIR spectrum of the 

gel supports a successful formation of imine cross-links (Figure S3.4b). Gel formation was also 

evidenced by a standard inversion test, which indicated an immediate sol-to-gel transition.  

      

Figure 3.1. A schematic workflow for the preparation of 3D-printable, chemically cross-linked, 

self-healing gels. (a) The first stage includes the synthesis and functionalization of PHEMA with 

pendant benzaldehyde groups, followed by a cross-linking with a diamine. The preparation of 

printable inks requires a delicate rheological tuning of ink formulations, and a mapping of the 

printability space. (b) After the optimization study was accomplished, selected formulations, which 

demonstrate a good balance between flow and self-support capabilities, were 3D-printed. The 

objects display self-healing and dynamic properties. 
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  A rapid formation of the gel and its full maturation before printing are important advantages for 

the formulation of printable inks, since they enable robust and time independent printing 

performances, overcoming the limitations of time dependent printing, by enabling an extended 

printing window.17 Therefore, a rheological investigation of gelation kinetics was required. The 

results show an immediate gelation upon introduction of EDA to the polymer, which occurs within 

approximately 10 s (Figure. 3.2a). The gelation is indicated by the crossover point of G′ and G″, 

which is attributed to the transition from liquid to the solid state, and therefore the dominance of the 

storage modulus. More importantly, the dynamics of the gel maturation indicate a full stabilization 

of G′ values after approximately 5 min. G′ values remained unchanged when the same sample was 

re-examined after a few hours (Figure S3.5). To get further insight into self-healing properties of 

the gel, rheological examinations were conducted (Figure 3.2). Strain sweep shows that at low 

strains G′ is higher than G″, indicating the solid nature of the gel. With an increase in the applied 

strain, G′ values decreased until the network of the gel was destroyed at ∼400% strain. This critical 

transition occurs as a result of bonds dissociation and can be evidenced by a sharp drop in G′, a 

simultaneous increase in G″, and the intersection of both. From this point, the gel exhibits a 

dominantly fluidic behaviour. With the decrease in strain values back to the linear viscoelastic 

region, a recovery of the gel occurred, which is a characteristic behaviour of self-healing gels.3 A 

recovery of ∼97% of the moduli to their initial values occurred immediately (see Figure 3.2b for 

strain sweep results). The gel exhibited frequency dependent behaviour, as can be concluded from 

the frequency sweep shown in Figure S3.6. In the region of scanned frequencies, G′ was constantly 

higher than G″, which indicates that the timescale of the experiment was not sufficient to observe 

the bulk relaxation of the gel. 

      We further examined the ability of the gel to recover from prolonged exposures to extremely 

high strains (1000%). When 1000% strain was continuously applied for 2 min, the sample was 

destroyed and defragmented to multiple pieces. Time dependant recovery is shown in Figure 3.2c. 

The experiments indicate that only 2 min after ceasing the oscillatory stress, the elastic modulus 
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restored 49% of its initial values (G(0)
′

 =141 Pa, G(2)
′

 =70 Pa). G’ values gradually increased with the 

increase in recovery time ( G(4)
′

 =98 Pa, G(6)
′

 =110 Pa,  G(8)
′

 =120 Pa, G(10)
′

 =130 Pa), until a final 

recovery of 98% was reached after 12 min (G(12)
′  =138 Pa). The gel could withstand 4 subsequent 

cycles of defragmentation and recovery. Despite a gradual increase in the time required for self-

healing with the increasing number of subsequent cycles, full recovery of the network could be 

achieved in all the cases (Figure S3.7). The autonomous, fast and full recovery are significant 

advantages for self-healing systems. With the increasing degree of cross-linking, full recovery of 

the gel could be achieved at much shorter times, without any deterioration in % recovery and 

recovery time with subsequent cycles (Figure S3.8). The imine chemistry allows proving the 

mechanism of this dynamic covalent bonds-driven self-healing gel. The imine bonds can be easily 

reduced to amines, and hence lose their dynamic properties. When the gel was reduced with sodium 

borohydride, the self-healing ability of the gel was almost fully lost (Figure S3.9a and b). 
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Figure 3.2. (a) Gelation kinetics of G6.5%_0.08EDA. A crossover point at ∼10 s indicates an extremely 

rapid gelation rate. Full maturation of the gel is achieved after ∼5 min. (b) Strain sweep shows a 

destruction of G6.5%_0.08EDA network at ∼400% strain, and an immediate recovery of the network. (c) 

Stress recovery experiments of G6.5%_0.08EDA show a gradual self-healing: G′ increases with the 

recovery time until 98% recovery is reached after 12 min. 

 

  Despite the fact that gels are classified as solids, a manipulation of their chemical composition and 

precise control over their rheological properties, formulation and cross-linking degrees, have been 

found efficient in formulating printable inks.17,18 Therefore, in order to map the printability space it 

is essential to conduct a detailed investigation of the factors which affect the printability of our self-

healing system. Printable inks must be extrudable through a nozzle and flow. Contradictory to that, 

the ability to retain the structural integrity after printing is an essential requirement, since failing to 

do so 3D-printed objects collapse and lose their well-defined architectures.17 To obtain a 

preliminary assessment of the 3D-printing potential, we examined 21 ink formulations with varying 

concentrations of PHEMA0.35-co-P4FBA0.65 (g mL−1) and different degrees of cross-linking (molar 

ratios of an aldehyde repeating unit to EDA). In addition to visual assessments, the formulations 

were manually extruded through a syringe17 with an attached nozzle of 200 and 400 μm diameter 

(Figure S3.10). During the initial screening process, each formulation was classified according to 

one of the four categories as following: (a) no gel formation: a formulation did not pass the 

inversion test and remained in its sol state. (b) Very soft and spreadable: the texture of the gel did 

not allow a sufficient self-support, essential for the physical stabilization and structural fidelity. (c) 

Soft and extrudable: these formulations are soft enough to be extruded through a nozzle and exhibit 

a good material flow. Their filamentous strands exhibit self-support during a continuous layer-by-

layer deposition. These formulations are optimal for 3D-printing. (d) Stiff and unextrudable: stiff 

gels which resist the applied pressures and are limited in their ability to flow. The outcome of this 

qualitative study allows a preliminary assessment of numerous ink formulations and screening of 
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their printing potential (Figure 3.3a). This rapid hands-on assessment showed good correlation to 

formulations printing performances. 

   For a constant concentration of 4.5% PHEMA0.35-co-P4FBA0.65, no gelation was observed when 

the molar ratios of an aldehyde repeating unit to EDA were below 1: 0.1. Very soft and spreadable 

gels were obtained when the molar ratios of an aldehyde repeating unit to EDA increased above 1: 

0.1 to a maximum of 1: 0.16. When the molar ratio of an aldehyde repeating unit to EDA increased 

to 1: 0.2, a soft and extrudable gel was formed (G4.5%_0.2EDA). The need for an addition of a 

relatively high amount of EDA to form robust and extrudable gels is attributed to the low polymer 

concentration (<5.0 wt/vol %). To compensate for the effect of exceedingly high fluidity and low 

viscosity, a higher cross-linking density is required for the structural stabilization of the network. 

When PHEMA0.35-co-P4FBA0.65 concentration increased to 6.5%, a gelation was observed when 

molar ratios of the aldehyde repeating unit to EDA were higher than 1: 0.04. An optimal 

formulation for 3D-printing was achieved by using 6.5% PHEMA0.35-co-P4FBA0.65, keeping the 

molar ratio of the aldehyde repeating unit to EDA at 1: 0.08 (G6.5%_0.08EDA). The gel is presented in 

Figure 3.3b. Upon the increase in molar ratio of the aldehyde repeating unit to EDA above 1: 0.1, 

stiff and unextrudable gels were formed, making them unsuitable for 3D-printing. When 

PHEMA0.35-co-P4FBA0.65 concentration further increased to 8.5%, gel formation was observed for 

all the examined EDA stoichiometries. 3D-printable formulations were achieved when the molar 

ratio of the aldehyde repeating unit to EDA was 1: 0.06, 1: 0.08 and 1: 0.1 (G8.5%_0.06EDA, 

G8.5%_0.08EDA and G8.5%_0.1EDA, respectively). As expected, with the increasing concentration of 

PHEMA0.35-co-P4FBA0.65, a lower degree of cross-linking was required to form extrudable and 

self-supporting formulations. Interestingly, the gel preparation method affected the gelation process, 

and as a result impacted the physical properties of prepared gels. To form homogeneous gels, which 

would allow smooth and continuous printing, PHEMA0.35-co-P4FBA0.65 was dissolved in ∼80% of 

the required (total) DMF volume. EDA was dissolved in the complementary ∼20% vol. of DMF, 

and then was introduced to the polymer solution. Direct addition of non-diluted EDA, resulted in an 



123 
 

inhomogeneous gelation with local “islands” of gel dispersed inside non-gelated regions of fluid. 

Application of immediate and prolonged vortex was found inefficient in improving the 

homogeneity of these gels. The observed effect is attributed to an immediate and localized gelation 

initiated by EDA. All the categories of gels discussed above are demonstrated in Figure S3.11.  

      To be 3D-printable, gels must possess a well-defined viscoelasticity, which allows flow and 

deformation when the ink is subjected to extrusion shears.17,18,30–32 Rheological examination of the 

self-healing gel formulations with various compositions indicates that the gels exhibit shear 

thinning and shear yielding (Figure 3.3c and d). Summary of the rheological parameters of our self-

healing formulations is presented in Table 3.1. Shear yielding and storage modulus are important 

parameters for the assessment of the inks printability, since they define the stiffness of the gel and 

the applied pressures required to induce flow through the nozzle. The results indicate differences 

between the spreadable, 3D-printable, and stiff gels. While the storage moduli of spreadable inks 

are consistently ∼80 Pa, the storage moduli of 3D-printable gels are higher (∼200–1000 Pa), 

indicating their increased strength, and as a result an improved capability to withstand their own 

weight without collapsing. Storage moduli of stiff formulations were the highest among the 

examined gels (∼4000 Pa). 

All the formulations exhibited shear yielding, with the yield stress of 3D-printable and stiff gels 

being higher by an order of magnitude than the yield stress of spreadable gels. Although the yield 

stress of stiff gels and 3D-printable gels is of the same order of magnitude, the shear stresses 

required for yielding of stiff gels were ∼4–5 times higher. 

The examination of apparent viscosity at the low shear region (zero shear viscosity), demonstrates 

differences of at least an order of magnitude between spreadable, 3D-printable and stiff gels, 

providing further evidence for the differences in their physical properties. With the increase in shear 

rates, all the gels exhibited shear thinning behaviour, reaching similar values at the higher shear 

region (Figure 3.3c). The viscosity, storage modulus and the yield stress of the examined 3D-

printable formulations are in a good agreement with previously reported values for 3D-printable 
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inks.17,32 During the printing process, the gel did not exhibit structural fragmentation and retained its 

continuous filamentous shape. Based on the rheological studies, the printability space suitable for 

these self-healing gels could be established. Optimal printing could be achieved in the intermediate 

region between the stiffest among the spreadable gels (lower limit) and the softest among the stiff 

gels (upper limit), setting the values of storage modulus, yield stress and zero shear viscosity in the 

range between 84–3558 Pa, 46–829 Pa, and 801–15335 Pa.s, respectively (Figure 3.3d).  

 

Figure 3.3. Preparation and characterization of self-healing ink formulations. (a) Preliminary 

mapping of the printability space based on polymer concentrations and degrees of cross-linking. 

Successfully formulated, soft and extrudable, 3D-printable inks are G4.5%_0.2EDA, G4.5%_0.3EDA, 

G6.5%_0.08EDA, G6.5%_0.1EDA, G8.5%_0.06EDA, G8.5%_0.08EDA and G8.5%_0.1EDA (marked by green diamonds). 

(b) G6.5%_0.08EDA formulation. After EDA addition, sol-to-gel transition occurs within seconds and 

the gel passes the inversion test. The soft, yet stable texture of G6.5%_0.08EDA, allows 3D-printing. (c) 

Shear thinning behaviour of the 3D-printable (G6.5%_0.08EDA), spreadable (G6.5%_0.06EDA) and stiff gel 
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(G6.5%_0.16EDA). Zero shear viscosity values indicate differences of at least an order of magnitude 

between spreadable, 3D-printable and stiff gels. The viscosity decreases with the increase in the 

shear rate, until the gels reach similar viscosities at higher shear regions. (d) Shear yielding 

behaviour of the 3D-printable (G6.5%_0.08EDA), spreadable (G6.5%_0.06EDA) and stiff (G6.5%_0.16EDA) gels. 

A sharp decrease in G′ of G6.5%_0.08EDA is observed at ∼150 Pa, indicating the yield point of this 3D-

printable gel. The 3D-printing space, optimal for 3D-printing is marked by red arrows, and is 

represented by the intermediate area between the stiff and the spreadable gels.  

 

Formulation Gel 
category 

𝐆𝟎
′  a 

[Pa] 
Yield stress a 

[Pa] 
Zero shear b 

viscosity  
[Pa.s] 

G4.5%_0.16EDA spreadable 82 ± 1 13 ± 3 405 ± 40 
G6.5%_0.06EDA spreadable 84 ± 15 39 ± 6 801 ± 97 
G8.5%_0.04EDA spreadable 83 ± 5 46 ± 14 490 ± 56 
G4.5%_0.2EDA 3D-printable 867 ± 199 266 ± 44 5921 ± 638 
G4.5%_0.3EDA 3D-printable 1006 ± 360 95 ± 45 6540 ± 937 
G6.5%_0.08EDA 3D-printable 241 ± 140 116 ± 62 1486 ± 50 
G6.5%_0.1EDA 3D-printable 302 ± 56 100 ± 15 1350 ± 70 
G8.5%_0.06EDA 3D-printable 220 ± 39 129 ± 11 1304 ± 1125 
G8.5%_0.08EDA 3D-printable 279 ± 46 70 ± 13 995 ± 63 
G8.5%_0.1EDA 3D-printable 678 ± 236 285 ± 148 5499 ± 1344 
G6.5%_0.16EDA stiff 3558 ± 383 829 ± 186 15335 ± 657 
G8.5%_0.16EDA stiff 4178 ± 1248 519 ± 67 21760 ± 4171 

 
 

Table 3.1.  Rheological properties of spreadable, 3D-printable and stiff self-healing gels.  
a Values obtained from stress ramp up experiments (mean and standard deviation are presented,  

N = 3). b Values obtained from the plateau of shear viscosity measurements (mean and standard 

deviation are presented, N = 2). 

 

   After conducting a detailed rheological characterization and exploring the printability of our 

imine-based self-healing gels, the optimal ink G6.5%_0.08EDA was employed for 3D-printing. Single 

layer patterns of micrometric thickness were successfully printed (Figure 3.4a). Unlike traditional 
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coating methods, which are time or material consuming, or allow only a uniform coating on 

relatively broad surfaces, printing of self-healing gels allows selective deposition of well-defined 

shapes and patterns with controlled thickness. This is a highly efficient approach towards 

minimization of materials consumption and selective application of self-healing gels on specific 

regions of interest. Moreover, macroscopic 3D objects of various shapes and dimensions were 3D-

printed (Figure 3.4b and 3.5a). The robustness and the self-supporting ability of G6.5%_0.08EDA 

allowed mounting numerous layers of filamentous ink strands on top of each other without 

collapsing. The dynamic and reversible nature of imine bonds enabled an immediate recovery of the 

extruded gel and fusion of its filamentous layers into a monolithic, self-supporting object. In order 

to reinforce the 3D-printed gel and to form strong functional objects, secondary (post-printing) 

cross-linking with EDA was performed. After the secondary cross-linking, 3D-printed objects could 

be easily lifted from the glass substrate (Figure 3.4c and d). 

 

 Figure 3.4. 3D-printed self-healing gel (G6.5%_0.08EDA). (a) A single layer of a well-defined butterfly 

pattern printed on top of a glass substrate. (b) A 3D-printed rectangular scaffold (1 × 5 × 0.1 cm) 

captioned immediately after 3D-printing. (c) A 3D-printed rectangular scaffold (1 × 5 × 0.1 cm) 

after post-printing reinforcement by cross-linking with EDA solution (1.0 mg mL−1). (d) After the 

secondary cross-linking and drying, the 3D-printed rectangular object could be lifted from the glass 

and handled. 

 

   To study the self-healing ability of macroscopic 3D-printed objects, a star shaped structure (5 × 5 

× 0.3 cm) was 3D-printed and cross-linked post-printing with EDA (2.0 mg mL−1). After the 
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secondary cross-linking, a mechanical damage was induced by cutting the object with a scalpel. 

Immediately after the cutting, the damaged parts were brought to a contact with each other. After 

∼30 min of contact, the interfaces self-healed by forming a scar, which bridged the damaged areas. 

The self-healing process at room temperature occurred autonomously, without any enhancement by 

external additives. After ∼1 h of self-healing the recovered 3D-printed object could be lifted as a 

single unit, self-supporting against gravity. The entire process is illustrated in Figure 3.5. The 

presence of solvent is crucial for polymer chains diffusion and bonds exchange across the damaged 

interface, and therefore can significantly impact the efficiency of self-healing process.2 Owing to 

the low volatility of DMF and a fast-occurring recovery, no additional solvent was needed to 

facilitate the self-healing process.  

 

 

Figure 3.5. Self-healing process of a 3D-printed star fabricated from G6.5%_0.08EDA. (a) An intact 3D-

printed object (5 × 5 × 0.3 cm) captioned immediately after 3D-printing. (b) The 3D-printed star 

after a secondary cross-linking and the induction of a deep cut with a scalpel (marked by a 

continuous arrow). (c) The damaged 3D-printed object after ∼30 min of autonomous self-healing. 

The object exhibits a structural recovery by an interfacial scarring (marked by a dashed arrow). (d) 

The 3D-printed star after ∼1 h of recovery from the induced cut and drying at ambient conditions. 

The object could be lifted as a single unit, and successfully self-supported against gravity without 

falling apart (a small decrease in the observed dimensions of the 3D-printed object is attributed to a 

naturally occurring drying at ambient conditions). 
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      3D-printed G6.5%_0.08EDA was employed for a preparation of self-rolling objects. For this purpose, 

3D-printed rectangles were chosen as a simple geometry to demonstrate the proof-of-principle. The 

initial preparation steps (3D-printing, secondary cross-linking and the detachment of the object 

from the substrate) were followed by an interesting phenomenon, which took place during the 

drying process. With the progressive drying, the rectangular object spontaneously re-oriented from 

its planar sheet shape to a cylindrical, “cigar-like”, rolled shape, as shown in Figure S3.12. This 

phenomenon is attributed to the accumulation of internal stresses in the structure, generated during 

the processing of the gel. It is well-known that processing of polymers into thin films or 3D 

structures generates residual stresses, since polymer chains are forced into their non-equilibrium 

configuration.33 Moreover, with the evaporation of DMF and a sequent drying, polymer chains 

become less mobile and more densely packed, which limits their disentanglement and relaxation 

ability. Driven by strong elastic strains and seeking their minimization, rectangular sheets tend to 

adopt locally-curved shapes, curved in one direction only (such as cylinders).33 The 3D-printed 

structure, therefore, equilibrates and self-assembles into its energetically most preferred 

configuration, a cylindrical rod, shown in Figure S3.12e. When the dry cylinders were submerged 

into DMF, cylindrical rolls swelled and dynamically self-evolved. Upon introduction of the “cigar-

like” cylinder to DMF, the structure gradually unfolded after 6 seconds, and the original, as printed, 

rectangular structure was restored. The stretching and the sequential unfolding are attributed to the 

expansion of polymer chains due to solvation. These conformational changes enable the system to 

reduce its free energy by swelling.24 Immediately after the unfolding was accomplished, the 

rectangular sheet buckled and rapidly initiated a new rolling cascade. This time, the structure rolled 

forming a “spiral-like” shape, after ∼20 seconds in DMF. The unfolding and rolling cascade is 

demonstrated in Figure 3.6 and Movie S3.1. After accomplishing a single dynamic cycle, the rolled 

“spiral” would retain its shape and would not further self-evolve. This observation can be attributed 

to the fact that the structure equilibrated at its energetically stable state. 
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     Self-assembly of rectangular bilayer sheets into cylinders upon swelling is a well-known and 

broadly studied phenomenon.24,34–36 It was previously shown that the axis of folding, and 

consequently a final cylindrical shape (“cigar” or “spiral”), can be governed by the geometry of 

rectangular sheets.24,34,35 Experimental observations supported by numerical simulations indicate 

that in general, when the aspect ratio (A = L/w) of the rectangle increases, self-folding of a freely 

floating rectangle into a “spiral” cylinder is usually preferred.33–35 To be able to program and to 

control the self-rolling by the design of the 3D-printed object, we examined different aspect ratios 

of the 3D-printed rectangles. In all the cases, when the aspect ratio was bigger than 1.0 (A = 2.5, 3.5 

and 5.0), the dry rectangles rolled into a “cigar” shape, while a self-assembly into a “spiral” shape 

was generated upon solvation in DMF. The diameter of the rolled structures constantly remained 4.0 

mm, regardless of the aspect ratios. These results are in agreement with the literature.24 When the 

aspect ratio was ∼1, random behaviour was observed and no clear conclusion could be made. 

Therefore, well-controlled self-rolling can be obtained by keeping A > 1. An optimal thickness for 

the preparation of self-rolling objects was 3 to 5 printed layers (~1.0–1.8 mm). Owing to the 

symmetrical printing pattern (100% infill rectangular mesh), printing directionality did not affect 

the self-rolling behaviour of fabricated objects. Despite the macroscopic size of the 3D-printed 

objects, the dynamic cycle was rapid and was accomplished within ∼20 s.  
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Figure 3.6. Solvated dynamics of the 3D-printed G6.5%_0.08EDA “cigar” cylinders: to initiate the self-

rolling cascade, the rolled cylinder (“cigar”) is submerged into DMF (t = 0). With the increasing 

residence time in DMF, the cylinder gradually swells and opens up (t =2–6 s), until it is fully 

unfolded and restores its original rectangular shape. After unfolding to a rectangular sheet, a 

spontaneous folding through the x axis begins (t = 10 s), and the rolling proceeds (t =11–20 s) until 

finally a folded “spiral” shape is formed (t = 20 s).  
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3.5. Conclusion 

In this work, 3D-printing of self-healing gels prepared from benzaldehyde-functionalized PHEMA 

and EDA were reported. Imine bonds allowed rapid and autonomous self-healing with 98% 

recovery from induced damages. An accurate tuning of rheological properties by controlling the 

degree of cross-linking and the concentration of the polymer resulted in successfully formulated 

3D-printable inks. A delicate balance between the ability to deform and flow, and a sufficient 

rigidity required for self-support and structural fidelity, was achieved. As a result, these self-healing 

gels could be 3D-printed with well-defined shapes, patterns and sizes. The self-healing ability of the 

3D-printed objects was demonstrated by rheology and qualitatively shown through the healing of 

macroscopic cuts. 3D-printed objects exhibited a dynamic response to their chemical environment, 

which was employed as a principle for fabrication of self-rolling objects. In a dry state, 3D-printed 

rectangles could spontaneously deform and roll into a well-defined cylindrical “cigar” shape. In 

DMF, the cylinders stretched by swelling, restored their rectangular shape and further transformed 

their shape into a “spiral”, by changing their axis of folding. 3D-printing of self-healing gels is a 

facile approach for a selective deposition of protective coatings, and a fabrication of smart and 

dynamic objects. 
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3.6. Supporting Information 

 

 

 

Scheme S3.1. Synthesis of benzaldehyde-functionalized PHEMA (PHEMA0.35-co-P4FBA0.65).  

PHEMA is synthesized by RAFT polymerization. Facile post-polymerization functionalization with 

4-formylbenzoic acid (4FBA) by Steglich esterification results in benzaldehyde-functionalized 

PHEMA (n=0.35, m=0.65 for 1 equivalent of DCC and 4FBA).   
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Figure S3.1. 1H-NMR spectrum of the synthesized PHEMA in DMSO-d6. Chemical shifts: δ=4.78 

ppm signal is attributed to the hydroxyl proton (e); δ=3.86 ppm corresponds to -OCH2C protons (c); 

δ=3.54 ppm represents –CH2OH protons (d); δ=1.74 ppm represents the protons of the aliphatic 

backbone of PHEMA (a); δ=0.90 ppm and δ=0.73 ppm correspond to the protons of the methyl 

group on PHEMA backbone (b).  

 

Figure S3.2. SEC traces of the synthesized PHEMA (Mn= 31 kDa, Ð =1.36). Peak broadening and 

 tailing can be attributed to the polymer interactions with the SEC column.37 
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Figure S3.3. 1H-NMR spectrum of PHEMA functionalized with 4FBA (PHEMA0.35-co-P4FBA0.65) 

in DMSO-d6. Chemical shifts: δ=9.93 ppm is attributed to the aldehyde proton (f); δ=7.88 ppm 

corresponds to aromatic protons of the benzene ring (g); δ=4.69 ppm is attributed to the protons of 

unfunctionalized hydroxyl groups (e); δ=3.78 ppm corresponds to–OCH2C of unfunctionalized 

PHEMA units (c); δ=3.45 ppm is attributed to–CH2OH of unfunctionalized PHEMA units (d); 

δ=4.32 ppm and δ=4.12 ppm are attributed to –OCH2C protons of functionalized PHEMA units 

(h,i) ; δ=1.73 ppm represents the protons on the aliphatic backbone of the polymer (a); δ=0.76 ppm 

represents protons of the methyl group on the backbone of the polymer (b).  

A successful esterification is supported by the appearance of a broad aldehyde peak at 9.93 ppm and 

a broad aromatic peak at 7.88 ppm, which are attributed to the protons of the benzaldehyde group of 

4FBA. The conversion of alcohols to aldehydes was calculated by comparing the integration of the 

aldehyde signal (f) to the alcohol signal (e):  n=0.35, m=0.65 for 1 eq. 4FBA. 
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Figure S3.4. (a) Chemical structure of self-healing gels prepared from PHEMA0.35-co-P4FBA0.65 

cross-linked with EDA. The reaction between aldehydes and amines allows a formation of dynamic 

imine bonds. (b) FTIR spectrum of G6.5%_0.08EDA demonstrates a decrease in the aldehyde signal at 

1720 cm-1 and a formation of a new imine peak at 1660 cm-1, indicating a successful cross-linking.  
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Figure S3.5. Dynamic moduli of G6.5%_0.08EDA 4 hours after preparation. G’ plateau at ~150 Pa 

indicates that the moduli stabilize about ~5 min post-preparation and don’t exhibit any significant 

further growth.  

 

 

Figure S3.6. Frequency sweep shows that the moduli of G6.5%_0.08EDA are frequency dependent.  
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Figure S3.7. Recovery performances of G6.5%_0.08EDA from repetitively induced mechanical 

damages. The recovery time increases with the increasing number of breaking-healing cycles from 

12 min to 22 min, 62 min and 70 min at the 1st, 2nd, 3rd and 4th cycle, respectively. For all the 

examined cycles, ~98% recovery was achieved.  

 

Figure S3.8.  Self-healing characteristics of G6.5%_0.08EDA after a secondary cross-linking with 0.7  

mg mL-1 EDA solution. (a) An immediate and full recovery of the network was achieved. (b) The 

recovery time required for self-healing of the gel was 2 min and remained constant upon 4 

continuous breaking-healing cycles, indicating a significantly faster recovery time than G6.5%_0.08EDA 

(>12 min). Faster recovery time is attributed to a higher content of dynamic imine bonds.    



138 
 

 

 

 

Figure S3.9. Control experiment: G6.5%_0.08EDA was reduced with sodium borohydride to convert 

dynamic imine bonds to amines. (a) FTIR spectrum of G6.5%_0.08EDA (self-healing gel) and 

G6.5%_0.08EDA after reduction (reduced gel): After the reduction, the spectrum reveals a formation of 

new absorbance bands, attributed to amine bonds: 1201 cm-1 (C-N stretch) and 817 cm-1  (N-H 

bend). (b) Strain sweep experiment of the reduced gel: After the gel was destroyed, only ~30% of 

the network recovered after 12 min and remained constant with time (in contrast to the self-healing 

gel, which reaches ~98% recovery). The partial recovery can be attributed to a small fraction of 

residual imines remaining in the network, and to a partial stabilization of the network by hydrogen 

bonding between the hydroxyl groups present on PHEMA backbone.  
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Figure S3.10. Basic printability assessment of ink formulations. Self-healing gels were loaded into 

a simple syringe with an attached nozzle (200 and 400 micron diameter), and manually pushed 

through. Filamentous ink strands, which exited the nozzle, were evaluated for their structural 

fidelity, typically by a simple inversion of the glass. (a) Soft and extrudable gels with a high 

printing potential would exhibit a fine filamentous shape, be extruded without a need for applying 

exceedingly high forces, retain their shape and allow a deposition of a few ink layers on top of each 

other. (b) Soft and spreadable gels would spread upon the inversion of their substrate due to an 

exceedingly fluidic nature. 

 

Figure S3.11. Gels prepared from PHEMA0.35-co-P4FBA0.65 cross-linked with EDA: (a) A non-

homogeneous gel is formed when neat EDA is directly introduced to the dissolved polymer. Local 

“islands” of solid gel (marked by an arrow) are dispersed in the unsolidified liquid. (b) Soft and 
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spreadable gel: this gel is very soft and is an easily flowing solid; however, its spreadable and 

unstable nature makes it unsuitable for fabrication of 3D-printable, self-supporting structures. (c) 

3D-printable gel: a well-balanced gel, which is soft enough to flow and stiff enough to retain its 

structural integrity. (d) Stiff gel: a non-flowing, stiff and extrusion-resisting gel.  

 

Figure S3.12. Dry self-assembly of the 3D-printed rectangular object: With the progress of drying, 

the rectangle re-orients from its planar sheet geometry to a cylinder (“cigar” shape). A gradual 

rolling over the y axis occurs with drying: (a) A 3D-printed G6.5%_0.08EDA  rectangle (w=1.0 cm, 

L=2.5 cm, z=1.0 mm) immediately after printing. (b) After a secondary cross-linking, drying, and 

detachment from the glass, the 3D-printed rectangle exhibits a locally stress-induced edges 

wrinkling, as a first step towards rolling. (c-d) Rolling through the y axis. After the initial wrinkling 

of the edges, the object starts to self-assemble into a more defined, cylindrical shape. (e) A final 

configuration of the fully rolled, self-assembled cylindrical rod (“cigar”). 

 

Movie S3.1. The movie that demonstrates the self-evolving behaviour of the 3D-printed structure  

can be found in the electronic supplementary information available in the link below (RSC 

 Molecular Systems Design & Engineering website):  

 

http://pubs.rsc.org/en/content/articlelanding/2017/me/c7me00023e#!divAbstract 

 

 

 

http://pubs.rsc.org/en/content/articlelanding/2017/me/c7me00023e#!divAbstract
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Chapter 4 

 

 

3D-Printing of Dynamic Self-Healing Cryogels with 

Tuneable Properties 
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4.1. Abstract 

We report a novel synthetic and processing methodology for the preparation of doubly dynamic, 

self-healing, 3D-printable macroporous gels. 3D-printable oxime hydrogels were prepared by cross-

linking poly(n-hydroxyethyl acrylamide-co-methyl vinyl ketone) (PHEAA-co-PMVK) with a 

bifunctional hydroxylamine. 3D-printed oxime hydrogels were subjected to post-printing treatment 

by thermally induced phase separation (TIPS), which facilitated the formation of hydrogen bonding 

and oxime cross-links, and dramatically increased the mechanical strength of soft oxime objects in a 

well-controlled manner by up to ∼1900%. The mechanical properties of the cryogels were tuned by 

freezing conditions, which affected the microstructure of the cryogels. These doubly dynamic 3D-

printed cryogels are macroporous, exhibit outstanding swelling performances, and can fully, rapidly 

and autonomously self-heal. 
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4.2. Introduction 

Self-healing materials possess a unique capability to recover from damage, thereby restoring their 

structure and function. Owing to their self-healing properties these nature-mimicking materials also 

derive the benefit of a prolonged lifetime and offer alternative solutions for damage repair.1,2 The 

development of self-healing materials has attracted a lot of attention,2–5 however, very few studies 

focus on their processability.6,7 

    Three-dimensional printing (3DP) has emerged as a promising technology for advanced 

manufacturing of objects fabricated layer-by-layer from a digital model.8–10 Potential applications of 

3DP have been successfully explored in a myriad fields, such as tissue engineering,11–14 catalysis,15 

actuation,16 and sensing.17 To expand the utility of 3DP, development of new printable materials is 

highly desirable and is becoming a topic of significant scientific interest.10,15 A particularly 

intriguing group of materials is functional hydrogels. These materials can be exploited as actuators 

and shape morphing devices,6,16,18 act as biomimetic tissue engineering scaffolds,8,11,12,14 or exhibit 

self-healing capabilities.6 Retaining large volumes of solvent, these 3D polymer networks are 

usually prone to poor mechanical robustness.2,19 Moreover, 3DP by commonly used extrusion-based 

technologies imposes additional restrictions on the mechanical strength and structural integrity of 

3D-printed gels, making this process extremely challenging.6  

     To be extrusion compliant, inks must be formulated within a well-specified rheological 

parameter range,6,9,12 making them even less versatile and softer than their non-printable analogues. 

To overcome these limitations, numerous techniques have been developed to reinforce soft 3D-

printed objects. Well-known approaches include secondary (post-printing) cross-linking with 

ultraviolet (UV) light,8,11,12,14 chemical or physical cross-linking by covalent or ionic cross-

linkers,6,8,19 evaporation induced curing,20 and thermally induced gelation.21,22 Despite their 

popularity, these methods rely on the addition of external compounds, such as photo-initiators or 

small molecules,8 or require a sophisticated design of polymers, which can exhibit concentration or 

temperature triggered self-assembly.20–22   
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     Herein, we explore thermally induced phase separation (TIPS) as a post-printing reinforcement 

technique, which enables the fabrication of macroporous 3D-printed objects. Post-printing freeze–

thaw cycles induce thermodynamically driven cross-linking of the polymer rich phase, resulting in 

well-controlled mechanical stabilization of soft gels. The macroporous structure of cryogels 

contributes to their improved mechanical strength.23 Recently, TIPS in combination with 3DP was 

reported as a useful approach to tailor the surface morphology of polymeric scaffolds.24 In this 

work, TIPS is explored as a novel tool for post-printing reinforcement of soft 3D-printable gels. 

More importantly, the mechanical properties of these self-healing cryogels are tuneable and can be 

modulated via the conditions of the freeze–thaw process. We design a doubly dynamic self-healing 

network by the synthesis of poly(n-hydroxyethyl acrylamide-co-methyl vinyl ketone) (PHEAA-co-

PMVK). The ketone groups are harnessed to form oxime bonds with a bifunctional hydroxylamine 

cross-linker, and therefore enable the formation of stable dynamic covalent bonds, making the gel 

self-healable. PHEAA has been chosen owing to its excellent water solubility, eliminating the need 

for organic solvents. More importantly, the amide and the hydroxyl groups of HEAA units have a 

strong ability to form hydrogen bonds, which enable physical cross-linking during TIPS and make 

the self-healing cryogels doubly dynamic. First, oxime gels are formed. These soft self-healing gels 

can fully and autonomously recover from damage,3,25 and are 3D-printable. Post-printing TIPS 

treatment makes these gels doubly dynamic by facilitating the formation of hydrogen bonds, and 

improves the mechanical robustness of the soft objects in a well-controlled manner. 

 

4.3. Experimental Section 

     4.3.1. Materials  

Chemicals were used as received unless otherwise stated. Triphenylphosphine (Alfa Aesar, 99%), 

diisopropyl azodicarboxylate (DIAD, Sigma Aldrich, 98%), n-hydroxyphthalimide (Alfa Aesar, 

98%), tetraethylene glycol (TEG, Alfa Aesar, 99%), hydrochloric acid (37%, RCI Labscan), 

potassium hydroxide (Analar Norampur, 85.9%), and hydrazine monohydrate (Sigma Aldrich, 
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98%) were used. Tetrahydrofuran (THF, 99.8%), anhydrous diethyl ether (99.5%), dichloromethane 

(DCM, 99.8%) and methanol (99.8%) were purchased from Chem-Supply. Absolute ethanol (100%, 

VWR) and Rhodamine B (Sigma Aldrich) were used. N-Hydroxyethyl acrylamide (HEAA, Sigma 

Aldrich, 97%) and methyl vinyl ketone (MVK, Sigma Aldrich, 90%) were purified by passing 

through a basic alumina column to remove the inhibitors. Azobisisobutyronitrile (AIBN, Sigma 

Aldrich, 98%) was recrystallized from methanol. Dialysis tubing (CelluSep, regenerated cellulose 

membrane, T-series, 6000 MWCO) was submerged in deionized water for 20 minutes prior to use. 

 

4.3.2. Instrumentation 

Size exclusion chromatography (SEC) was performed on a Shimadzu Liquid Chromatography 

system equipped with a Shimadzu RID-10 refractometer (λ = 633 nm) and a Wyatt 3-angle light 

scattering detector, with three Waters Ultrahydrogel columns in series ((i) 250 Å porosity, 6 μm 

dia-meter bead size; (ii) and (iii) linear, 10 μm diameter bead size) for separation. Milli-Q water 

with 0.1 vol% trifluoroacetic acid (TFA) was used as an eluent. Average molecular weights (Mn and 

Mw) and the polydispersity index (Đ) were calculated based on polyethylene glycol calibration 

standards. Nuclear magnetic resonance (13C- and 1H-NMR) was performed on a Varian 400 MHz 

spectrometer. A refrigerated thermostatic bath (Alpha RA series) filled with water and ethylene 

glycol was operated at −10 °C or −20 °C for gel freezing. Rheological studies were conducted on a 

controlled stress rheometer with 40 mm diameter parallel plate geometry (AR-G2, TA Instruments). 

For 3D-printing, a 3D-Bioplotter (Developer Series, EnvisionTec, Germany) with Bioplotter RP 

software for file processing was used. Printing parameters: ambient temperature printing with 0.6 

mm nozzle diameter, pressure of 4.0 bar, print head speed: 7.0 mm s−1, or high temperature printing 

(80 °C) with 0.4 mm nozzle diameter, pressure of 3.0 bar, print head speed: 12.0 mm s−1. Fourier 

transform infrared (FTIR) spectroscopy was performed on a Varian 7000 model, ATR mode. 

Confocal laser scanning microscopy (CLSM) was performed on a Nikon A1R+ microscope with a 

40× objective using a laser excitation wavelength of 561 nm. Data analysis was conducted with NIS 
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elements viewer software. Thermogravimetric analysis (TGA) was conducted on a PerkinElmer 

Diamond instrument (Pyris Diamond TG-DTA). 

 

4.3.3. Methods and Procedures 

Synthesis of PHEAA-co-PMVK 

PHEAA-co-PMVK was synthesized by free radical polymerization. HEAA (3.0 g, 26.057 mmol), 

MVK (1.9 g, 27.464 mmol) and AIBN (0.007 g, 0.0426 mmol) were combined in a 100 mL round 

bottom flask and sealed with a rubber septum. The mixture was placed in an ice bath, degassed by 

nitrogen bubbling for ∼30 min, sealed under nitrogen and placed in an oil bath heated to 60 °C. The 

mixture was left to react with stirring for 17 h. The reaction was quenched by placing the flask in an 

ice bath. The solid-like contents of the flask were diluted with methanol and precipitated into 

diethyl ether. The product was collected, dried, and dissolved in deionized water. The aqueous 

solution was dialyzed, followed by freeze-drying, after which a solid product was obtained. 

Synthesis of tetraethylene glycol bishydroxylamine (TEG-BHA) 

The synthesis was performed according to a reported procedure.26 

Preparation of 3D-printable self-healing oxime gels (Goxime) 

PHEAA-co-PMVK (1.0 g, 10.44 mmol) was dissolved in 10.0 mL deionized water and allowed to 

stir at room temperature until a fully homogeneous solution was obtained. TEG-BHA (6.0 mg, 0.02 

mmol) was slowly introduced to the polymer solution under rigorous stirring and mixed for 10 min. 

The gelation was indicated by a standard inversion test. 

Preparation of self-healing oxime gels with alternating degrees of cross-linking 

For the preparation of oxime cross-linked gels, PHEAA-co-PMVK (0.1 g, 1.04 mmol) was 

dissolved in 1.0 mL deionized water and allowed to stir at room temperature until a fully 

homogeneous solution was obtained. TEG-BHA (0.9 mg, 0.003 mmol) was slowly introduced to 

the polymer solution under rigorous stirring and mixed for 10 min. To obtain a lower degree of 

cross-linking, PHEAA-co-PMVK (0.1 g, 1.04 mmol) was dissolved in 0.9 mL deionized water and 
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allowed to stir at room temperature until a fully homogeneous solution was obtained. TEG-BHA 

(3.0 mg, 0.01 mmol) was dissolved in 1.0 mL deionized water. Afterwards, 0.1 mL of TEG-BHA 

solution was introduced to the PHEAA-co-PMVK solution, stirred and allowed to set. 

The gelation of the samples was indicated by a standard inversion test. 

Preparation of doubly dynamic self-healing cryogels 

0.7 mL fractions of freshly prepared Goxime were loaded into a syringe and cast into glass vials to 

form uniform gel discs (diameter: 20.0 mm, thickness: 5.0 mm). The vials were sealed and allowed 

to stabilize overnight at ambient temperature. After overnight solidification, the gels were 

transferred to a cooling bath set to −10 °C or −20 °C for 24 h. Afterwards, the gels were removed 

from the bath and allowed to thaw for 3 h at room temperature. Each freeze–thaw cycle was 

repeated as specified. These conditions were applied unless stated otherwise. 

For the study of the effect of cryogelation time on the mechanical properties of the gels, each 

freezing cycle was conducted at −10 °C for 4 h, followed by thawing at room temperature for 3 h. 

Rheological characterization 

A time sweep was applied to measure the storage and loss modulus of the gels. The measurements 

were conducted at a constant temperature of 25 °C, an angular frequency of 6.283 rad s−1, and 0.5% 

strain.6 The measurements were repeated in triplicate. The degree of reinforcement (R) was 

evaluated using formula (4.1): 

%𝑅 =
𝐺𝑛

′ −𝐺0
′

𝐺0
′ × 100     (4.1) 

where 𝐺𝑛
′   represents the average storage modulus of a gel after n freeze–thaw cycles, and 

𝐺0
′  represents the initial storage modulus of Goxime (without freeze–thaw treatment). 

The self-healing characteristics of the gel were assessed using an increased strain ramp conducted at 

25 °C and an angular frequency of 6.283 rad s−1. The flow properties of the gel (shear moduli as a 

function of stress, and apparent viscosity) were determined at 25 and 80 °C and an angular 

frequency of 6.283 rad s−1. A gelation kinetic study of Goxime was conducted by dissolving 0.1 g of 

PHEAA-co-PMVK in 1.0 mL deionized water. Afterwards, 0.6 mg of TEG-BHA was added to the 
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vial and stirred for a few minutes until fully homogenized. The contents of the vial were 

immediately transferred to the rheometer plate, followed by time sweep experiments conducted at 

25 °C, 0.5% strain and an angular frequency of 6.283 rad s−1. 

Frequency sweep was performed by examining the gel in the range of 0.01–10.0 Hz at 25 °C and 

1.0% strain. 

Mechanical testing27 

Compression tests were performed on an Instron (Micro Tester 5848) equipped with a 5.0 kg load 

cell. Gel samples (20.0 mm diameter, 5.0 mm thickness) were placed between the compression 

discs and deformed at a constant strain rate of 60% per minute. Young’s (compression) modulus 

was extracted from stress–strain curves, by determining the slope of the curves in the low strain 

linear region (0–10% strain).27 All the measurements were performed 3 times. 

Degree of swelling 

The gels were dried under vacuum for 24 h, until no further change in their weight was observed. 

The weight of the samples was monitored. After drying, the gels were submerged in deionized 

water overnight, gently wiped to remove excess surface water and weighed. The degree of swelling 

(S) was calculated according to formula 4.2:19,27 

%𝑆 =
𝑊𝑠

𝑊𝑑 
× 100   (4.2) 

where Wd and Ws represent the weight of the dry and the swollen gels, respectively. 

To examine the effect of pH on the degree of swelling, the same procedure was repeated with an 

acid (aqueous HCl solution, pH = 4.5) and a base (aqueous KOH solution, pH = 8.5) instead of 

deionized water. 

Porosity 

The evaluation of porosity (P) was performed using the solvent replacement method.28 Briefly, the 

gels were dried under vacuum to a constant weight. The dry weight was monitored. Afterwards, the 

dry gels were submerged in absolute ethanol overnight, wiped to remove excess solvent and 

weighed. The porosity was calculated according to formula 4.3:  
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%𝑃 =
𝑊𝑠−𝑊𝑑

𝑉𝜌
× 100     (4.3) 

where Wd and Ws are the weight of the dry and the swollen gel, respectively, V is the volume of the 

gel, and ρ is the density of absolute ethanol. 

Morphological characterization 

The morphology of the gels was characterized by CLSM to retain the hydrated state of the gels and 

to prevent pore collapse under vacuum. The gels were soaked in an aqueous solution of Rhodamine 

B (0.09 mg mL−1) overnight. Afterwards, the gels were soaked in a deionized water reservoir and 

thoroughly washed several times to remove any excess dye. The pore size and wall thickness of the 

cryogels (average ± stdev) were analysed using the NIS elements software. 

3D-printing of Goxime 

Goxime was loaded into a disposable syringe equipped with a 0.6 mm nozzle and compressed until a 

good contact between the gel and the lid of the syringe was obtained and air evacuated. The syringe 

was placed into the 3D-Bioplotter machine, followed by standard purging and calibration 

procedures. Printing conditions (print head speed and pressure combination) were optimized to 

produce a stable, continuous and shape retaining filament strand (optimal printing conditions: 4.0 

bar pressure, 7.0 mm s−1 print head speed, 25 °C). In addition to ambient conditions, Goxime was also 

printed at 80 °C (stainless steel cartridge was used instead of a disposable plastic syringe). Optimal 

printing parameters: 0.4 mm nozzle diameter, 3.0 bar pressure, 12 mm s−1 printing speed. 

Post-printing (secondary) reinforcement by TIPS 

Goxime scaffolds (100% infill, 2.0 cm diameter, 0.5 cm thickness) were 3D-printed onto a glass slide 

and placed on the bottom of a glass vessel. After sealing, the vessel was placed in a thermoset 

controlled water bath set to −10 °C or −20 °C and subjected to a specified number of freeze–thaw 

cycles. 

Thermal stability analysis 
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The thermal stability of PHEAA-co-PMVK was assessed by TGA. 6.9 mg of PHEAA-co-PMVK 

were placed in an alumina crucible and the sample was heated at a constant rate of 10 °C min−1 

from 40 °C to 600 °C under a nitrogen flow of 200 mL min−1. 

 

4.4. Results and Discussion 

Engineering doubly dynamic, self-healing and 3D-printable gels requires a strategic design of a 

polymer system with multiple functionalities and well-defined properties. A facile free radical 

copolymerization of cheap and accessible HEAA with MVK (∼40% yield, Mn = 284 kDa, Đ = 

2.39) enabled the synthesis of a multi-functional platform in which the ketone groups of MVK act 

as reactive sites to form oxime cross-links (see Figures S4.1–S4.3 for the 1H-NMR and 13C-NMR of 

PHEAA-co-PMVK, Figure S4.4 for SEC traces of PHEAA-co-PMVK, and Figure S4.5 for 1H-

NMR and a detailed synthesis procedure of TEG-BHA). Oxime chemistry has been chosen owing 

to its high hydrolytic stability,29,30 and the ability to autonomously self-heal.3,31 The HEAA units of 

PHEAA-co-PMVK add a second dynamic functionality to the system by facilitating the formation 

of physical cross-links via hydrogen bonding during the cryogelation process. The excellent water 

solubility of HEAA eliminates the need for organic solvents and enables hydrogel formation in non-

toxic aqueous media. The generalized method for the formation of 3D-printable, doubly dynamic, 

self-healing cryogels is presented in Scheme 4.1. 

     To be printable, gels must possess a good balance between the ability to flow and the ability to 

retain their 3D structure without collapsing. Therefore, a delicate rheological balance is required to 

formulate inks with optimal 3D-printing characteristics.6,12 Unlike commonly reported printing of 

non-covalently cross-linked gels and polymer assemblies,11,13,21 3DP of covalently cross-linked gels 

has the potential to be a challenging task due to a higher strength of covalent bonds, yet it remains 

desirable for the printing of materials requiring higher stability and diverse functionalities. 
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Scheme 4.1. A schematic of the methodology used to form 3D-printable, doubly dynamic self-

healing cryogels. 3D-printing of oxime gels is followed by post-printing cryogelation, which 

induces the formation of macropores and physical cross-links by hydrogen bonding, and reinforces 

the object. The inset demonstrates the chemical structure of the cryogels and their macroporous 

morphology. 

 

The adjustment and optimization of oxime ink formulations was conducted according to an 

established approach.6 Goxime was selected as an optimal formulation for 3DP in the current work. 

Rheological characterization of Goxime confirms its suitability for extrusion based 3DP (Figure 4.1). 

The apparent viscosity measurements of Goxime indicate that the gel exhibits shear thinning 

behaviour, an essential criterion for extrudeability, and exhibits a good fit to a power law model32 

(Figures 4.1a and S4.6). The increase in temperature from 25 °C to 80 °C resulted in a significant 

decrease in apparent viscosity, enabling the printing at more moderate pressures. Similar printing 
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performances were obtained at 25 °C and 80 °C. Printing at high temperatures was achievable due 

to the high thermal stability of PHEAA-co-PMVK, as indicated by the TGA (Figure S4.7). 

   Other important parameters for formulating extrudeable materials are the storage modulus and the 

point of flow associated with the yield stress. The applied shear stress generated in the print head 

must exceed the yielding point of the gel in order to induce flow.9 At ambient temperature, Goxime 

starts flowing at ∼1000 Pa and its storage modulus is 82 Pa. At 80 °C, the stress required to induce 

Goxime flow decreases to ∼400 Pa and the storage modulus to 40 Pa (Figure 4.1b). The Goxime 

formulation is in an appropriate rheological range for successful 3D-printing, and its rheological 

parameters are in agreement with previously reported values.6,9,11,12 The extrusion of Goxime resulted 

in the formation of well-structured and stable filamentous strands, suitable for layer-by-layer 

deposition (Figure 4.1c). After the extrusion-induced shear was stopped, printed filaments exhibited 

fast shape recovery to well-defined self-supporting shapes. Although the 3DP of Goxime allowed 

fabricating only simple architectures, 3D-printed objects successfully retained their structure 

without collapsing, and enabled subsequent mounting of multiple ink layers on top of each other 

without spreading (Figure 4.1d). Owing to the fast fusion of the filaments, solid and fully 

symmetrical infill patterns (100% infill mesh), printing directionality had no effect on the gels’ 

properties. 

    Rapid, full and autonomous recovery from damage is a significant advantage for self-healing 

systems as they eliminate any need for the application of an external stimulus to fully heal the 

damage. The evaluation of Goxime and the cryogels’ self-healing performance was conducted by 

using rheology measurements and induction of macroscopic cuts. Rheological analysis of Goxime 

shows that at high strains (∼2200%) the network is destroyed. This trend is indicated by a sharp 

decrease in storage modulus, and the intersection of G′ and G″. The self-healing (dynamic) response 

of the gel is indicated by the immediate recovery of G′ to its initial values at low strain (Figure 

4.2a). Frequency sweep experiments revealed that Goxime exhibits frequency dependent behaviour, 

which is a characteristic of (albeit not unique to) self-healing gels (Figure S4.8).4,33 
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Figure 4.1. Rheological characterization and the 3DP performance of Goxime: (a) apparent viscosity 

curves of Goxime at 25 °C (black squares) and 80 °C (red triangles). The gel exhibits shear thinning 

behaviour, suitable for 3DP. (b) Shear yielding of Goxime at 25 °C (black squares) and 80 °C (red 

triangles). (c) A stable, shape-retaining extruded filament of Goxime. (d) 3D-printed hollow structure 

(6 layers of Goxime ink printed at 80 °C on top of a glass substrate). The structure did not collapse 

upon substrate inversion, indicating its structural integrity. The inset demonstrates a caption taken 

from the top of the same hollow object. 

 

Finally, Goxime and the cryogel recovery from macroscopic cuts were examined. After the induction 

of a scalpel cut, the 2 halves of the gels were immediately brought into contact and the recovery of 

the gel to a single unit was followed (Figures 4.2b–d and S4.9). After ∼3 hours at ambient 

temperature, and without any external additives, the damaged gels were healed and were able to 

support themselves under gravity. Owing to the dynamic nature of Goxime and its instant recovery, 
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extrusion through a nozzle did not affect the gel. While oxime bonds can be disrupted by the 

printing shear, their ability to instantly recover from high mechanical strains enables them to retain 

their intact properties. 

 

 

Figure 4.2. Self-healing performances of Goxime and the doubly dynamic cryogels: (a) self-healing 

rheology of Goxime. The gel recovers from high strain destruction. The gel exhibits an immediate and 

full recovery. (b) 3D-printed Goxime scaffold after 3 cryogelation cycles at −10 °C and induction of 

macroscopic cuts (a representative cryogel is demonstrated). (c) The damaged halves of the scaffold 

were brought into contact, to facilitate the healing process. (d) The damaged scaffold recovered 

from the cut, and could be lifted as a single self-supporting unit after ∼3h. 

 

     In addition to the 3D-printable Goxime, we have examined the effect of alternating degrees of 

cross-linking on the mechanical and self-healing properties of the gels (Figure S4.10). As expected, 

with the increase in the wt. % of TEG-BHA, stiffer gels were formed. The examined gels retained 
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their self-healing ability, and fully recovered from high-strain network destruction. However, these 

gels were not suitable for 3DP and were either too soft and spreadable, or densely cross-linked and 

therefore prevented a smooth mass flow during their extrusion.  

    The effect of post-printing treatment of soft Goxime by TIPS was explored and a structure–property 

investigation was conducted. Subjecting Goxime to subsequent freeze–thaw cycles was found to be an 

efficient method to increase the strength of Goxime in a well-controlled manner. The approach 

enabled a sensitive tuning of the mechanical properties through the precise control over TIPS 

conditions, such as freezing temperature, the number of cycles and the cycle’s duration. The effect 

of TIPS treatment is demonstrated in Figure 4.3. With the increasing number of cryogelation cycles 

a significant increase in storage modulus is observed, indicating the reinforcement effect of TIPS. 

Moreover, the reinforcement rate was highly dependent on the freezing temperature. When the 

freezing temperature was −10 °C, a higher reinforcement at a faster rate was achieved compared to 

freezing at −20 °C, (Figure 4.3a and b). Freezing at −20 °C increased the storage modulus by up to 

∼500% after 5 cycles. Freezing at −10 °C resulted in a much more drastic storage modulus increase 

of up to ∼1900% after the same number of cycles. In both cases, the method allowed a very 

significant and gradual increase in the mechanical strength of Goxime, demonstrating the advantages 

of this method in the reinforcement of soft materials. To investigate the effect of cryogelation time 

on the mechanical properties of Goxime the freezing time has been decreased from 24 to 4 h. As 

expected, a longer cryogelation time resulted in a more significant reinforcement effect by enabling 

more time for the cross-links to form (Figure S4.11). 

After TIPS treatment (3 cycles or more at −10 °C or 5 cycles at −20 °C), the storage modulus of the 

cryogels becomes similar (or higher) to that of the previously reported non-printed self-healing 

gels.4,5,34 More importantly, unlike soft Goxime, the cryogelated objects could be easily handled, 

lifted and displaced from the substrate without spreading. After TIPS treatment the objects were 

reinforced, and therefore the cryogels are not printable. However, the cryogels remained complaint 

to some degree of deformation and shaping. The reinforcement effect of TIPS was also supported 
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by compression tests, which are in good agreement with the rheological data, and indicate a gradual 

increase in Young’s (compression) modulus with the increasing number of TIPS cycles (Figure 

S4.12). 

     The reinforcement effect can be attributed to the formation of hydrogen bonding (physical) 

cross-links induced by the cryogelation process. It is well-known that cooling aqueous solutions 

containing cryogel precursors to subzero temperatures generates cryo-concentrated microphases, 

surrounded by ice crystals.35,36 These polymer-rich zones facilitate interactions between polymer 

chains which can form physical cross-links.33,35 Since the polymer system contains multiple 

hydrogen bonding motifs, we hypothesized that the cryogelation process can facilitate physical 

cross-linking between the Goxime chains, and hence introduce a second dynamic functionality to the 

self-healing system. FTIR analysis of Goxime and the cryogels supports this hypothesis (Figure 

S4.13). The FTIR spectra indicate that after cryogelation, a significant broadening and an increase 

in signal intensity of bound hydroxyl (2957–3687 cm−1) and carbonyl (1637 cm−1) groups occur. 

Moreover, the bound hydroxyl peak has shifted from 3367 to 3342 cm−1 as a result of cryogelation. 

These results provide evidence for hydrogen bonding enhancement by TIPS. In addition to the 

formation of physical cross-links by TIPS, it has recently been reported that low temperatures can 

actually increase the rate of oxime ligation.37 Agten et al. demonstrated that freezing can catalyse 

the formation of oxime ligation.37 Therefore, repeated freezing of Goxime may also account for the 

increased strength of Goxime after freezing cycles. 

    To investigate the stabilization of Goxime, gelation kinetic studies were conducted. Rheological 

data indicates that the sol-to-gel transition occurs within ~1 h (Figure S4.14a). Re-examination of 

the same sample after overnight stabilization (16 h) revealed that G′ values remained unchanged 

and stable without further growth. This provides evidence of the full completion of the TEG-BHA 

cross-linking reaction under ambient conditions before cryogelation (Figure S4.14b). Unlike 

traditional types of cryogel precursors such as colloidal dispersions, monomeric, or polymeric 

precursors,35 the method described herein allows the formation of cryogels from gels and therefore 
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represents a novel approach towards the formation of macroporous materials from solid, cross-

linked precursors.  

     The changes in the degree of swelling of oxime cryogels provide additional evidence to confirm 

the formation of cross-links by cryogelation. With an increasing number of freeze–thaw cycles, a 

decrease in swelling was observed (Figure 4.3c). Moreover, an inverse correlation between the 

storage modulus and the degree of swelling of all the prepared cryogels was also observed (Figure 

4.3d). As expected, with the increasing number of subsequent cryogelation cycles, more cross-links 

are formed, which results in an increased mechanical strength and decreased swelling capabilities. 

The results are in good agreement with the literature.33 Goxime and doubly dynamic self-healing 

cryogels exhibit an extremely high degree of swelling. Goxime increased in weight by ∼11 000% by 

water uptake, Goxime was subjected to 5 freeze–thaw cycles at −10 °C and swelled by ∼1000%, and 

Goxime was subjected to 5 freeze–thaw cycles at −20 °C and swelled by ∼3000%. The observed 

differences between the swelling capacities of the cryogels indicate that the cross-links remain 

stable and do not get disrupted by interactions with water. The swelling of Goxime and the cryogels in 

the acid and base was studied in order to assess their response to alternating pH values. When the 

gels were introduced to the acid (pH = 4.5) and base (pH = 8.5) their degrees of swelling decreased 

compared to the degrees of swelling in deionized water (Figure S4.15a). In agreement with these 

observations, rheological examination of the gels confirmed the increase in their storage modulus in 

the acid and base (Figure S4.15b). These results indicate that the acid and base can enhance the 

cross-linking of the gels and affect their interactions with water. The presence of an acid can 

catalyse the formation of oxime bonds38 by the protonation of ketone groups, making them more 

prone to nucleophilic attack by the unreacted TEG-BHA. Basic conditions had a similar effect on 

the gels. The understanding of the observed results under basic conditions requires a more detailed 

future investigation. 
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Figure 4.3. Mechanical properties and swelling characteristics of Goxime and doubly dynamic, self-

healing cryogels. (a) Storage modulus as a function of the number of freeze–thaw cycles at −10 °C 

(blue circles) and −20 °C (black squares). The modulus increases with the number of cycles, 

indicating the reinforcement effect of the cryogelation process. (b) Reinforcement (%) of cryogels 

prepared at −10 °C (blue circles) and−20 °C (black squares). A significant increase in strength is 

observed with cryogelation cycles. (c) Degree of swelling of Goxime (red diamond), and the cryogels 

prepared at −10 °C (blue circles) and −20 °C (black squares). A decrease in swelling with the 

number of cryogelation cycles was observed, indicating an increase in the degree of cross-linking. 

(d) A correlation between the mechanical strength and the degree of swelling of all the prepared 

cryogels demonstrates cryogelation-induced cross-linking. 
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    Rheological characterization of the cryogels indicates that the self-healing properties of the gels 

were not affected by TIPS, and the cryogels retained the ability to recover from network destruction 

(Figure S4.16). Interestingly, the recovery tendency of Goxime and the cryogels were very similar 

and all the gels exhibited an immediate recovery. This similarity can be attributed to the 

methodological sensitivity, which does not provide a sufficient resolution to distinguish between 

these differences, especially when the recovery is instant and full. However, despite the similarity in 

the self-healing behaviour (recovery time and %), the rheological response of the gels to the applied 

strain was different and strongly dependent on the mechanical strength of the gels. Soft gels (G′ ∼ 

100 Pa) with a low degree of cross-linking (Goxime and the cryogel prepared by 2 freeze–thaw cycles 

at −20 °C, Figure 4.2a and S4.16b, respectively) can withstand high strains (∼2000%) before 

reaching a failure point. Highly cross-linked and stiffer cryogels (G′ ∼ 1000 Pa, cryogels prepared 

by 4 freeze–thaw cycles at −10 °C, Fig. S4.16a), on the other hand, fail at much lower strains 

(∼60%). Similar behaviour of soft and strong gels has been previously observed by Rutz et al.12 

These differences can be explained by the fact that the polymer chains of softer gels (less cross-

linked) are less constrained, and therefore have more freedom to deform and disentangle, requiring 

higher strains to reach their failure. 

    The differences between the degree of cross-linking and therefore the mechanical performance of 

oxime cryogels prepared at −10 °C and −20 °C can be explained by the cryogel microstructure. At 

lower freezing temperatures, the freezing rate is faster, and therefore the water crystalizes more 

rapidly, resulting in smaller crystals. Small water crystals are associated with a smaller pore size 

and thinner walls, as has been previously reported.36,39 CLSM indicates that the cryogels prepared at 

−20 °C have a smaller pore size and thinner walls than the cryogels prepared at −10 °C and are 

therefore mechanically weaker (Table 4.1). CLSM analysis of Goxime and the cryogels is presented 

in Figures 4.4 and S4.17. While Goxime has a non-porous structure, the cryogels exhibit a sponge-

like macroporous structure, which was generated by cryogelation. Ice crystals act as non-toxic and 

natural porogens, which leave well-defined pores after ice thawing.36 CLSM morphological analysis 
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shows that a slower freezing rate also enables better control over the freezing process, which is 

reflected by a more uniform pore shape and size (Figure 4.4b). In contrast, an extremely fast 

freezing rate results in more random pore morphology (Figure 4.4c). All the parameters of Goxime 

and the doubly dynamic cryogels are summarized in Table 4.1. 

Entry 

Freezing 

temperature 
[°C] 

 

Number 

of  

cycles 

Storage 
a 

modulus
 

[Pa] 

Young’s 
b
 

modulus 
[Pa] 

Swelling c  

degree 
 

[%] 
Porosity 

[%] 
Pore size 

[µm] 

Wall 

thickness 
[µm] 

G
oxime

 NA NA 82 ± 2 1243 ± 831 10925 ± 3500 NA NA NA 

G1 -10 2 416 ± 9 2730 ± 1129 2105 ± 356 64.0 ± 3.6 23.5 ± 10.9 7.4 ± 1.8 

G2 -20 2 151 ± 5 1700 ± 306 6665 ± 722 69.0 ± 3.5 6.4 ± 4.5 4.0 ± 1.4 

G3 -10 4 1591 ± 13 3213 ± 402 1319 ± 44 49.7 ± 6.4 16.7 ± 3.5 6.5 ± 1.9 

G4 -20 4 340 ± 55 2743 ± 220 5039 ± 375 45.0 ± 4.2 6.5 ± 7.3 2.9 ± 1.0 

 

 Table 4.1. Summary of mechanical, physical and morphological properties of Goxime and the 

doubly dynamic self-healing cryogels. 

a Determined by rheology tests (average ± stdev, n=3). 

 b Determined by compression tests (average ± stdev, n=3). 

c In deionized water 
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Figure 4.4.CLSM morphological characterization of Goxime and the cryogels prepared at different 

freezing temperatures. (a) Goxime exhibits a non-porous structure. (b) Goxime subjected to 

cryogelation at −10 °C, after 4 subsequent freeze–thaw cycles. The cryogel exhibits a macroporous 

structure with an average pore size of 16.7 µm and an average wall thickness of 6.5 µm. (c) Goxime 

subjected to cryogelation at −20 °C, after 4 subsequent freeze–thaw cycles. The cryogel exhibits a 

macroporous structure with an average pore size of 6.5 µm and an average wall thickness of 2.9 

µm. Lower cryogelation temperature results in weaker gels with a smaller pore size and wall 

thickness. 
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4.5. Conclusion 

We present doubly dynamic and self-healing cryogels with a macroporous structure and tuneable 

mechanical strength by TIPS. In conjunction with 3DP, this method enables a facile post-printing 

reinforcement of soft 3D-printed gels, eliminating the need for additional chemicals or UV 

equipment. Soft 3D-printable gels are able to be reinforced by up to ∼1900%, making soft 3D-

printed objects strong and easily handled. 

The mechanical strength of TIPS-treated gels can be modulated in a well-controlled manner via a 

specific choice of freeze–thaw conditions. Different freezing rates resulted in distinct 

microstructures of the cryogels and therefore different physical and mechanical characteristics. The 

formation of macroscopic interconnected pores was facilitated by hydrogen bonds between the 

PHEAA-co-PMVK chains, which could interact in polymer enriched macrophases during 

cryogelation. It was demonstrated that in addition to conventional cryogel precursors, solid gels can 

act as cryogel precursors. 3D-printable oxime gels and doubly dynamic cryogels prepared in this 

work exhibited rapid, full and autonomous recovery from damage (self-healing), making them 

promising functional materials for applications requiring extensive utilization and prolonged 

lifetimes. Moreover, their macroporous structure and tuneable mechanical properties make them 

promising candidates for biomedical applications. More importantly, we envision that the novel 

approach presented in this work is not limited to PHEAA-co-PMVK, and can be potentially 

implemented in other functional systems as a generalized reinforcement methodology. 
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4.6. Supporting Information 

 

 

Figure S4.1.  1H-NMR of PHEAA-co-PMVK (400 MHz, D2O).  

Chemical shifts: δ 3.12 ppm (-N-CH2-C-), 3.47 ppm (-C-CH2-O-), 2.01 ppm (-CH3), 0.98-2.37 ppm 

(-C-CH2-CH-C- [backbone protons]).   

Copolymer composition was established by integration of peaks f and g (4n, I=1.0) and peaks a, b, c 

(6m+3n, I=1.93): n=0.25, m=0.19 
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Figure S4.2. 1H-NMR of PHEAA-co-PMVK (400 MHz, DMSO-d6).  

Chemical shifts: δ 7.70 ppm  (-C-NH-C-), 4.53-5.09 ppm (-C-OH), 3.05 ppm (-N-CH2-C-), 3.36 

ppm (-C-CH2-O-), 2.0 ppm (-CH3), 0.86-2.26 ppm (-C-CH2-CH-C- [backbone protons]).   

 

 

Figure S4.3.  13C-NMR of PHEAA-co-PMVK (400 MHz, DMSO-d6).  

Chemical shifts: δ 29.04 ppm (-O=C-CH3), 47.98 ppm (-NH-CH2-C-), 59.80 ppm (-C-CH2-OH), 

174.20 ppm (-N-C=O), 211.03 ppm (C-C=O). 
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Figure S4.4. SEC traces of PHEAA-co-PMVK (Mn=284 kDa, Ð=2.39).  

 

Synthesis of tetraethylene glycol bishydroxylamine (TEG-BHA):26 

To a solution of tetraethylene glycol (2.0 g, 10.3 mmol), triphenylphosphine (8.1 g, 27.7 mmol) and 

N-hydroxyphthalimide (3.53 g, 21.6 mmol) in THF (160 mL) was added DIAD (6.25 mL, 31.7 

mmol) in THF (40 mL) dropwise. The reaction was stirred at room temperature overnight before 

being concentrated under vacuum. The crude product was redissolved in a 80% ethyl acetate: 20% 

hexane solution causing crystallisation of the triphenylphosphine oxide (PPh3O) by-product which 

was removed via filtration. The filtrate was then concentrated under vacuum and purified by flash 

chromatography using ethyl acetate:hexane (50:50 increasing to 90:10). The product (N-

hydroxyphthalimide protected TEG) was collected as a white solid (3.21 g, 64%). 1H-NMR (400 

MHz, CDCl3): δ 7.70-7.62 (m, 8 H, Ph-H), 4.22 (bt, 4H, -CH2), 3.71 (bt, 4H, -CH2), 3.47 (bt, 4H, -

CH2), 3.37 (bt, 4H, -CH2). 

To the N-hydroxyphthalimide protected TEG (2.0 g, 4.1 mmol) in MeOH (30 mL) was added 

hydrazine monohydrate (0.81 mL, 16.6 mmol) and the solution stirred at room temperature 

overnight. The crude solution was filtered to remove the solid precipitate and the filtrate collected 

and concentrated under vacuum. An excess of HCl was added and the solution dried under vacuum. 

The resulting solid was washed thoroughly with DCM yielding the pure product as a pale yellow 

salt (1.15g, 94%).  
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Figure S4.5. 1H-NMR of TEG-BHA, (400 MHz, CDCl3). Chemical shifts: δ 4.24 ppm (t, 4H, -

CH2), 3.82 ppm (t, 4H, -CH2), 3.71ppm (s, 8H, -CH2). 

 

 

 

 

Figure S4.6. Flow curves of Goxime at 25°C and 80°C. The gel shows a good fit to the power law 

model:𝜂 = 𝐾�̇�𝑛−1, where η is the apparent viscosity, K is the consistency index, �̇� is the shear 

rate and n is the power law index. The gel exhibits a shear thinning behaviour (n<1), making it 

suitable for 3DP.  

 

ppm
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Figure S4.7. TGA curve of PHEAA-co-PMVK. The polymer exhibits high thermal stability (up to 

~273°C), and no degradation signs were observed at 80°C (~96% of the original weight was 

retained, indicating stability).   

 

 

 

Figure S4.8. Frequency sweep of Goxime. The gel exhibits frequency dependent behaviour, which 

indicates the dynamic nature of the gel forming bonds. 
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Figure S4.9. Self-healing of the 3D-printed Goxime. (a) Intact 3D-printed Goxime object. (b) The 

object after a scalpel cut. Due to the soft nature of Goxime before TIPS treatment, the aggressive cut 

and the essential manual touching of the object resulted in its spreading and shape loss. (c) The 

pieces of the cut object were brought together to self-heal. (d) A self-healed object lifted as a single 

unit against gravity.  

 

Figure S4.10. The effect of cross-linking on the mechanical and self-healing properties of oxime 

gels. Different wt % ratios of TEG-BHA to PHEAA-co-PMVK were examined: 0.3%, 0.6% 

(Goxime), and 0.9%. (a) Storage modulus of the gels. The strength increases with the increasing 
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degree of cross-linking. (b) Strain sweep of oxime gel with a high degree of cross-linking (0.9 wt% 

TEG-BHA). The gel self-heals and fully recovers from high strains destruction.  (c) Strain sweep of 

the soft oxime gel (0.3 wt% TEG-BHA). The gel fully recovers from high strains damage and self-

heals.  

 

 

Figure S4.11. The effect of cryogelation time on the reinforcement of Goxime  (-10°C). When the 

freezing cycle was only 4 h, the reinforcement effect could not be achieved within the first 2 cycles. 

With the increasing number of cryogelation cycles, the reinforcement effect became more 

pronounced, until finally up to ~900% reinforcement was achieved. When the freezing cycles lasted 

24 h, a gradual and significant reinforcement of up to ~1900% was achieved.  
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Figure S4.12. Young’s (compression) modulus of Goxime and the cryogels (average ± stdev are 

presented). Compression tests demonstrate a significant increase in Young’s modulus with the 

increasing number of cryogelation cycles. In a good agreement with rheological characterization, 

the reinforcement effect is stronger at -10°C than at -20°C.  
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Figure S4.13. FTIR normalized spectra of Goxime (black curve) and a representative oxime cryogel 

(2 freeze-thaw cycles,-20°C, red curve). (a) The spectra demonstrate the increase in hydrogen 

bonding after cryogelation, as evidenced by the increase in the intensity and the broadening of the 

bound hydroxyl groups peak (2957-3687 cm-1), and the bound carbonyl stretching band of 

secondary amines (1637 cm-1). (b) The bound hydroxyl peak shift from 3367 to 3342 cm-1 was also 

observed (indicated by the software peak analyser).  

 

Figure S4.14. Gelation kinetics of Goxime. (a) Sol-to-gel transition (crossover point) is observed 

after ~1 h of TEG-BHA introduction to PHEAA-co-PMVK solution. (b) Dynamic moduli of Goxime 
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16 h after the cross-linking reaction was initiated. The moduli are fully stabilized overnight, 

indicating a complete maturation of the gel at ambient temperature. 

 

Figure S4.15. The effect of pH on Goxime and the cryogels. (a) Degrees of swelling of Goxime and the 

cryogels after 2 and 4 freeze-thaw cycles at -20°C at acidic, basic and neutral conditions. (b) 

Storage moduli of Goxime and the cryogels after 2 and 4 freeze-thaw cycles at   -20°C at acidic, basic 

and neutral conditions. The storage modulus values at pH=7.0 presented here are after gels swelling 

in deionized water (to be comparable with gels swollen in acid and base), and are therefore lower 

than the values reported in Figure 4.3 (gels as prepared).  

 

Figure S4.16. Self-healing of the cryogles characterized by rheology (curves of representative 

cryogels are demonstrated). (a) Goxime  after 4 freeze-thaw cycles at -10°C. The cryogel exhibits an 
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immediate recovery from the network destruction. (b) Goxime  after 2 freeze-thaw cycles at -20°C. 

The cryogel instantly self-heals.  

 

Figure S4.17.  Morphological characterization of the cryogels prepared by subjecting Goxime to 2 

TIPS cycles. (a) Cryogel prepared at -10°C (average pore size of 23.5 µm and wall size of 7.4 µm). 

(b) Cryogel prepared at -20°C (average pore size of 6.4 µm and wall size of 4.0 µm).  
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5.1. Abstract  

Molecular weight and dispersity (Ð) influence physical and rheological properties of polymers, 

which are of significant importance in polymer processing technologies. However, these parameters 

provide only partial information about the precise composition of polymers, which is reflected by 

the shape and symmetry of molecular weight distribution (MWD). In this work, the effect of MWD 

symmetry on thermal and rheological properties of polymers with identical molecular weights and 

Ð is demonstrated. Remarkably, when the MWD is skewed to higher molecular weight, a higher 

glass transition temperature (Tg), increased stiffness, increased thermal stability, and higher 

apparent viscosities are observed. These observed differences are attributed to the chain length 

composition of the polymers, easily controlled by the synthetic strategy. This work demonstrates a 

versatile approach to engineer the properties of polymers using controlled synthesis to skew the 

shape of MWD. 
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5.2. Introduction 

Understanding the thermal and viscoelastic properties of polymers is critical for the engineering and 

determination of processing conditions in important industrial technologies, such as hot-melt 

extrusion (HME), injection molding, and 3D-printing (3DP).1–4 It is well known that rheological 

properties of polymers are strongly influenced by their chemical structure, molecular weight, and 

polydispersity (Ð).2,5–10 In particular, variations in Ð change the relaxation profiles of polymers by 

shifting their crossover point, and affect the range of deformation rates and temperatures required 

for melt processing.2,5 However, Ð provides only partial information about the relative distribution 

of polymer chain sizes, being defined as a ratio of the weight-average (Mw) and the number-average 

(Mn) molecular weights. Therefore, Ð does not provide information about the symmetry and shape 

of molecular weight distribution (MWD), which also influences polymer properties.11,12 Previous 

studies on MWD effects on polymer properties have been limited in their rigor due to insufficient 

technology to precisely control the shape and symmetry of the distribution. A simple approach to 

tuning polymer processability without changing its chemical characteristics is highly desirable.  

   Recently, we developed a synthetic strategy to control the MWD shape of polymers with identical 

Mn and Ð by feeding the initiation species into a controlled polymerization process at predetermined 

rates and times. This temporal control of chain initiation dictates the molar quantities of each chain 

length in the final material.11,12 This simple and scalable synthetic method to control the symmetry 

(skewness) of MWDs enables the next generation of structure property investigations. Of particular 

interest is the effect of molecular composition, or skewness of the distribution, on the rheological 

properties of polymers. This modular approach enables the preparation of polymers with 

complementary (opposite) skewness, and therefore enables the extension of systematic 

investigations of the classical effects of Mn and Ð on rheological properties of polymers. 

   In this work, we investigate and compare thermal and rheological properties of linear polymers 

with identical Mn and Ð, but with distinctly different skewness of MWDs. We demonstrate that a 

facile synthetic technique to control the symmetry of MWD enables the tuning of thermal and   
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rheological properties of polymers towards desired performances, such as enhanced thermal 

stability or lowered processing temperatures. 

 

5.3. Experimental Section 

        5.3.1. Materials 

Sec-butyllithium (s-BuLi, 1.4 M, Sigma Aldrich) and isopropanol (>99.7%, Sigma Aldrich) were 

used as received. Styrene (99%, Sigma Aldrich) was stirred over calcium hydride (CaH2) overnight. 

Cyclohexane (Fisher Scientific, ACS Grade) was distilled under argon after stirring over a 1:1 

mixture of s-BuLi and diphenylethylene (deep red).  

     5.3.2. Instrumentation 

All the polymerization reactions were performed in a UnilabMBraunGlovebox. 

Size exclusion chromatography (SEC) was used for the characterization of polymer average 

molecular weights and MWDs using a Tosoh EcoSEC HLC 8320GPC system with two 

SuperHM-M columns in series and a flow rate of 0.350 mL min−1 with tetrahydrofuran as the 

eluent. Number-average molecular weights, weight-average molecular weights, dispersities, and 

asymmetry factors, were calculated from refractive index chromatograms against TSKgel 

polystyrene standards.  

Rheological characterization was conducted on a controlled stress rheometer with parallel plates 

geometry (40 mm diameter, AR-G2, TA Instruments).  

Thermogravimetric analysis (TGA) was performed on a PerkinElmer Diamond instrument (Pyris 

Diamond TG-DTA, High Temp 115). Differential scanning calorimetry (DSC) tests were conducted 

on a PerkinElmer DSC8500, with a scanning rate of 10 °C min−1, in the temperature range of 25–

200 °C. 
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     5.3.3. Procedures and Methods 

Anionic polymerization of skewed polystyrenes (PSLOW, PSHIGH) 

Styrene was stirred over calcium hydride (CaH2) overnight and vacuum transferred into a flame 

dried Schlenk bomb followed by three freeze–pump–thaw cycles. Cyclohexane was distilled under 

argon after stirring over a 1:1 mixture of s-BuLi and diphenylethylene (deep red) for 1 h followed 

by three freeze–pump–thaw cycles. Polystyrene samples PSHIGH and PSLOW were synthesized by 

previously described procedure.11,12 Briefly, PSHIGH was prepared by slow addition of s-BuLi (516 

µL, 35 × 10−3 M) at constant rate of 516 µL h−1 to a solution of styrene (1 mL) in cyclohexane (8 

mL). PSLOW was prepared in a similar manner with an exponentially ramped addition rate of s-BuLi 

over 2.5 h. Each reaction was quenched with a few drops of isopropanol after 6 h. These polymers 

were isolated by removing the solvent under reduced pressure to yield a white solid. 

Rheological characterization 

For all the rheological tests, solid samples were used by compressing and melting polystyrene 

powder into 40 mm diameter uniform slabs.1 Dynamic mechanical analysis (DMA) was performed 

by ramping up the temperature at constant increments of 3°C from 50 to 160 °C, at a constant 

angular frequency of 6.283 rad s−1 and 0.5% strain. Apparent viscosity measurements were 

conducted by a continuous ramp up of the shear rate from 0.1 to 1000 s−1 at a constant temperature 

(25 and 150 °C). Frequency sweep tests were performed by scanning angular frequencies from 0.1 

to 628.3 rad s−1 under 1.0% strain at various temperatures (25, 120, and 150 °C). The rheological 

measurements were repeated (n = 3) to assure reproducibility.  

Thermal stability analysis 

For TGA, the sample was placed in an alumina crucible and heated from 30 to 600 °C at a constant 

rate of 10 °C min−1 under nitrogen flow. The degradation temperature was indicated as a transition 

point where the sharpest change in the curve occurred (a point of a drastic change in the slope). The 

measurements were repeated (n = 3) to assure reproducibility. 
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5.4. Results and Discussion 

Two different linear polystyrene samples were prepared by a previously reported method 

demonstrated in Figure 5.1a (initiation profiles are shown in Figure S5.1).11 The Mn and Mw of the 

synthesized polymers were identical (73.5 and 101.4 kDa, respectively, Ð = 1.38), as indicated by 

SEC. However, the MWD skew of these polymers was opposite. Asymmetry factor (As) was used 

as a relative measure of sample skewness and is defined as the distance of the center line (peak 

max) to the back slope divided by the center line to the front slope at 10% peak height.11–13 One 

sample with a positive skew (PSHIGH, high molecular weight skew, As = 1.8) and one with a 

negative skew (PSLOW, low molecular weight skew, As = 0.4) were synthesized.11 The distinctly 

different MWD symmetries are evident by SEC traces shown in Figure 5.1b. 

 

 

 

Figure 5.1. Preparation and characterization of polymers with skewed MWD. (a) General strategy 

for controlling MWD shape through temporally regulating polymer chain initiation. (b) SEC traces 

of polymers PSHIGH and PSLOW, which exhibit a distinctly different skewness of their MWD. 

Regardless of identical Mn and Ð, PSLOW contains a larger fraction of low molecular weight 

polymer chains, and PSHIGH has a higher fraction of high molecular weight polymer chains. 
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     The glass transition temperature (Tg) is a fundamental and critical parameter to investigate in any 

polymer system. Below the Tg, the stiffness of polymers, associated with their dominant solid-like 

nature, limits their ability to disentangle and flow.1,2 Therefore, the tan delta characteristic is crucial, 

as it determines the lowest temperature for an efficient melt processing. The effect of Mn and Ð on 

Tg is well known,1,9,10 however the effect of skewness has yet to be explored. DMA results indicate 

noticeable differences between Tg values of PSLOW and PSHIGH, with the average values of 104.0 

and 110.6 °C for PSLOW and PSHIGH, respectively. A representative loss tangent curve is 

demonstrated in Figure 5.2a (statistical data is shown in Figure S5.2). The results are also supported 

by DSC (Figure S5.3). The differences between the Tg values obtained by both methods can be 

attributed to the differences between the methodologies. While much larger amounts of polymer are 

used for DMA (gram scale); only a few milligrams of materials are used for DSC. Therefore, DMA 

provides a higher accuracy by taking into consideration mass attributions.1 These differences are 

attributed to the variation in chain length composition of these polymers. Since shorter polymer 

chains require less thermal energy to disentangle and flow, the increase in their relative content 

decreases the transition temperature. These differences clearly demonstrate the effect of MWD 

symmetry on flow properties. Therefore, the ability to skew the symmetry of polymers by choosing 

the precise synthetic methodology,11,12 gives direct control over the operating temperatures 

available for the melt processing of a specific polymer. 

     Viscosity is another essential property to be considered, which describes the dynamic response 

of viscoelastic materials to subjected temperatures and shears.1 Viscosity profiles are crucial for 

polymer processing, since exceedingly high viscosities generate high torques during HME, and as a 

result may resist or even prevent the rotation of the screw.1,2 When the viscosity is exceedingly low, 

extruded filaments fail to retain their desired shape.2 Therefore, it is essential to establish a well-

defined operational window for melt processability. Complex viscosity of PSHIGH is significantly 

higher than that of PSLOW between 50 and 127 °C (Figure 5.2b). With the increase in temperature, 

the complex viscosity of polymers PSLOW and PSHIGH gradually decreases as expected, and when 
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the examined temperatures exceed 127 °C, the viscosity profiles of both polymers overlap and reach 

almost identical values. These observations can be attributed to the thermal relaxation achieved by 

polymers of different chain lengths at different temperatures. Above a critical temperature, all 

polymer compositions become sufficiently fluidic, exhibiting similar flow characteristics. The 

optimal complex viscosity range for polymers used in HME has been previously reported as ≈1000–

10,000 Pa.s.1,2 Adjusting the HME temperature accordingly allows a facile scalability of the 

process.1 Therefore, these values define the recommended operational window for HME. While 

PSLOW reaches optimal complex viscosity values between 106 and 138 °C, the optimal operational 

window of PSHIGH requires elevated temperatures of 115–138 °C. As a result, the temperature range 

required for processing of PSLOW is significantly broadened. Although both polymer samples 

exhibit identical Mn and Ð, differences in their molar mass compositions affect their processing 

temperature regime. 

 

 

 

Figure 5.2. Evaluation of temperature-dependent flow characteristics of PSHIGH and PSLOW. (a) A 

representative tan delta curve demonstrates differences between the Tgs of PSHIGH and PSLOW. (b) 

Complex viscosities of PSHIGH and PSLOW illustrate significantly higher stiffness of PSHIGH in the 

low temperatures region. 
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     The examination of apparent viscosity indicates that both polymers exhibit shear thinning with 

almost identical shear thinning rates. However, both below and above the Tg PSHIGH has a higher 

apparent viscosity. We demonstrate this at 25 and 150 °C, Figure 5.3a,b, respectively. At 25 °C, the 

apparent viscosity of PSHIGH is ≈3 times higher than the apparent viscosity of PSLOW. Significant 

differences are more obvious at the low shear region, but become less pronounced when shear rates 

reach ≈1000 s−1 (Figure 5.3a). Surprisingly, upon the increase in temperature to 150 °C, which is 

well above the Tg of both polymer samples, differences between the apparent viscosities were still 

observed (Figure 5.3b). The apparent viscosity of PSHIGH remained 2–3 times higher than the 

apparent viscosity of PSLOW. With the increase in shear rates above 300 s−1, apparent viscosity 

profiles of both polymers became similar. 

These findings indicate that even well above the Tg, where both short and long chain polymers are 

provided with sufficient energy to flow, chain length composition continues to contribute to 

physical properties. The ability to process polymers at decreased shear rates by implementing a 

simple synthetic approach can be harnessed to enhance the processability of polymers, especially 

when the availability of powerful high shear equipment is limited. 

 

 

Figure 5.3. Apparent viscosity of polymers PSHIGH and PSLOW as a function of shear rate at (a) 25 

°C and (b) 150 °C. The apparent viscosity of PSHIGH is higher than the apparent viscosity of PSLOW. 
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     Macromolecular responses to stress and strain are time dependent, owing to the viscoelastic 

nature of the material at study.2 To obtain an insight into the stiffness of PSHIGH and PSLOW, 

dynamic moduli and complex viscosity were examined at 25, 120, and 150 °C (Figure 5.4). For all 

the examined temperatures, the storage modulus and the complex viscosity of PSHIGH were 

consistently higher than those of PSLOW, indicating its increased stiffness. The complex viscosities 

of PSHIGH and PSLOW gradually decreased with the increase in frequencies, as expected, for all the 

examined temperatures. At 25 °C storage moduli of both PSHIGH and PSLOW exhibited very weak 

frequency dependence, which can be attributed to their exceedingly dominant solid-like nature at 

room temperature within the examined frequencies range (Figure 5.4a).With further increase in 

temperature above the Tg (120 and 150 °C), storage moduli decreased and exhibited strong 

frequency dependent behaviour. At 120 °C and high frequencies region, the storage modulus of 

PSHIGH was higher by almost one order of magnitude than the storage modulus of PSLOW. Despite 

the reduction in the observed differences between PSHIGH and PSLOW moduli at the low frequencies 

region, the storage modulus of PSHIGH remained up to 2 times higher than the storage modulus of 

PSLOW (see Figure 5.4b for representative data and Figure S5.4 for statistical data). The observed 

differences are attributed to the different chain length compositions of the polymers. PSHIGH 

contains a larger fraction of high molecular weight polymers than PSLOW; therefore its response to 

the induced oscillatory deformation at shorter time scales is more limited, which is associated with a 

strong elastic response, represented by high storage modulus values. Although a similar trend is 

observed at the low frequencies region, with the gradual increase in provided relaxation time the 

effect of the molecular weight composition decreases, indicating less pronounced long term 

differences between the polymers. When the temperature increased to 150 °C, only small 

differences between the storage moduli and complex viscosities of PSHIGH and PSLOW were 

observed, which can be explained by sufficiently high energy provided to all polymer chain length 

compositions (Figure 5.4c). Frequency sweep results indicate that polymer stiffness is affected by 

polymer chain length composition, which was tuned by controlling the shape of MWD. 
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Figure 5.4. PSHIGH and PSLOW storage modulus and complex viscosity as a function of frequency at 

(a) 25 °C, (b) 120 °C, and (c) 150 °C. PSHIGH storage modulus and complex viscosity are 

consistently higher than PSLOW. 

  

      Another important characteristic for consideration during HME is thermal degradation 

temperature (Td), which should not be exceeded during thermal processing of polymers in order to 

retain their function.1 TGA shows differences between Td values of PSHIGH and PSLOW, 

demonstrated in Figure S5.5. The clearly observed differences in Td (≈10 °C) and the degradation 

profiles of PSHIGH and PSLOW could be attributed to the different compositions of these polymers. 

The larger fraction of long chain polymers results in an improved thermal stability, which shifts the 

Td to higher temperatures.14 
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Rheological differences between PSHIGH and PSLOW can be explained by the well-known reptation 

theory.15 In the melted state, polymer chains are closely packed and their random motion is 

constrained by the neighbouring chains. In the entangled systems the relaxation time of polymers is 

a function of the number of monomer units, reflected by their molecular weight, and strongly 

affecting their rheological properties. With the increase in molecular weight the number of 

entanglements increases, which reduces the mobility of polymer chains.15 Therefore, skewing the 

MWD of polymers toward higher or lower molecular weights has a direct effect on their relaxation 

ability, providing a precise control over their rheological properties. 

 

5.5. Conclusion  

In summary, we have demonstrated that molecular composition of polymers, reflected by the shape 

and the symmetry of MWD, has a significant impact on their thermal and rheological properties. 

While the effect of Mn and Ð on polymer processability has been broadly explored, these 

parameters provide only partial description of polymers viscoelastic and thermal properties. Shifting 

the symmetry of MWD toward a larger content of short chain polymers enables an efficient 

reduction of temperatures and shear rates required for polymer processing, which allows milder 

processing conditions and a broader operational window. When improved thermal stability is a 

major consideration, MWD symmetry shift toward a larger content of long chain polymers is 

favourable. We have demonstrated that MWD shape can serve as a powerful tool for the 

optimization of polymer processing parameters. Facile optimization of polymer processing 

parameters by a simple synthetic route holds great promise for increasing the efficiency of HME 

and 3DP. Potentially, polymer processing at milder conditions will enable the reduction of energy 

consumption and the associated production costs, without compromising on fundamental chemical 

and physical characteristics of polymers.   
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5.6. Supporting Information 

 

 

 

 

Figure S5.1. S-BuLi addition profiles for PSHIGH (constant rate, red) and PSLOW (exponentially 

ramped rate, black). 
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Figure S5.2. PSHIGH and PSLOW tan delta curves. 3 independent sets of DMA results are shown. Tg is 

represented by the peak of tan delta curve. Tg values of PSHIGH are shifted towards higher 

temperatures compared to Tg values of PSLOW due to an increased content of longer polymer chains. 

Tg values are (average ±stdev): 

Tg (PSHIGH)= 110.6 ±1.5 °C 

 Tg (PSLOW)= 104.0 ±1.0 °C 
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Figure S5.3. DSC profiles of PSHIGH and PSLOW. (a)The results indicate ~2°C difference between 

the Tgs of PSHIGH and PSLOW. (b) Demonstration of the method used to determine the Tgs. Tg is 

represented by the midpoint of the line with a distinct slope (red dot). 

 

 

 

 

 

 

 

 

 

Figure S5.4.  Frequency sweep curves of PSHIGH and PSLOW  at 120°C (average ± stdev). Both 

polymers exhibit strong frequency dependence. Average storage modulus values of PSHIGH are 

consistently higher than the storage modulus values of PSLOW at the examined frequencies range. 

Differences of almost one order of magnitude are observed at the high frequencies region, which 

gradually decrease. At the low frequencies region the storage modulus of PSHIGH is up to 2 times 

higher than the storage modulus of PSLOW.  
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Figure S5.5. TGA curves of polymers PSHIGH and PSLOW (3 independent scans are demonstrated). 

In all the examined cases, the degradation temperature of PSHIGH is consistently shifted towards 

higher temperatures relatively to PSLOW, due to a higher content of long polymer chains, which are 

more thermally stable.  (Td is indicated as a point of a sharp change in the slope). Moreover, PSHIGH 

exhibits a more moderate degradation profile.  

Td values are (average ± stdev): 

Td (PSHIGH) = 327.3 ± 2.1 °C 

Td (PSLOW) = 317.3 ± 2.5 °C 
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Chapter 6 

 

Conclusions and Future Perspectives  
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6.1. Conclusion 

In this thesis, new functional polymers and gels were designed, synthesized and 3D-printed to meet 

the constantly increasing demand for smart 3D-printable materials with new functions and 

properties. The chemical, thermal and rheological properties of these materials were explored to 

evaluate their functionality, processability and potential applicability as dynamic structures and 

functional devices. The work focused on 3DP of pH-responsive polymers and covalently cross-

linked self-healing imine and oxime gels. pH-responsive polymers in this work were reported as 

thermally processable and 3D-printable materials for the first time. Their compliance with FDM and 

their chemical versatility makes them broadly applicable and compatible with cheap and accessible 

technologies. Self-healing gels with dynamic covalent imine and oxime functionalities were 3D-

printed, extending the range of printable self-healing materials, which to date were almost 

exclusively limited to supramolecular gels.1-4 New methods were developed to address the well-

known limitations of 3DP, enhancing the mechanical robustness of soft 3D-printable gels without 

UV equipment or additional chemicals and enabling the increase in thermal stability of polymers or 

the thermal processing of the polymer at milder conditions by skewing the symmetry of their 

MWD.  

In Chapter 2, P2VP as a thermally-processable polymer compatible with FDM was presented. It 

was demonstrated that processing conditions, such as temperature, play a critical role in the 

definition of physical properties of extruded filaments, such as density, diameter and surface 

roughness, and can therefore affect their quality and printability. The versatile chemistry of the 

pyridine groups of P2VP was harnessed for the preparation of a pH-responsive, flow regulating 

valve and a catalytic device. Post-printing cross-linking and quaternization reactions resulted in the 

formation of pH-responsive gels. The cross-linking stoichiometry and the precise choice of cross-

linking and quaternizing agents affected the swelling of P2VP. The cross-linked and quaternized 
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P2VP could dynamically swell and shrink as a function of pH and as a result reduce the flow of acid 

by up to ~50% compared to base, exhibiting reversible and dynamic behaviour.  

A facile surface functionalization of macroporous P2VP with silver enabled the fabrication of a 

structure with catalytic functions that reduced ~96% of 4-nitrophenol within an hour, retaining its 

stable catalytic activity for 3 subsequent reaction cycles. This approach eliminates the need for 

harmful chemicals and time consuming separation processes. It was demonstrated that an easily 

synthesized pH-responsive polymer can be processed by cheap and accessible technologies.  

In Chapter 3, 3DP of covalently cross-linked, dynamic imine gels was demonstrated for the first 

time. Post polymerization functionalization of PHEMA by a facile carbodiimide coupling reaction 

resulted in the formation of benzaldehyde-functionalized polymers that reacted with EDA to form 

dynamic imine gels. The gels autonomously recovered from macroscopic cuts and network 

destruction, restoring ~98% of their pristine mechanical strength. A methodological approach to 

3D-print covalently cross-linked imine gels was demonstrated. A delicate tuning of the rheological 

properties of these gels was enabled by controlling their degree of cross-linking and the 

concentration of the polymer. Initial screening of numerous formulations in conjunction with a 

detailed rheological study indicated differences of almost an order of magnitude between the elastic 

modulus, the yield stress and the (low shear) apparent viscosity of spreadable, 3D-printable and stiff 

gels, mapping the limits of the printability space. A delicate balance between the ability to flow and 

sufficient self-support of the 3D-printed layers was achieved for optimal 3DP. A facile approach to 

print thin layers of selectively applied patterns as protective coatings, and 3D-print self-rolling 

objects, was presented. The 3D-printed rectangular objects with aspect ratio >1 exhibited rapid and 

dynamic response to their environment, acting as smart self-rolling structures. Thin 3D-printed 

layers self-assembled into a “cigar” shape upon drying, but swelled, flipped and rolled into their 

“spiral” shape upon solvation in DMF to reach their optimal energetic state and release the post- 

processing accumulated stresses. This chapter presents a proof-of-concept for 3DP covalently cross-

linked and autonomously self-healing gels for potential applications in soft robotics and actuation.   
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Chapter 4 explored TIPS as a new post-printing reinforcement method. In conjunction with 3DP, 

this method reinforced soft 3D-printable gels in a highly tuneable manner. The mechanical strength 

of soft 3D-printable gels was modulated via the TIPS conditions, such as freezing temperature and 

number of cycles. Different freezing rates resulted in distinct microstructures of the cryogels, 

greatly affecting the size and the uniformity of the pores and walls of the cryogel and as a 

consequence, their mechanical properties. The precise choice of TIPS conditions resulted in up to a 

~1900% increase in the mechanical strength of soft, 3D-printable oxime gels. The post-printing 

cryogelation method presented in this chapter also eliminates the need for UV equipment and 

utilization of chemicals, which are often applied in traditional post-printing methods.     

The strategic design of the PHEAA-co-PMVK polymer, whereby the ketones act as reactive groups 

that form dynamic oxime bonds with hydroxylamine and the hydrogen bonding motifs of the 

acrylamide form hydrogen bonds by physical interactions during TIPS, facilitated the formation of 

doubly dynamic, self-healing cryogels. The 3D-printable oxime gels and the doubly dynamic, 

reinforced cryogels exhibited rapid, full and autonomous self-healing.  

In Chapter 5, the molecular composition of polymers reflected by the symmetry of MWD was 

explored in terms of the significant impact on their thermal and rheological properties. It was shown 

that Mn and Ð, the fundamental characteristics of every polymer, provide only partial information 

about the thermal and rheological properties of the polymer. By controlling the addition rate of 

initiators during controlled polymerization, linear PS polymers with identical Mn and Ð, but distinct 

skewness of MWD, were synthesized and exhibited distinct thermal and rheological properties. 

Skewing the MWD toward a higher content of short polymer chains enabled the reduction of the Tg, 

the apparent and complex viscosity of the polymers. These differences enabled the extension of the 

processing window of the polymers and a reduction of shear and temperature required for their 

processing, therefore enabling milder processing conditions. Skewing the MWD toward a higher 

content of long polymer chains resulted in increased thermal stability of the polymers. This chapter 
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demonstrated that MWD shape can serve as a powerful tool for the optimization of polymer 

processing parameters, which are important for HME and 3DP.  

 

New materials and methods demonstrated in this work are important for future advances in 3DP 

since they expand the available arsenal of functional 3D-printable materials, facilitate the 

integration of 3DP into new areas, and address some of the major challenges of 3DP associated with 

processing and mechanical robustness of materials. 

 

6.2. Future Work 

Based on the work presented in thesis, new research directions are proposed as future work: 

3D-printable oxime gels as recyclable and reusable materials 

With the increasing interest in 3DP and manufacturing of new functional materials, concerns 

regarding environmental pollution and production costs are raised. Therefore, engineering 

recyclable inks, which can be reused upon need, are important.5 Acid-catalysed degradability of 

oxime gels6 can be explored for the preparation of 3D-printable, degradable and recyclable gels. 

3D-printed oxime gels and cryogels (Chapter 4) can be introduced to strong acid and degrade to 

their sol state. The removal of the hydroxylamine cross-linker (TEG-BHA) from the solution, and 

polymer purification by precipitation and dialysis, can enable the recovery of the polymer (PHEAA-

co-PMVK) and its repeated utilization for the preparation of new 3D-printable oxime inks. The 

proposed procedure and the workflow are presented in Scheme 6.1.    
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Scheme 6.1. Preparation and recycling of 3D-printable oxime gels: 1. Formation of oxime gels by 

direct addition of TEG-BHA to the aqueous solution of PHEAA-co-PMVK. 2. 3DP of oxime gel 

and post-printing reinforcement by cryogelation. 3. Acid-catalysed degradation (gel-to-sol 

transition) of the cryogel. 4. Recovery of PHEAA-co-PMVK. 5. The recovered polymer is 

dissolved in water to enable a new cycle of preparation of 3D-printable oxime gels. 

Self-healing cryogels as 3D-printed tissue engineering scaffolds 

The macroporous structure of 3D-printed self-healing cryogels was demonstrated in Chapter 4. The 

sponge-like interconnected network of cryogels is promising for biomedical applications, since the 

interconnectivity of the pores allows effective transport of metabolites and nutrients and therefore 

facilitates cells proliferation.7 Moreover, the tuneability of mechanical strength of these cryogels is 

another advantage, since the mechanical properties of scaffolds are known to influence cell 

migration, proliferation and attachment.8 While the main aim of Chapter 4 was to introduce new 

3D-pritnable materials with doubly dynamic functionality and to explore TIPS as a  new post-

printing reinforcement method, broader potential of these marcoporous, highly tuneable and self-

healing3D-printed cryogels has not been fully explored. Therefore, it is suggested to examine the 

applicability of these cryogels as tissue engineering scaffolds. To enable even a more significant 

tuneability of mechanical properties, morphology and porosity of these cryogels, the effect of 
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polymer concentration, additional freezing temperatures, and the effect of other solvents can be 

examined and optimized, known as factors that govern the physical and mechanical properties of 

cryogels.9,10 These promising 3D-printable and self-healing materials can be potentially used as 

scaffolds for tissue regeneration. 

3DP of dynamic self-healing actuators  

In Chapter 3, we demonstrated a proof-of-concept for 3DP of smart self-healable dynamic objects. 

This concept can be extended beyond simple geometry structures and imine chemistry. 

Benzaldehyde-functionalized PHEMA can be explored as a multi-functional polymer for the 

preparation of multi dynamic self-healing gels. Free hydroxyl groups of PHEMA can be cross-

linked with boronic acid derivatives to form dynamic boronate ester linkages.11 In addition to the 

cross-linking of benzaldehyde groups with EDA (Chapter 3), the combination thereof can result in 

doubly dynamic self-healing gels with multi-responsive properties. Moreover, it is suggested to 

examine the potential printability of these gels and their suitability for 3DP of more advanced 

structures, such as grippers and complex actuators.  

Poly(vinyl pyridine) polymers as 3D-printed templates 

The versatile chemistry of P2VP was outlined in Chapter 2 and can be further explored for the 

preparation of hierarchically complex hollow oxide structures for biomedical applications. 

Pyridines are known as Lewis catalysts that can initiate sol-to-gel transformation of silica 

precursors on their surface.12 3D-printed P2VP of various shapes, infill percent and geometrical 

patterns can act as solid templates for silica, whereby introducing 3D-printed P2VP to silica 

precursor solutions will enable layering of silica on their surface. Followed by the degradation of 

3DP printed P2VP templates by calcination, hollow silica structures can be formed.12,13    

3DP of pH-responsive polymers and multi stimuli-responsive polymers 

Chapter 2 demonstrates 3DP of P2VP fibers blended with ABS as a reinforcing additive. ABS was 
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chosen owing to its outstanding mechanical and flow properties, being the most popular 3D-

printable material.14 However, it is useful to explore other polymers as alternative candidates to tune 

the mechanical properties and HME processability when blended with P2VP. Polymers such as 

poly(methyl methacrylate), PS or poly(isoprene), are suggested for future study. Additionally, the 

effect of both blending with P2VP and copolymerization with 2VP on thermal, physical and 

rheological properties can be explored for optimized 3DP and functions.  

Additionally, co-polymerization of 2VP with other monomers that are converted into stimuli-

responsive polymers can result in 3D-printable multi-responsive structures that allow higher 

tuneability of dynamic responses and sensing in complex chemical environments.15 Potentially, the 

examples of such multi-responsive polymer systems can include functional copolymers that respond 

to changes in both pH and temperature, or pH and light. Structure-property studies can be also 

conducted to investigate the effect of molecular architecture (random copolymers versus BCPs, for 

example) on function and dynamic properties of 3D-printed stimuli-responsive structures.  

The effects of printing parameters (% infill) and the resulting architecture of 3D-printed pH-

responsive structures were not fully explored in Chapter 2. Therefore, it is recommended to 

investigate how the functional properties of P2VP-ABS can be tuned by utilization of 3D-printing 

technology. 
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ABSTRACT: Three-dimensional printing (3DP) has at-
tracted a considerable amount of attention during the past
years, being globally recognized as one of the most promising
and revolutionary manufacturing technologies. Although the
field is rapidly evolving with significant technological advance-
ments, materials research remains a spotlight of interest,
essential for the future developments of 3DP. Smart polymers
and nanocomposites, which respond to external stimuli by
changing their properties and structure, represent an important
group of materials that hold a great promise for the fabrication
of sensors, actuators, robots, electronics, and medical devices.
The interest in exploring functional materials and their 3DP is constantly growing in an attempt to meet the ever-increasing
manufacturing demand of complex functional platforms in an efficient manner. In this review, we aim to outline the recent
advances in the science and engineering of functional polymers and nanocomposites for 3DP technologies. The report covers
temperature-responsive polymers, polymers and nanocomposites with electromagnetic, piezoresistive and piezoelectric behaviors,
self-healing polymers, light- and pH-responsive materials, and mechanochromic polymers. The main objective is to link the
performance and functionalities to the fundamental properties, chemistry, and physics of the materials, and to the process-driven
characteristics, in an attempt to provide a multidisciplinary image and a deeper understanding of the topic. The challenges and
opportunities for future research are also discussed.

KEYWORDS: 3D printing, functional materials, stimuli-responsive polymers, nanocomposites, smart devices

1. INTRODUCTION

Three-dimensional printing (3DP), also known as additive
manufacturing (AM), is an advanced technology of manufactur-
ing solid objects layer-by-layer from a virtual computer model.1−3

Since its early introduction in the 1980s, 3DP is rapidly gaining
momentum as an enabling technology, and has become a leading
method of fabricating hierarchically complex architectures, which
are not always achievable by conventional manufacturing
technologies.1,2 Owing to its technological versatility and unique
features, such as customable design and operational simplicity,
3DP has been gradually integrated into diverse areas and sectors,
including education,4 pharmaceutical industry,5−10 design,11

biomedical engineering,3,12−18 electronics,19 robotics,20,21 sens-
ing,22−26 aerospace, and automation.27−29

With an increasing interest in 3DP and its evolution, the need
for the development of novel printable materials is constantly
growing. Although over the past decade the arsenal of 3D
printable materials has significantly increased, their number is
still limited, and their development remains one of the major
barriers for future advances in the field.1,30 3DP of smart
materials, defined as materials that undergo controlled structural
changes in response to external stimuli,31 has lately become a
topic of extensive scientific research. Dynamic changes in
structural and functional properties of 3D printed objects have

extended the capabilities of 3D printed materials by giving rise to
the fourth dimension of time, and have created the new concept
of four-dimensional printing (4DP).30,32 4D printed materials, as
an example of printed functional materials, derive the benefit of
active shape transformations that can be achieved by several
mechanisms. The most explored transformation mechanisms
remain shape morphing by swelling and shape memory
effect.33,34 Hydrogels that comprise of a cross-linked polymer
network tend to expand by solvent diffusion upon their
subjection to a specific stimulus, such as solvent temperature
change.35−37 Shape memory polymers (SMPs), on the other
hand, temporarily freeze the deformed shape, and then recover
from the stress to their initial (as printed) shape upon
heating.38−40

There is a large variety of possible dynamic responses to
various stimuli such as pH, temperature, stress, or light, which are
not necessarily associated with shape morphism. Tomention just
a few, stimuli such as mechanical forces can trigger changes in
color24,41 or changes in electrical conductivity25,26 of 3D printed
objects. Another example of dynamic, and in some cases stimuli-
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responsive property that does not involve shape morphism is
recovery from damages, known as self-healing capability.42

Exhibiting dynamic and often reversible behavior, stimuli-
responsive materials hold a tremendous promise for potential
applications in sensing23−26,41,43 and actuation.35 The traditional
fabrication methods for such applications are complex and
limited; there is thus an urgent need to develop more enabling
technologies to fully exploit the unique features offered by
stimuli-responsive materials.1−3,26,44 Utilization of 3DP can
enable the shaping of smart materials into advanced and highly
adjustable architectures in a well-controlled manner, and
eliminate the need for time-consuming parts assembly by
manufacturingmonolithic objects.45 Therefore, the development
of smart printable materials will accelerate the integration of 3DP
technologies into the emerging and existing fields and expand the
applications.46

This review aims at discussing the recent advances in the 3DP
of smart materials and providing a comprehensive insight into
the recent development of functional materials. The focus is on
stimuli-responsive polymers and nanocomposites, respective
additive manufacturing methods, resultant properties, and
potential applications. The classification of the review is based
on two major components: (a) type of external stimuli and (b)
type of functional response. Temperature, pH, and light are the
stimuli and mechanochromic, piezoelectric, piezoresistive,
electromagnetic, and self-healing are the responses. Practical
examples of each type of materials are also discussed in details.
The main objective of this work is to link the performance and

functionalities to the fundamental properties, chemistry, and
physics of the materials, and to the process-driven characteristics,
in an attempt to provide a multidisciplinary image and a deeper
understanding of the topic. It is noted that the current work
differs from the previous reviews,30,47 where the focus is on the
shape-shifting behavior of 4D printed materials. Finally, we
outline the challenges and limitations, and propose research
directions for the future advances in 3DP of smart materials.

2. 3D PRINTING METHODS
3DP technology enables the realization of 3D solid objects directly from
a computer-aided design (CAD)model. The CADmodel is transformed
to a printer-readable format and then it is sliced to small and well-defined
layers using a slicer software. The model of the layers is then converted
to G-code, which commands computer numerical control (CNC)
printer to sequentially deposit the layers.1,48 Although 3DP techniques
have been explored for few decades, the recent rise of optimized 3DP
technologies successfully addresses various limitations of traditional
3DP technologies, such as low resolution,49,50 slow production speeds,51

and physical and structural limitations associated with layered
manufacturing.52 A remaining disadvantage of 3DP is the dimensional
deviation of 3D printed parts from their original design, attributed to
materials expansion or shrinking. This phenomenon limits high accuracy
applications and might require a comprehensive preprint modeling and
analysis to overcome this drawback.53 Compared to the conventional
manufacturing processes, another current limitation of 3D printing
technologies toward widespread applications is the lack of standardized
design and analysis methodologies.

The most common 3DP technologies known today are schematically
presented in Figure 1 and described in the following sections.

Figure 1. Schematic diagrams showing different 3DP processes: (a) laser assisted Stereolithography (SLA), (b) laser assisted Selective Laser Sintering
(SLS), (c) inkjet printing, (d) Fused Deposition Modeling (FDM), and (e) Liquid Deposition Modeling (LDM).
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2.1. Stereolithography (SLA). SLA, also known as vat polymer-
ization, utilizes one or more laser beams to cure thin layers of liquid
photopolymer resins.2,54 After solidification of a freshly printed layer,
the building stage sinks down by a defined increment to enable another
photocuring cycle on top of the previous layer.55 Various configurations
of SLA machines are available, offering variable orientations of the laser
source (above or below the vat) and building stage movement
directionality. With a resolution of tenths of micrometres, SLA is
recognized as the most precise 3DP method. The promising
applicability of SLA for fabrication of submicron scale devices has
motivated researchers to further optimize this technology. Two-photon
photopolymerization, for instance, enables achieving a spatial resolution
of 100 nm.50 Digital projection, on the other hand, relies on the
utilization of mirror arrays andmasks to solidify the entire layer at a time,
rather than discrete beam-focused elements. This approach enhances
the production rate.56 Continuous liquid interface production (CLIP)
harnesses the principle of oxygen inhibition to form a polymerization
“dead zone”, making the printing process continuous and rapid that is
limited only by the resin properties.51 Other SLA-based technologies are
hybrid stereothermal lithography56 and layerless AM.52 SLA offers the
important advantage of high resolution. Moreover, being a nozzle-free
3DP method, SLA facilitates continuous 3DP by eliminating nozzles
clogging,57 and enables 3DP of viscous resins, which are often
noncompatible with nozzle-based 3DP. The major drawbacks of SLA
include costly equipment, chemical waste, the need for postprinting
treatment to ensure interlayer assembly and proper solidification,
shrinkage induced warpage, and a trade-off between high throughput
and high resolution. Because only photocurable resins can be used in
SLA, this 3DP method involves the inclusion of photoinitiators in SLA
resins. If not fully cured, monomers and photoinitiators traces can result
in cytotoxic effects.57 To increase the efficiency of SLA 3DP and to
minimize the defects of printed parts, a profound understanding of
photopolymer properties such as curing kinetics and printing
parameters, light sensitivity and penetration depth, is highly
desirable.2,56

2.2. Selective Laser Sintering (SLS). SLS, also known as powder
bed fusion, is a process that enables layered manufacturing of 3D objects
by melting and fusing powders with the aid of laser beams.2,54 Powder
fusion can be achieved by various binding mechanisms of particles, such
as solid state sintering, chemically induced binding, partial or full
melting.58 Polymer, composite, ceramic, or metallic powder is evenly
distributed on top of a stage by rolling or scraping, followed by a
selective scanning of the laser beam on top of the layered powder to
facilitate the thermal fusion of particulates. After fusion and solidification
of each layer, an additional layer of powder is spread on the top, and the
procedure is repeated.2,58 In some cases, liquid binder is introduced to
the process to act as a bonding agent between the powder granulates.2,54

SLS offers printing resolution of 20−150 μm, easy recyclability of
unused powder, and compatibility with a broad range of materials.2,58

However, localized heating followed by rapid cooling often results in
shrinkage and deformation of 3D printed parts, being a major drawback
of this 3DP method.2

2.3. Inkjet Printing. Inkjet printing is a drop on demand technology,
in which pressure and voltage pulses eject droplets of photoresin from a
printhead.54,59 The fluid, which typically comprises of ultraviolet (UV)-
curable acrylate-based formulation, solidifies instantly upon its exposure
to a UV source.2,60 Inkjet printers available in the market today enable
multimaterial printing by utilizing arrays of multiple printheads. Each
printhead can be fed with a different ink, to create functional objects with
tunable properties, or alternatively several printheads can be used for the
deposition of support materials, or coatings which enhance gloss or matt
finishing effects.60 Inkjet printing enables robust and high accuracy
fabrication, and can reach a spatial resolution of tenths of micrometers.60

A limiting factor of inkjet still remains the demand for low viscosity
formulations.2

2.4. Extrusion Printing. Material extrusion 3DP (ME3DP) is
defined as a process wherein the material is extruded through a nozzle
with the aid of mechanical force.54 The deposition of the material is
enabled by controlled application of force through a stepper motor,
piston, pneumatic devices, or actuating rollers, which results in

production of well-defined filaments.39,61,62 ME3DP can be classified
to the subcategories discussed in the following sections.

2.4.1. Fused Deposition Modeling (FDM). In FDM, a thermoplastic
filament is inserted through a heated nozzle, which liquefies the material
into its semimolten state. The liquefied filament is deposited on the x−y
axes on top of a building stage, and solidifies by cooling. After a single
layer is deposited, the print head moves down or the build plate moves
up in the z axis, to enable the deposition of the subsequent fresh layer on
the top.2,5,54,63 To minimize thermal shrinkage effects, which may result
in deteriorated interlayer adhesion and mechanical performances, FDM
machines enable controlled adjustment of the cooling rate by controlling
the temperature of the building stage.2,39 The simplified and
straightforward configuration of FDM machines enables their assembly
and flexible modifications, which aim to minimize nozzles clogging by
filament softening,39 or mount additional printing tools on top of the
existing device.13,62 The operational simplicity of FDM and its affordable
costs make FDM popular and broadly accessible, even for small
companies and private users.5,46,62 However, objects fabricated by FDM
are prone to structural defects and reduced mechanical strength, which
are attributed to printing inaccuracies, filaments nonuniformity, surface
roughness, layered structure, and interlayer adhesion.3,39,46,64 These can
be minimized to a certain extent by adjustment of printing parameters,
such as temperature and printing velocity, and optimization of the
filament production process.39,46 Mechanical properties of 3D printed
parts often exhibit anisotropic effects, due to the directionality of the
printed layers. Another limitation of FDM is the need for preprinting
preparation of feedstock materials (filaments). The filament fabrication
process usually includes hot-melt extrusion (HME) of polymers, blends
of polymers, and polymer composites. This step should be developed for
each new feedstock material and can be sometimes challenging because
the materials subjected to HME must possess the necessary thermal,
mechanical, and rheological properties.62 To be FDM-compatible,
filaments must have accurate diameter size and low melt viscosity to
enable consistent flow. On the other hand, the viscosity has to be
sufficiently high to enable structural self-support, and exhibit high
modulus to avoid buckling.25,57,65 Therefore, the formulation of
feedstock materials must be mechanically and rheologically balanced.
When composites or blends are used for filament preparation, additives,
such as compatibilizers or plasticizers, are often used to tune the
rheological properties, reduce the mechanical friction with the extruder,
or improve the homogenization and the adhesion of the components to
each other.66 Externally added chemical compounds, however, may alter
the functionality of the formulation, by decreasing nanocomposites
conductivity, for example.67

Additionally, the physical properties of produced filaments should
comply with end-use 3DP considerations, such as printhead
diameter.39,46,68 FDM enables high throughput and multimaterial
3DP, whereby filaments with different functionalities can be used for a
single step, assembly free 3DP of multifunctional constructs, or
alternatively can be used for deposition of removable supports.57 The
resolution of modern FDM printers can reach 40 μm,62 which will be
further compromised if faster printing rates are desired.3

2.4.2. Liquid Deposition Modeling (LDM). In the LDM process, also
knowns as direct ink writing (DIW), the viscoelastic ink is forced
through a nozzle with a typical diameter of a few hundreds of
micrometers. The ink is extruded by the application of external pressure,
and forms well-defined filaments, which are assembled in a layered
manner to form a 3D object. The extruded filaments must necessarily
exhibit structural integrity, and possess the ability of self-support, in
order to prevent ink spreading or structural collapsing.12,61 There is a
large variety of printing machines which enable dispensing of soft
matter, ranging from advanced models, such as 3D Bioplotter
(InvisionTech),12,61 to self-adjusted low cost FDM machines equipped
with a simple syringe.13,62 Extrusion efficiency and 3DP quality are
highly dependent on viscoelastic properties of inks, which have to be
thoroughly characterized and aligned with the capabilities of a specific
printing system. More specifically, rheological parameters, such as
viscosity, yield stress and elastic modulus define the printability window
of inks.61 Unlike inkjet 3DP, which is limited to low viscosity fluids,
LDM enables depositing viscous inks, providing an alternative route to
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the 3DP of soft matter.69 The shear thinning behavior is essential to
facilitate the shear induced deformation and extrudeability, followed by a
fast filament recovery after ink deposition.12,61,69,70 High viscosity and
elastic modulus are associated with “stable” materials, which are
favorable for achieving mechanically robust, self-supporting 3D
architectures. However, to facilitate flow, extrusion of inks with such
characteristics requires high printing pressures or elevated temper-
atures,37 often raising the need for sophisticated equipment, and being
not always suitable for 3DP of temperature or shear sensitive
compounds. Other challenges in the DIW process are the soft nature
of dispensable materials and the formation of interlayered voids. To
address these challenges, postprinting (secondary) reinforcement is
usually required to improve the mechanical robustness and structural
fidelity of 3D printed objects. These processes, often involving UV
irradiation or submersion of printed parts into a reservoir of cross-
linking agent, can change the original structure of printed objects;
deform them by swelling or cause shrinkage. Therefore, different
postprocessing methods will result in different architectures.71 An
additional approach to improve the structural stabilization of soft 3D
printable materials includes the addition of colloidal rheology modifiers
that act as internally self-supporting, thixotropic scaffolds.72

3. 3D PRINTED FUNCTIONAL MATERIALS
Functional polymers and nanocomposites are materials that possess
specific structure and properties that allow them to perform essential
physical, chemical and biological functions. Some of these materials can
be classified as stimuli-responsive, whereas others can perform a
function of interest without any need for external stimuli.
Stimuli-responsive polymers are smart materials that undergo

structural changes upon exposure to external stimuli, such as
temperature, voltage, light, pH or mechanical loading.31 The
responsiveness of such polymers is attributed to the environmentally
induced molecular changes through various mechanism including
thermodynamic changes that enhance hydrophobicity,31,73 polar-
ization,74 protonation or deprotonation of functional groups,31,75,76

isomerization, bonds cleavage, and rearrangement.31,77 These structural
transformations are often translated to macroscopic changes, such as
swelling or shrinking,76 aggregation73 or changes in color,77 and
therefore can be harnessed for manufacturing of smart and functional
structures and devices. Another important class of functional materials is
self-healing polymers that possess the ability to recover from damages.
This ability is attributed to the dynamic nature of their bonds, which can
be reversibly disrupted and reformed.78

This section summarizes the recent advances in the 3DP of functional
polymers and polymer-based nanocomposites, and their applications.
3.1. Temperature-Responsive Polymers. Temperature-respon-

sive polymers represent a broad group of materials that can respond to
heating or cooling. Temperature-responsive polymers include a
subcategory of shape memory polymers (SMPs), and polymers with
lower critical solution temperature (LCST) or upper critical solution
temperature (UCST). 3DP of these polymers and polymeric gels is
discussed in the following sections.
3.1.1. Shape Memory Polymers. Shape memory polymers (SMPs)

possess the ability to recover from temporarily induced deformations to
their permanent shape.38,40 Thermally induced shape memory (SM)
behavior involves several fundamental steps. First, the programing steps
take place, during which the intact object is subjected to heating above
its melting temperature (Tm) or glass transition temperature (Tg), which
can be generally referred to as a transition temperature (Ttrans). The
second step involves setting of a temporal deformation, followed by its
“freezing” by cooling. The final stage is the thermodynamically driven
recovery of the object once it is heated above Ttrans, which triggers the
release of accumulated stresses and therefore the gradual restoration of
its original shape.38,40,47,79−82 The major drawback of most of the SMP
systems known to date is their irreversibility. After the initial shape is
restored, it is necessary to initiate another deformation cycle in order to
achieve multiple repetitions of the deformation−recovery sequen-
ces.39,80 SMmaterials include a single ormultiple SM segments; they can
feature one permanent element (stabilizing phase) and at least one

temporarily transformed element, which evolve into one or more
temporal shapes.80 The most critical attributes to the SM behavior are
shape recovery, which represents the ability of materials to restore their
initial (intact) structure, and shape fixity, which assesses the ability of
materials to “fix” their transient shape.33,79 When 3DP is utilized, it is
essential to ensure these characteristics are not lost postprocessing.83

SMPs represent the most broadly explored family of 3D printable
smart polymers, among which polycaprolactone (PCL),79,84,85 polyur-
ethane (PU),39,84,86 acrylic/methacrylic and epoxy-based resins33,38,40,83

are the most popular. Their thermoresponsive shape morphing behavior
is particularly useful for the manufacturing of dynamic self-evolving
structures or actuators,38,40,83 medical85,86 and electronic devices.79 For
these applications, 3DP is particularly useful because it facilitates the
well-controlled spatial localization of SMP elements within the overall
structure according to a desired sequence and geometry, realizing a
gradational, sequential, or local SM response; these functionalities are
not easily achievable with the conventional manufacturing processes.

Yu et al. 3D printed interconnected functionally graded SM hinges
with alternating Tg values based on epoxy polymer. 3DP enabled a
precise localization of these SM elements, arranging the SM domains
according to gradually increasing Tg values. This structural design, when
transformed into a 3D printed object, facilitated a well-defined
sequential recovery of the structure. Interlocking structures were also
3D printed by employing the same approach.40

Owing to its high flexibility, relatively low Tg (∼60 °C) and
commercial availability, one of the most popular polymers used for 3DP
of smart structures is PCL.80,84 Estelle et al. used FDM for multimaterial
printing of hybrid SM structures, comprising of PCL core and PU
elastomer shell. The shape fixity of the composite 3D structures
drastically decreased with the increasing PU/PCL composition ratio,
while nearly 100% recovery from the temporal deformation was
achieved for all the examined ratios.84 Zarek et al. 3D printed
methacrylated-polycaprolactone (M-PCL) resins. The control over
the degree of methacrylation enabled to tune the degree of cross-linking
and consequently the crystallinity of the resin, which was reduced by the
cross-links. During 3DP the cross-linking of the mathacrylated units
formed a SM thermoset polymer. 3D printed M-PCL exhibited a SM
effect with the recovery efficiency of 93%.79 Unlike other thermosets
processing techniques, SLA technology used in this work enabled 3DP
of complex structures with high resolution, such as submillimeter
vascular stents (Figure 2). Moreover, the 3DP of M-PCL SM structures
has been applied for the fabrication of flexible electronic devices,
enabling the deposition of conducting inks on top of the temporarily

Figure 2. 3D printed SM objects with advanced architectures, prepared
from M-PCL. 3D printed objects exhibited shape-recovery to their
original (as printed) shape when heated to 70 °C: (a) SM cardiovascular
stent with submillimeter thickness (strut thicknesses of 600 μm, and
open cells of 2.5 mm× 2.5mm), (b) SMEiffel Tower, and (c) A SMbird
model. Reproduced from ref 79 with the permission of John Wiley &
Sons Inc. (2016).
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flattened SM constructs, and closing electronic circuits by heat-triggered
shape transformations.79

M-PCL thermosets have also been applied for the 3DP of tracheal
stents. The SM effect promotes reversible dimensional shrinking of the
stent, and therefore facilitates a less injurious procedure for its
deployment. Advanced manufacturing capabilities of 3DP enable the
digitalized scaling of the stent as an effective approach for person-
alization.85

Dynamic structural changes enabled by the SM effect have been
explored as an efficient strategy to control the morphology of cells by
mechanical stimulus. Hendrikson et al. employed 3D printed SM PU
scaffolds (Ttrans∼ 32 °C) for the mechanical stretching of cells. The cells
were first seeded on the temporarily deformed (elongated) scaffolds and
incubated at 30 °C to keep their temporarily elongated shape during
cells proliferation. Afterward, the original shape of the scaffold was
restored at 37 °C. Cells that were subjected to the mechanical stimulus
of shape recovery exhibited more elongated morphology compared to
cells seeded on control scaffolds.86

Multi-SM structures, which can transform into more than one
temporal shape during the recovery process, are another type of smart
polymers enabled by 3DP, as reported by Li et al. The molecular design
of their system was based on the synthesis of triblock copolymers of
poly(styrene-block-[methyl acrylate-random-styrene]-block-styrene)
(PS-b-P[MA-r-ST]-b-PS), where the precise control over the
composition of the intermediate block was employed as a strategy to
tune the Tg of polymers. The polymers with alternating Tg values then
acted as building blocks of 3D printed complex constructs. Multi-SM
effect was achieved by spatio-assembly of these thermoplastic building
blocks at well-defined sequences and locations by a simple FDM
printer.38 Yu et al. 3D printed hybrid SM copolymers of acrylate and
epoxy resins, combining the advantages of cationic and free radical
polymerizationmethods. Excellent mechanical performance, shape fixity
and recovery values of∼99% were reported, with the structural recovery
obtained within less than 20 s.83 Huang et al. applied digital light printing
technique to fabricate 3D structures with SM ability. Lauryl acrylate
(LA) and 1,6-hexanodiol diacrylate (HDDA) were cured by projected
visible light to form a thermoset polymer. Poly(LA-co-HDDA) networks
could be swollen by hot wax, which acted as an actively transforming
phase owing to its temperature dependent crystallization.87 When SM
thermosetting polymers are printed, the degree of cross-linking serves as
an important tool for tuning their mechanical performances.79,87 A

broad applicability of SMPs has been demonstrated, and even more
exciting opportunities for novel functions are yet to be explored.
Therefore, essential efforts are invested in making new SMPs printable,
such as conducting detailed studies on the processing conditions
required for optimal extrusion, 3DP and postprinting performances of
these polymers.39 Though SM properties of thermosetting materials are
superior to those of SM thermoplastics, their processing by standard
techniques is limited and remains challenging, and as a result often
screens their relative advantages.85 Therefore, 3DP of thermosetting
SMPs is a meaningful breakthrough, which addresses the thermosets
processing drawbacks and enhances their broader usage.

A detailed summary of the 3D printed SM materials, 3DP methods
used for their fabrication, their characteristics (Ttrans, recovery, fixity and
response time) and applications are listed in Table 1.

3.1.2. Hydrogels Based on Polymers with Critical Solution
Temperature. Temperature-responsive polymers undergo coil-to-
globule transition below the upper critical solution temperature
(UCST) or above the lower critical solution temperature (LCST).
Below UCST or above LCST, thermodynamically driven changes lead
to a decreased polymer solubility and formation of aggregates.31,73

Temperature−responsive hydrogels, therefore, provide a functional
platform for the fabrication of objects, which can exhibit reversible
volume changes induced by a temperature change. This principle was
successfully harnessed for the 3DP of thermally driven actuators35 and
shape-morphing structures.37 Although the utility of polymers with
critical solution temperature for the preparation of shape changing
structures is well-known, these structures are traditionally molded or
cast into thin films. However, shape morphing structures are usually
composed of passive and active materials, and their precise localization
in the structure requires multistep and time-consuming preparation and
assembly processes.37 Alternatively, 3DP enables a single-step
preparation of such complex “smart” hybrid structures, by deriving the
benefits of CAD and multimaterial 3DP of passive and active
components.

Bakarich et al. reported the 3DP of thermally actuating hydrogels.
The thermal effect of reversible contraction and expansion was achieved
by integrating poly (n-isopropylacrylamide) (PNIPAm), a well-studied
temperature responsive polymer (with LCST ∼ 32 °C), into the
hydrogel network. The dually cross-linked interpenetrating (iPN)
network of alginate-PNIPAm was thermally and mechanically robust,
and exhibited reversible dimensional changes with temperature,

Table 1. Summary of the 3D Printed SM Materials, 3DP Methods Used for Their Manufacturing, Their Characteristics and
Applications

Polymer
3DP

method Ttrans [°C]
Recovery

temperature [°C]
Shape fixity

[%]
Shape recovery

[%] Recovery time [s] Application ref.

Epoxy Inkjet 32,33,55,57,60,61,65a 100 NA ∼100 ∼6.5 (helical struc-
ture) ∼14.2 (inter-
lock structure)

Shape morphing struc-
tures

40

M-PCL SLA 55 70 >98 >93 ∼5−20 Shape morphing struc-
tures, electronic and
biomedical devices

79,85

PS-b-P(MA-r-
ST)-b-PS

Extrusion
(FDM)

45,65,80a 63−91a 99.0−99.9a 81.8−97.4a NA Shape morphing struc-
tures

38

Hybrid epoxy-
acrylate resin

SLA 82 85 ∼99 ∼100 <20 Shape morphing struc-
tures

83

Poly(LA-co-
HDDA)

Digital
printing

60 NA (T > Ttrans) 100 95 NA Molds 87

PU Extrusion
(FDM)

45 NA (T > Ttrans) NA NA NA Actuators 39

PU Extrusion
(LDM)

32 37 NA >60 >1800 Tissue engineering 86

PU-PCL hybrid Extrusion
(FDM)

60 70−160 10−70a ∼100 ∼100−300a Shape morphing struc-
tures

84

Methacrylate co-
polymers

SLA 15−75a Ttrans + 10 80−100a >95 <60 Grippers, biomedical
devices

33

Poly(lactic acid)/
hydroxyapatite
composite

Extrusion
(FDM)

∼60 80 NA >96.3 NA Tissue engineering 82

aComposition dependent.

ACS Applied Materials & Interfaces Review

DOI: 10.1021/acsami.8b01786
ACS Appl. Mater. Interfaces 2018, 10, 17489−17507

17493

http://dx.doi.org/10.1021/acsami.8b01786


associated with shrinking above LCST and swelling below LCST. These
changes could be enhanced by increasing the PNIPAm content in the
hydrogel. Extrusion-based 3DP was used for the fabrication of
temperature-responsive valves, which controlled water flow through
the hydrogel channels.35 Naficy et al. prepared shape-morphing objects
by 3DP of thermoresponsive PNIPAm-based hydrogels (PNIPAm-
polyether-based polyurethane, PNIPAm-PEO-PU) into the 3D printed
layers of poly (2-hydroxyethylmethacrylate, PHEMA)-based hydrogels
(PHEMA-PEO-PU). The hydrogel inks were 3D printed into a well-
defined box-shaped object. To observe the thermoresponsive effect, the
as-printed box was introduced to water, which is an essential solvent for
LCST effect. The shape-morphing behavior was evidenced by the box
closing due to swelling upon hydration at cold water (20 °C), well below
the LCST of PNIPAm, with a reversible reopening upon its submersion
in hot water (60 °C) (Figure 3).37

Despite the utility and the potential applicability of 3D printed
thermoresponsive gels with LCST, their 3DP faces some challenges.
Because heating the gels above their LCST induces phase transition and
destabilizes the gels, their processing requires special conditions that
enable the suppression of the LCST effect. Proposed approaches to

overcome this challenge are to use other solvents, such as ethanol,
instead of water for initial 3DP,37 or to conduct the 3DP at subambient
temperatures,35 both of which introduce some other limitations.

Recently, 3DP of temperature-responsive block copolymers emerged
as an effective approach for printing concentrated polymer solutions,
which can be naturally transformed to gels after printing.88,89 Above the
critical micelle concentration (CMC), micelles are formed, and the
block copolymers can self-assemble. Above the CMC and the LCST of
temperature−responsive blocks, thermally induced gelation takes place,
facilitating a formation of physical networks, and therefore a rapid
solidification of the solution.88,89 From a practical point of view,
maintaining the solution temperature below the LCST enables its facile
loading and extrusion through a nozzle. After the temperature-
controlled extrusion is accomplished, 3D printed filaments are exposed
to ambient temperature, (above the LCST of the temperature-
responsive blocks), which triggers a rapid formation of stable, shape-
retaining gels.89

Biocompatible triblock copolymer of hydrophobic poly (propylene
oxide) (PPO) and hydrophilic poly (ethylene oxide) (PEO), known as
Pluronic F127 (PEO-b-PPO-b-PEO) was 3D printed. The ability to
obtain naturally occurring postprinting gelation enabled the printing of
very concentrated gel precursors, which consisted of 40 wt % Pluronic
F127, and were used for 3D bioprinting of vascularized constructs.88

Using a similar approach, Zhang et al. reported 3DP of shear-thinning
temperature-responsive gels prepared from triblock copolymer of poly
(isopropyl glycidyl ether)-b-poly (ethylene glycol)-b-poly (isopropyl
glycidyl ether) (PiPrGE-b-PEG-b-PiPrGE). These triblock copolymers
(ABA) composed of temperature-responsive A blocks. 15 wt % polymer
solution self-assembled above 5 °C, enabling a natural gelation at
ambient temperature immediately after printing. The network exhibited
higher storage modulus compared to Pluronic F127, and can be
potentially used for biomedical applications, particularly when the
tuneability of gel stiffness is required for cells differentiation.89 Wu et al.
3D printed physical gels, which contained a UCST exhibiting poly (n-
acryloyl glycinamide) (PNAGA). 3DP of heated gels enabled smooth
3DP of viscous sol, followed by the subsequent postprinting
solidification by cooling, and formation of structurally stable objects.90

Lei et al. 3D printed a composite network of physically cross-linked
domains imbedded into a covalently cross-linked network. Micellar
copolymerization of n-octadecyl acrylate (C18) and N,N-dimethylacry-
lamide (DMA) in the presence of sodium dodecylsulfate (SDS)
facilitated the formation of physical cross-links by crystallization, and
therefore a thermoresponsive behavior of the gel. Above 30 °C, the
physical cross-links of this iPN gel could be disrupted, enabling a stable
extrusion. 3D printed submicrometer grids of this gel acted as
thermoresponsive, conductive and mechanically robust capacitors and
intelligent skin.91

Temperature-responsive hydrogels with a critical solution temper-
ature are demonstrated not only as promising candidates for 3DP of
dynamic, shape morphing and actuating structures,35,37 but also their
critical solution temperature was harnessed for designing stable self-

Figure 3. 3D printed temperature-responsive, shape-morphing box.
Panels a1−a3 show the schematic printing patterns used to construct the
shape-morphing box: (a1) the base, (a2) the actuating parts (“active”
PNIPAm-based gel), and (a3) the surrounding matrix of the actuating
parts. Panels b1−b3 demonstrate the actual 3D printed shape morphing
box: (b1) the as-printed box at room temperature, (b2) the box swollen
at room temperature. The closing of the box is triggered by hydration
and a subsequent swelling of PNIPAm below the LCST, (b3) the box
and its thermal response to hot water (60 °C). No swelling-induced
shape-morphing is observed above the LCST. Scale bar = 10.0 mm.
Reproduced from reference 37 with the permission of John Wiley &
Sons Inc. (2017).

Table 2. Summary of Temperature-Responsive Gels, Their Applications, Printing Methods, and Physical Parameters

Polymer
3DP

method
UCST/
LCST

Critical
temperature [°C]

Polymer
concentration

[wt %] Applications ref.

Alginate-PNIPAm iPN Extrusion
(LDM)

LCST ∼32−35 NA Smart valves and actuators 35

PNIPAm-PEO-PU Extrusion
(LDM)

LCST ∼32 NA Shape morphing structures 37

PEO-b-PPO-b-PEO (Pluronic F127) Extrusion
(LDM)

LCST ∼4 40 Tissue engineering 88

PiPrGE-b-PEG-b-PiPrGE Extrusion
(LDM)

LCST ∼5 15 Biomedical applications 89

PNAGA/poly(2-acrylamide-2-methylpropanesulfonic acid)/
poly(3,4ethylenedioxythiophene -poly (styrenesulfonate)
(PNAGA/PAMPS/PEDOT/PSS)

Extrusion
(LDM)

UCST 62,65 or 72,75
(composition
dependent)

20 Supercapacitors, biosensors,
flexible electrodes,
biomedical scaffolds

90

Poly(C18-DMA) Extrusion
(LDM)

UCST ∼30 N/A Intelligent skin and sensors 91
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supporting structures through temperature-controlled LDM pro-
cesses.88,89 Even though the 3DP of both LCST and UCST polymers
have been successfully demonstrated, the choice of materials is mostly
limited to the well-studied polymers, such as Pluronic, PNIPAm or
PNAGA. Other LCST or UCST feedstock polymers should be
investigated to enable a broader range of critical temperatures, more
facile printing processes, and enhanced tuneability of thermoresponsive
properties.
A summary of the temperature-responsive gels, their applications,

3DP methods used for their manufacturing, and their physical
parameters is provided in Table 2.
3.2. Electroactive and Electromagnetically-Responsive Ma-

terials. 3DP of metallic structures is of a particular interest in the area of
smart materials and devices, owing to their superior electrical and
magnetic properties. However, 3DP of metals is a challenging task,
limited by its applicability to specific alloys and costly equipment.92

Alternative methods to formulate conducting or magnetic materials,
such as conductive polymer composites, have been developed.
Conductive polymer composites are promising functional materials
owing to their unique properties that enable to tune and combine
electrical conductivity with improved elasticity, ease of processing and
lightweight.93−102 The most commonly adopted approach in 3DP
includes incorporation of conducting or magnetic particles into
polymeric matrices.68,103−107

Credi et al. formulated ferromagnetically responsive composite resins
by introducing magnetite particles into a photocurable acrylate resin.
Unlike the postprinting electroless plating, direct manufacturing of high
resolution cantilevers was enabled by this single-step process. By
eliminating the exposure of the 3D printed polymer to strong base as an
essential step of metallization, mechanical properties of the fabricated
cantilevers remained intact. These 3D printed composite materials
exhibited high ferromagnetic sensitivity, which was triggered by the
externally applied magnetic field and measured by the deflection of the
3D printed cantilever. Moreover, 3D printed cantilevers manufactured
by this approach exhibited superior magnetic sensitivity compared to
molded cantilevers.104 Bastola et al. pioneered 3DP of hybrid
magnetorheological (MR) elastomers prepared from carbonyl iron
powder dispersed in silicone grease. Layer-by-layer 3DP of MR inks
addressed the limiting need of applying magnetic field in order to
develop anisotropic structures. By utilization of 3DP to encapsulate
highly viscous MR fluids, higher than conventional damping capacity
with enhanced stiffness were achieved. The stiffness and the damping
capacity of these 3D printed hybrid constructs could be tuned by the
strength of the magnetic field, and demonstrated promising perform-
ances as spring dampers. Remarkably, 3DP enabled a precise localization
of viscous MR fluid into elastomeric matrix, and therefore facilitated the
formation of hybrid MR structures with combined properties of MR
fluids and MR elastomers.103

The incorporation of nanoparticles into polymeric matrix remains a
broadly adopted approach to enhance the electrical, mechanical or
thermal properties of polymeric materials. However, in terms of 3DP,
fillers usually have a negative impact on processability. The nano-
particles increase the viscosity of the matrix, can alter the light
absorbance properties and decrease the curing efficiency, or require
additives for improved dispersion and stabilization.108 This is the major
reason for a limited load of nanoparticles in 3D printable composites.57

Therefore, active research and development are being conducted on
novel 3DP technologies in order to accommodate a broader range of
feedstock materials with diverse rheological, mechanical, and
thermomechanical characteristics.
3DP of complex metallic architectures has been reported by Wang et

al. By integrating atom-transfer radical polymerization (ATRP)
initiators into a standard SLA resin, postprinting growth of quaternary
ammonium polymer brushes on the 3D printed surface was enabled.
Poly(2-(methacryloyloxy)ethyl-trimethylammonium chloride) (PME-
TAC) brushes exhibit high affinity toward metal ions, enabling a
formation of stable coordination complex. Electroless plating followed
by polymer etching yielded electroactive ultralight foams that could
close an electrical circuit even under compression, and recovered from
50 compression−release cycles without activity loss (Figure 4).92

Fantino et al. presented a new in situ 3DP approach, whereby silver salts
are directly dissolved in a liquid photopolymer matrix instead of
dispersing silver particles. Digital light processing is then used for UV
curing of the matrix, followed by postprinting UV curing. The initiating
species in the resin form radicals upon UV irradiation, enabling the
reduction of silver precursor to silver. 3DP of advanced honeycomb
structures with decreased resistance of up to 2 orders of magnitude
compared to neat matrix were reported.109 Later work of this group
reports the same approach, but explores postprinting thermal sintering
as an alternative method to obtain silver particles from silver
precursor.108

Electrical and magnetic properties of composites can be used to
effectively improve the structural defects and the anisotropic properties
of 3D printed parts. Sweeney et al., for example, harnessed the
responsiveness of MWCNTs to radio frequency (RF) range of
electromagnetic wave to heat the interface between 3D printed layers.
Commercially available poly(lactic acid) (PLA) filaments were
pretreated with MWCNTs coating before 3DP. Application of
microwave field to the 3D printed parts caused localized heating in
the MWCNT-containing interface, melting and fusing the 3D printed
layers. This method resulted in 275% increase in weld fracture
strength.110

Martin et al. developed an advanced 3Dmagnetic printing technique.
In this work, alumina platelets were magnetized with surface treated iron
oxide to inducemagneto-responsive properties to ceramic composites in
order to control particles alignment. In this work, the application of
magnetic field in conjunction with digital light printing created a
multistage process with a remarkable freedom of fabrication. Briefly, a
rotating magnetic field was applied separately to each voxel, aligning the
magnetized particles in a desired orientation. Afterward, the specific
alignment was fixed and consolidated by UV curing, followed by
subsequent 3DP of the next layer. The distinct microarchitectures
created by the different orientation of the particles in each layer resulted
in different crack propagation paths, demonstrating the efficiency of
magneto-responsiveness and the described method to program failure
mechanisms.111 This work expands the concept of controlled alignment
of fillers, being recognized as a critical factor that affects the
reinforcement of composite materials. Because fillers that are aligned
parallel to the stress direction introduce the highest mechanical strength
enhancement,111 it is critical to have the capability of controlling the
filler alignment during 3DP to build mechanically strong parts. Earlier
work by Compton et al. demonstrated that shear forces generated
during extrusion 3DP could align the fibers of epoxy-based composite
inks. The fibers oriented parallel to the flow direction, enabling the
concept of in-plane isotropic composites with modulus twice higher
than commercially available 3D printed composites.112 Martin et al.
demonstrated that magneto-responsiveness can be harnessed to create
even more complex designs than reported by Compton et al., and to

Figure 4. Fabrication of complex metallic architectures by 3DP resins
with integrated ATRP initiators. 3DP is subsequently followed by
growth of metal ions-coordinating polymer brushes on the surface, and
metallization. (a) Ni-coated Eiffel Tower (the inset shows the top of the
tower). (b) Scanning electron microscopy (SEM) image of ultralight Ni
foam obtained after polymer template etching. (c) Electrical circuit
activation by conductive Ni foams under 50% compression and (d) after
full recovery. Reproduced from reference 92 with the permission of
American Chemical Society (2015).
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obtain better control over filler alignment in 3D printed struc-
tures.111,112

The ability to fabricate scaffolds with tunable properties and design is
important for tissue engineering because the interconnectivity, the
mechanical properties, and the architecture of scaffolds affect cells
proliferation and growth. Usually, traditional fabrication methods are
lacking the capabilities or the simplicity to obtain a precise control over
the architecture, density, and porosity of scaffolds, limiting the
complexity of their internal architecture. Overcoming these limitations,
3DP is becoming particularly attractive for biomedical applica-
tions.53,57,113 In addition to the architecture of scaffolds, their functional
properties and stimuli-responsiveness can be harnessed to enhance
tissue regeneration. Electrically conductive scaffolds can promote the
regeneration of tissues that are sensitive to electrical stimulation (ES),
such asmuscles and nerves. Therefore, development and 3DP of electro-
conductive scaffolds became a topic of a great interest. Dong et al.
conjugated polyethyleneimine (PEI) with aniline tetramers (AT) to
form an amphipathic, micelles forming copolymers (AT-PEI).
Formulations containing AT-PEI blended with Pluronic F127 were
utilized for the 3DP of scaffolds, which demonstrated sufficiently high
conductivity values (>2.0× 10−3 S cm−1) for tissue ES. The ability to
incorporate the polymer into the aqueous medium facilitated a
synergistic conductivity effect, attributed to both ionic conductivity of
water and electron conduction of AT-PEI.114 Sayyar et al. 3D printed
graphene/methacrylated-poly(trimethylene carbonate) (M-PTMC)
composite multilayer scaffolds. The addition of up to 3 wt % graphene
to the formulation increased the electrical conductivity of PTMC by at
least 5 orders of magnitude, reaching conductivity values of ∼0.001 S
cm−1, comparable with the conductivity values of muscle tissue (∼0.004
S cm−1). Moreover, the Young’s modulus of the composite increased by
∼500% compared to neat M-PTMC. Mesenchymal stem cells grown on
these scaffolds exhibited good viability and increased the expression of
osteogenic genes upon application of ES, demonstrating its successful
applicability for tissue regeneration.115

A summary of the 3D printed electromagnetic materials, 3DP
methods used for their fabrication, and their applications are
demonstrated in Table 3.
3.3. Piezoresistive Materials. Piezoresistive materials respond to

applied stresses or strains by changing their resistivity. The conversion of
external forces into variations in electrical signal is a beneficial property,
particularly for sensing applications. Traditionally, semiconductors or
metals have been used as piezoresistive elements in sensing devices.
However, their rigidity, high cost, and sensitivity to high temperatures
are significant drawbacks that limit their applicability.116,117 With
increasing demands for soft, wearable, and flexible devices, several

strategies have been developed to overcome these drawbacks, such as
embedding piezoresistive materials into flexible matrices, or formulating
composites based on flexible polymer−piezoresistor hybrids.117 Both of
these approaches have been adopted for 3DP of strain sen-
sors.22,23,25,26,43

Muth et al. used embedded 3DP (e-3DP) to deposit conducting
carbon black ink into a flexible silicone elastomer reservoir and a filler
fluid. Postprinting curing of this functional multicomponent system
yielded a monolithic, highly extensible strain sensor. Remarkably, 3DP
facilitated the tuneability of electrical conductivity. With the increase in
the printing speed (from 0.5 to 4 mm/s), the size of the cross-sectional
areas of the resistor decreased, resulting in increased conductivity values
(from 11 to 60 kΩ, respectively) and improved strain sensitivity. The
sensors could withstand cycled straining with only a minimal change in
resistance, retained their initial electrical response when subjected to up
to 400% strain, and restored up to ∼90% of their initial resistance.23

Agarwala et al. used inkjet 3DP to manufacture a flexible photoresin
matrix with embedded microchannels. After postprinting removal of the
support material from the matrix, microchannels were formed, and were
later filled with silver ink. The construct acted as a biaxial force sensor.
The sensor could be repeatedly strained for 5 cycles with a low variance,
and could be bended below 5% strain preserving its mechanical integrity
and sensing properties.26 3DP of conductive thermoplastic nano-
composites enables the manufacturing of advanced sensing devices
without the need for complex assembly steps. Christ et al. reported a
pioneering utilization of FDM technology for 3DP of flexible
piezoresistive composites. First, composite thermoplastic filaments
were prepared by coextrusion of MWCNTs with thermoplastic
polyurethane (TPU), subsequently used as FDM-compatible feedstock
material for 3DP of strain sensors. The layered deposition associated
with 3DP can result in the formation of interlayer voids and imperfect
layer-to-layer adhesion. The poor adhesion and the voids can
significantly deteriorate in the mechanical properties of 3D printed
parts compared to the bulk materials.57 In this work, however, the
authors report only a modest decrease (∼14%) in the modulus of 3D
printed parts compared to bulk nanocomposites, lower than previously
reported values for benchmark acrylonitrile-butadiene-styrene (ABS). A
major benefit of this system is its application-specific tuneability by a
control overMWCNTs content. It is demonstrated that highMWCNTs
content (5 wt %) increases the strength of the sensor, but on the other
hand leads to its decreased sensitivity (gauge factor [GF] drops from
176 to 8.6). When a high sensitivity at relatively low strains is desirable,
low MWCNTs content (2 wt %) can serve as a better alternative. These
3D printed sensors could successfully withstand cyclic deformations, an
important characteristic for sensing applications (Figure 5).25

Table 3. Summary of the 3D Printed Electromagnetic Materials, 3DPMethods Used for Their Fabrication, and Their Applications

Material 3DP method Applications ref.

Pluronic F127/AT-PEI blends Extrusion
(LDM)

Tissue engineering 114

Graphene/M-PTMC Extrusion
(LDM)

Tissue engineering 115

PMETAC/Cu, Pd, Ni SLA Electronic devices 92
Bisphenol A ethoxylate diacrylate/magnetite SLA Magnetic microcantilevers usable as

sensors/actuators
104

Carbonyl iron powder/silicone grease Extrusion
(LDM)

Spring damper elements 103

Polyethylene/nickel−iron powder Extrusion
(FDM)

Microwave devices 68

Epoxy resin (epoxidized soybean oil and bisphenol F diglycidyl ether)/carbon nanofiber Extrusion
(LDM)

Shape morphing structures (origami) 105

NH2-functionalized MWCNTs/poly(acrylic acid)-Ag nanoparticles/Ag flakes/polystyrene-
b-polyisoprene-b-polystyrene

Extrusion
(LDM)

Antennas 106

AgNO3/poly(ethylene glycol) diacrylate Digital light
printing

Electronics 108,109

Magnetized-Al2O3/acrylate urethane photopolymer matrix SLA NA 111
MWCNTs-surface coated PLA Extrusion

(FDM)
Improvement of layers welding 110

Carbon black/nylon-12 SLS NA 107
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Kim et al. 3D printed a multiaxial force sensor from MWCNTs and
TPU composites. Multimaterial FDM printer was used for a single-step
deposition of an active composite material on a passive and flexible TPU
matrix. This is a facile single-step approach for the preparation of
monolithic sensors, eliminating the need for assembly or postprinting
treatment. The device exhibited only a negligible multiaxial crosstalk and
could withstand 1000 bending cycles with only∼0.5−0.65% decrease in
resistance.43

Upon mechanical straining, local displacements disrupt the contact
between the conducting particles and alter the percolation pathways,
resulting in detectable resistivity changes. This principle leads to even
more sophisticated sensing applications.118−120 Kennedy et al. used
FDM printer to manufacture sensors of volatile organic compounds
(VOC). 3D printed composite sensors that comprised of 15 wt %
MWCNTs in poly(vinilydene fluoride) (PVDF) could performmultiple
reversible detection cycles of acetone vapors with a strong increase in
resistance (∼26%). These changes are attributed to the PVDF swelling
by acetone vapor absorption, which disrupted MWCNTs networks. It
has been shown that as long as the content of MWCNTs is kept above
the percolation threshold (∼5 wt %), the sensitivity can be further
enhanced (up to ∼161% increase in resistance) by decreasing the
MWCNTs content. Surprisingly, the thickness of the sensor did not
affect the relative increase in resistance upon acetone exposure. This
meaningful result indicates that utilization of 3DP technology to
fabricate similar sensors may be an advantage, as the sensing
performances are independent of the structural design.118 However,
Guo et al. reported different observations with a MWCNTs/PLA
nanocomposite system, and concluded that the structural design has a
significant impact on both sensitivity and solvent selectivity of VOC
sensors. It has been shown that 3D printed helical geometry is more
favorable for solvent trapping than a linear geometry. The interaction
time of the solvent with the helical sensor becomes longer, revealing the
distinctions between various solvents-sensor chemical interactions, and
increasing the conductivity changes.119 Moreover, the unique ability of
3DP to control the density of fabricated structures and their internal
patterns (infill) is an additional advantage associated with this
technology. Aliheidari et al. investigated the effect of infill density and
geometrical infill pattern on the sensitivity of 3D printed ethanol
sensors. It has been shown that when the infill percent decreases from
75% to 50%, the relative resistance change drastically increases, and the
response time required to reach full saturation in the resistance is
shortened from ∼600 to ∼200 s. Moreover, different infill patterns have
resulted in distinct resistance profiles. These effects are attributed to the
changes in surface-to-volume ratio, because higher surface area shortens
the diffusion path of the solvent and results in shorter saturation times.
The study reveals that 3D printed sensors can outperform their
nonprinted analogues.120 3D printed piezoresistive materials, 3DP
methods used for their manufacturing, and their applications are
summarized in Table 4.
3.4. Piezoelectric Materials. Piezoelectric materials generate

electrical charge by transforming mechanical forces such as pressure,
vibration or elongation into power. Alternatively, when piezoelectric

materials are subjected to an electrical field, mechanical strain is
generated and they deform. Therefore, this group of materials has been
found particularly useful for fabrication of electronic devices, sensors,
actuators, and energy harvesting devices.74,121 Materials with the
strongest piezoelectric effects (d33 > 200 pCN−1) are usually ceramics.
However, despite their pronounced piezoelectricity, they are brittle,
often contain environmentally unfriendly lead, and exhibit a limited
processing potential. Therefore, to address these challenges and to
improve the sensitivity of the devices by transforming them from
standard 2D fibers or thin films to complex, high density 3D structures,
3DP is becoming a useful tool.74,122,123 So far, several approaches to 3D
print piezoelectric devices have been presented. Chen et al. developed a
new 3DP process that enables the printing of highly concentrated
BaTiO3 particles slurry (70 wt %), resulting in structures with increased
density and thus an enhanced piezoelectric response. The density of the
3D printed parts (5.64 g/cm3) was 93.7% of the bulk BaTiO3 (6.02 g/
cm3) and higher than previously reported values achieved by other 3DP
methods (3.93−5.59 g/cm3). The approach includes a preliminary
photocuring step, in which pretreated BaTiO3 particles are mixed with a
photocurable resin and cured by SLA light projection. The cross-linked
polymeric matrix strengthens the bonds between the particles, and after
its postprinting removal followed by high temperatures sintering, an
interconnected BaTiO3 network is formed. By applying this method, the
authors fabricated an ultrasonic transducer suitable for biomedical
applications.123 Kim et al. explored the effect of BaTiO3 nanoparticles
surface grafting with a 3-trimethoxysilylpropyl methacrylate (TMSPM)
linker. Surface pretreatment of nanoparticles with UV-curable molecules
prior to their integration into a standard acrylic matrix facilitates a
formation of direct linkages between the piezoelectric nanoparticles and
the matrix uponUV irradiation, enhancing the tunneling of strains to the
piezoelectric elements. By applying this approach, advanced micro-
structures with a measured piezoelectric constant of ∼40 pCN−1 were

Figure 5. Cyclic behavior of MWCNT/TPU nanocomposites. (a) Cyclic strain plots of 3 wt % MWCNT/TPU subjected to 10 cycles at 100% strain
load. Both filament and 3D printed samples’ responses are demonstrated. (b) Cyclic strain plots of 3D printed 2 wt %MWCNT/TPU nanocomposites
subjected to 10 cycles at 25% strain load. (R/Ro represents the normalized resistance change). Reproduced from ref 25 with the permission of Elsevier
(2017).

Table 4. Summary of the 3D Printed Piezoresistive Materials,
3DP Methods Used for Their Manufacturing, and Their
Applications

Material 3DP method Applications ref.

Carbon black/
silicon elastomer

Extrusion (LDM) [e-
3DP]

Strain sensors,
wearable electronic
devices

23

MWCNTs/TPU Extrusion (FDM) Strain sensors,
solvent sensors

25,43,120

Ag nanoparticles/
photopolymer
resin

Inkjet Microfluidic strain
sensors

26

Carbon black/
PCL

Extrusion (FDM) Strain sensors,
capacitors, smart
vessels

22

MWCNTs/PVDF Extrusion (FDM) Solvents sensor 118

MWCNTs/PLA Extrusion (LDM)
[solvent evaporation-
assisted]

Solvents sensor 119
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3D printed and exhibited sensitivity higher by an order of magnitude
than that of the unmodified composites, and twice higher than
composites with other fillers. Moreover, the mechanical properties of
these composites were similar to the neat methacrylic matrix,
outperforming the brittleness of standard 3D printed ceramic
structures.122

Another approach for manufacturing piezoelectric devices relies on
the utilization of piezoelectric polymers, PVDF in particular.121,124−126

Despite its inferior piezoelectric activity compared to ceramics,122

PVDF derives the benefit of easier processability, improved flexibility,118

and biocompatibility,127 making it an attractive candidate for 3DP.
PVDF is a semicrystalline polymer that has at least 4 phases (α, β, γ, δ),
among which β-phase exhibits the strongest piezoelectric response.127

To increase the content of the active β-phase and to maintain its
alignment, extrusion 3DP is often used in conjunction with electrical
poling (EP).121,124,126 Lee et al. have demonstrated that with the
increasing intensity of the electric field applied during 3DP, the content
of the β-phase increased. Flexible sensing devices that produced a
current of ±1.6 nA upon cyclic bending have been fabricated based on
this approach.121,126 To even further enhance the piezoelectric response
of PVDF, Kim et al. added 3−15 wt % BaTiO3 nanoparticles to PVDF
matrix to produce composite filaments for EP-assisted FDM. These

nanoparticles act as active nucleation sites that facilitate α to β phase
transformation in PVDF chains. At 15 wt % BaTiO3, the content of the
β-phase increased from ∼45 to ∼56%, and the piezoelectric coefficient
showed an increase of an order of magnitude compared to the neat
PVDF.124 Recently, Bodkhe et al. developed a novel approach to 3D
print PVDF/BaTiO3 composites, eliminating the need for EP and thus
simplifying the process. It has been shown that high printing pressures
during solvent evaporation (SE)-assisted extrusion 3DP and postprint-
ing stretching of PVDF chains have a strong alignment effect on PVDF,
dramatically increasing the β-phase content up to 78%, and enabling a
facile fabrication of a multilayer cylindrical sensor with a piezoelectric
coefficient of ∼18 pCN−1, well comparable with commercial PVDF
sensors. To maximize the piezoelectric output derived from the
morphology of the composites, the authors compare various nano-
composite preparation methods: ball milling, extrusion, and sonication.
The composites formed by ball milling contained uniformly dispersed
large crystallites, which led to an increased charge density and enhanced
piezoelectricity. Other methods, in contrast, yielded totally distinct and
less piezo-responsive microstructures, such as homogeneously dispersed
small crystallites (sonication), or nonuniformly dispersed agglomerates
(extrusion).125 These results outline the effect of materials morphology
on their functional performances. Themorphology is dictated by various

Figure 6. Solvent evaporation (SE)-assisted 3DP of PVDF/BaTiO3 piezoelectric sensor. (a) A schematic of SE-assisted 3DP process. The functional ink
consists of PVDF/BaTiO3 dispersed in N,N-dimethylformamide (DMF), acetone, and dimethyl sulfoxide (DMSO). During 3DP, the ink is extruded
under pressure aligning PVDF, and the solvent is rapidly evaporated to form a structured solid. (b) The 3D printed pressure sensor used for a tapping
test. (c) Piezoelectric voltage output of the 3D printed sensor. The curve shows the changes in voltage with a 5 finger tapping test. Reproduced from
reference 125 with the permission of American Chemical Society (2015).

Table 5. Summary of the 3D Printed Piezoelectric Materials, Their Physical Properties, 3DPMethods Used for Their Fabrication,
and Their Applications

Material 3DP method
Piezoelectric constant

[pCN−1] Applications ref.

PVDF Extrusion (FDM) [EP-assisted] 2.5,18 Pressure sensors 121,126
PVDF/BaTiO3 Extrusion (FDM) [EP-assisted] 0.013−0.101 Pressure sensors 124
BaTiO3/photocurable resin

a SLA 160 Ultrasonic transducers 123
TMSPM-grafted BaTiO3/polyethylene glycol diacrylate
matrix

SLA 39 NA 122

PVDF/BaTiO3 Extrusion (LDM) [SE-assisted] ∼18 Pressure sensors 125
aDegraded postprinting.
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factors, such as the strength of interfacial interactions and dispersion
homogeneity, and has to be carefully considered when new nano-
composite materials are formulated.67

The schematic of the SE-assisted 3DP process, the 3D printed
piezoelectric sensor and its outputs are presented in Figure 6. 3D printed
piezoelectric materials, their physical properties, 3DP methods used for
their fabrication, and their applications are summarized in Table 5.
The vast majority of 3D printed piezoelectric devices reported to date

are almost exclusively manufactured from PVDF or PVDF-BaTiO3
nanocomposites. In order to enhance the processability and the
piezoelectric performance of printed materials and widen the potential
applications, several aspects of this area need to be explored in the future.
PVDF functionalization, its substitution by other piezoelectric polymers,
employment of other piezo-ceramic particles, and modifications of
printing processes are some of the understudied aspects of printed
piezo-materials.
3.5. Self-Healing Materials. Self-healing materials are capable of

recovering from mechanical damages, partially or fully restoring their
functionality. These nature-inspired self-repairing properties are reliant
on constitutional (covalent or noncovalent) dynamic chemistry, which
promotes a reversible bond exchange between the damaged interfaces.78

Representing a particularly intriguing and extensively studied group of
functional materials, novel self-healing systems have been numerously
reported.128−132 However, 3DP of self-healing materials is a relatively
new concept, which has been adopted recently to surpass the design
limitations of self-healing materials beyond standard casting,61,89,90 and
to harness the dynamic self-recovery mechanism for structural and
mechanical improvements of 3D printed parts.42,133

The most explored group of 3D printable self-healing gels remains
physical gels, which are formed by host−guest interactions,13 hydro-
phobic interactions and hydrogen bonding.89,90,134,135 Wu et al. 3D
printed conductive hydrogels based on supramolecular chemistry.
Thermally reversible hydrogen bonds between the acrylamide units of
poly(n-acryloyl glycinamide-co-2-acrylamide-2-methylpropanesulfonic
acid) (P(NAGA-co-AMPS)) promoted the formation of stable physical
gels. Gels doped with poly(3,4-ethylenedioxythiophene)-poly-
(styrenesulfonate) (PEDOT-PSS) contributed to the electrical
conductivity of the system. 3DP of these gels was facilitated by heating,
which destabilized the hydrogen bonds and induced gel-to-sol
transition. Hydrogen bonding reformation, and hence the reversible
solidification and structural stabilization were observed upon natural
postprinting cooling. These self-healing gels exhibited good electrical
conductivity, excellent mechanical performance and cytocompatibility,
making them promising candidates for electrical and biomedical
applications.90 Wang et al. reported 3DP of highly stretchable,
biocompatible, antibacterial and anti-inflammatory self-healing gels
prepared from PNAGA and 1-vinyl-1,2,4-triazole. The gels exhibited an
outstanding elasticity and could reach up to∼1300% elongation.134 The
extrudeability of these gels demonstrates their high potential to be used
as injectable implants and scaffolds. Highley et al. reported 3DP of
biocompatible shear thinning gels into self-healing supports. Both 3D
printable inks and the support hydrogels comprised of hyaluronic acid
(HA) functionalized with adamantane (AD) and β-cyclodextrin (β-CD)
moieties, which facilitated the formation of supramolecular hydrogels by

host−guest interactions. Owing to the dynamic nature of self-healing
supports and inks, direct writing of shear thinning self-healing gels into
the self-healing supports was enabled, forming well-defined and stable
filamentous channels inside the support structure. This is a novel
approach for the fabrication of perfusable scaffolds.13

Although recently 3DP of self-healing materials has attracted a
considerable amount of attention, most of the works almost exclusively
report 3DP of noncovalently cross-linked gels. Owing to the decreased
strength and lower stability of physical interactions, supramolecular gels
can be processed more easily, enabling their facile destabilization and
breakage during extrusion, followed by their rapid postprinting recovery.
Shears associated with ME3DP disentangle and align polymer chains,
facilitating their extrusion.136When covalent bonds are formed, polymer
chains can deform and disentangle only to a certain extent being strongly
attached to each other, limiting the extrusion compliance, and often
resulting in poor printability or structural destruction. Supramolecular
interactions, however, exhibit lower stability and strength than covalent
bonds, and are also limited by their functionality. To introduce diverse
chemical functionalities and properties, 3DP of new dynamic and
covalently cross-linked gels is highly desirable.

Recent works have reported the 3DP of covalently cross-linked self-
healing gels. Nadgorny et al. demonstrated 3DP of self-healing gels
based on imine chemistry. Benzaldehyde-functionalized PHEMA was
cross-linked with a small diamine molecule to form rapidly and
autonomously self-healing gels (Figure 7). The gels restored ∼98% of
their pristine strength after repetitive breaking-healing cycles. The work
reports a methodological approach to design and print chemically cross-
linked self-healing gels, which are applicable as selectively applied
protective coatings and dynamic self-rolling objects.61 3DP of doubly
dynamic self-healing gels prepared from poly(n-hydroxyethyl acryl-
amide-co-methyl vinyl ketone) (PHEAA-co-PMVK) was recently
reported by Nadgorny et al. 3DP of soft oxime hydrogels was followed
by a cycled cryogenic postprinting treatment, which reinforced the 3D
printed gels and facilitated the formation of hydrogen bonds as a second
dynamic linkage. These self-healing cryogels exhibited full and
autonomous damage recovery.137 More importantly, this work
addresses one of the major limitations of printed soft gels: poor
mechanical robustness. Though the majority of soft 3D printed gels
require additional postprinting reinforcement by UV curing or
chemical/physical cross-linking,136 the method described in this work
eliminates any need for external chemicals, photoinitiators or UV
equipment, making the mechanical properties of the printed gels highly
tunable.

To address some of the major limitations associated with FDM-
fabricated parts, such as mechanical defects, poor interlayer adhesion,
and reduced mechanical strength compared to bulk material, Davidson
et al. explored a thermally reversible furan-maleimide Diels−Alder
reaction. Furan-maleimide units were reacted to form a mending agent,
and after blending with PLA created a 3D printable self-healing system.
The presence of furan-melamine mending agent in the polymer matrix
decreased the voids between the filamentous junctions of 3D printed
layers, improved the layer-to-layer adhesion, and thus efficiently
increased the toughness of 3D printed parts.42,133 This thermally

Figure 7. 3D printed self-healing gels based on imine chemistry. The self-healing sequence is demonstrated (a−d): (a) 3D printed star as printed. (b) 3D
printed star after postprinting reinforcement by additional covalent cross-linking with ethylene diamine. After the postprinting (secondary) cross-
linking, a knife cut was induced (marked by an arrow). (c) After contacting the damaged parts of the 3D printed star, the object recovered by forming an
interfacial scar (marked by a dashed arrow). (d) After ∼1 h at ambient conditions, the 3D printed star self-healed and could be lifted as a single, self-
supporting object. (e) Demonstrated deposition of the self-healing gel as a single layered, protective coating. Reproduced from ref 61 with the
permission of the Royal Society of Chemistry (2017).
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reversible cross-linked polymer could also recover from macroscopic
breaks and restore ∼77% of its pristine strength.42

A significant progress in the 3DP of self-healing polymers and gels has
been demonstrated. However, 3DP of covalently cross-linked self-
healing materials still holds potential for future work. Other functional
chemistries, such as acylhydrazone, disulfide, boronate ester complex-
ation and various combinations of thereof in conjunction with
multimaterial 3DP, can facilitate the advanced manufacturing of
multifunctional and multiresponsive self-healing structures in the future.
A summary of the 3D printed self-healing materials, 3DP methods

used for their fabrications, their functional chemistry, recovery
performances, recovery conditions and applications, is provided in
Table 6.
3.6. Light-Responsive Materials. Light−responsive materials

exhibit macroscopic transformations when subjected to electromagnetic
irradiation.31 Mechanisms that trigger the consequent light-induced
transformations are diverse, ranging from cis−trans isomerization138

and self-assembly139 to surface plasmon resonance effect.140 Gupta et al.
developed a printing method to fabricate core and shell capsules for
controlled release of bioactive compounds. First, an aqueous core, which
contains an active biomolecule, a humectant, and a polymeric emulsifier,
is 3D printed, followed by 3DP of water immiscible and rapidly drying
shell. The poly(lactic-co-glycolic) (PLGA) shell was loaded with gold
nanorods (AuNRs) to promote a photothermal effect caused by
localized surface plasmon resonance, and trigger the shell rupture. As a
result, the bioactive compound was released from the core. In this work,
3DP of spatial patterns and hierarchically complex arrays with controlled
volumes were achieved owing to the advanced manufacturing
capabilities of 3DP. More importantly, the demonstrated printing
technique facilitated the fabrication of stable shell structures and
minimized shell defects and burst effects.140

In another work, Roppolo et al. demonstrated that by incorporation
of azobenzene dyes into photocurable resins of ethoxylated bisphenol A
methacrylates photohardening and photosoftening effects could be
achieved. These effects are attributed to the polymer volume changes,
associated with light induced cis−trans isomerization. These dynamic
and reversible macroscopic responses were employed for the 3DP of an
array of smart microcantilevers with micrometric dimensions.138 Boyle
et al. 3D printed dendritic block copolymers, which spontaneously self-
assembled into spherical and lamellar periodical structures during HME
(Figure 8). By controlling the molecular weight of the blocks, the
wavelengths of the reflected light could be modulated, enabling 3D
printed objects with diverse colors. 3D printed tube based on these
photonic crystals functioned as a selective light guide and can be
explored for potential optical applications. 3DP enabled the advanced
fabrication of complex macroscopic structures with tailored optical
properties. The replacement of dyes and pigments by nanostructured
polymers is presented as a new proof of concept for the future
development of optically active 3D printed parts.139 3D printed light-
responsive materials, 3DP methods used for their fabrication, their
mechanism of action and applications are summarized in Table 7.
3.7. pH-Responsive Polymers. pH-responsive polymers represent

another important group of smart materials that exhibit globule-to-coil
transition above or below a critical pH value. These polymers,
categorized as polyacids and polybases, have ionizable functional
groups, which undergo reversible protonation and deprotonation as a
function of pH. When these functional groups are charged, polymer
chains stretch to their coil form due to electrostatic repulsion, and
collapse to their globule formwhen the charge of the functional groups is
neutralized.31,75,76

Nadgorny et al. has deployed this principle for the manufacturing of
pH-responsive flow regulators using 3D printed poly(2-vinylpyridine)
(P2VP). The reversible pH-dependent swelling and shrinking of cross-
linked and quaternized P2VP valve enabled pH-dependent flow control
through a column, attributed to the physical expansion and contraction
of the 3D printed P2VP valve. To enhance the mechanical integrity of
P2VP during extrusion, ABS was blended with P2VP owing to its
superior plasticizing and strengthening properties.46 Recently, Okwuosa
et al. utilized a dual-extrusion FDM printer for the fabrication of
sustained drug release capsules. The capabilities of multimaterial 3DP T
ab
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enabled design and printing of core-and-shell structures by utilization of
two different filaments (Figure 9). Though the core contained an active
pharmaceutical ingredient (API), the 3D printed grafted shell was
composed of pH-responsive poly(methacrylic acid-co-ethyl acrylate)
(Eudragit L 100-55). Limited solubility of Eudragit L 100-55 at acidic

pH protected the encapsulated drug from its early release at gastric
environment, whereas controlled drug release was achieved at more
neutral physiological conditions of intestine. Drug release profile could
be controlled by a precise adjustment of the shell thickness and printing
resolution, facilitated by customized design capabilities of 3DP. When

Figure 8. Synthetic route for the production of dendritic block copolymers, which yield 3D printable filaments with different colors by self-assembly. (A)
Synthesis and chemical structure of dendritic block copolymers synthesized by ring-opening metathesis polymerization (ROMP). (B) Unassembled
(colorless) dendritic block copolymers introduced to the extruder. (C) Dendritic block copolymers self-assembly during HME, associated with color
changes to violet. (D, E) Produced filaments that reflect violet light. (F) Yellow light transmitting filament. Reproduced from reference 139 with the
permission of American Chemical Society (2017).

Table 7. Light-Responsive Materials, 3DP Methods Used for Their Fabrication, Their Responsive Mechanisms and Applications

Material 3DP method Mechanism Applications ref.

PLGA/AuNRs Extrusion
(LDM)

Photothermal effect of localized surface plasmon resonance:
light conversion to heat

Programmable release
capsules

140

Poly(dodecyl wedge-b-benzyl wedge) dendritic
block copolymers

Extrusion
(FDM)

Self-assembly Optical devices 139

Azobenzene/ethoxylated bisphenol A
methacrylate resin

SLA Cis−trans isomerization Microcantilevers 138

Figure 9. 3DP of core−shell, sustained release tablets. Dual-extrusion FDM was used to fabricate a core containing an API with polyvinylpyrrolidone
(PVP), covered by a protective, pH-responsive Eudragit L 100-55 shell. (a) CAD model of the tablet. (b) A schematic of the FDM machine, the
components and the tablet structure. (c) Image of the 3D printed core−shell tablet. Reproduced from ref 8 with the permission of Springer (2017).
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the shell was composed of 1−2 printed layers only (0.17, 0.35 mm
thickness), the drug release was premature and not well-controlled,
failing to protect the core. When the shell thickness increased to 0.52−
0.87 mm (3−5 printed layers), a better protective barrier was formed,
enabling sustained drug release.8 Unique 3DP features, such as control
over the object density, geometry and architecture, have become
strategic tools for governing controlled release profiles of drugs, making
3DP exceptionally attractive for pharmaceutical applications.5,7,8

Though few works report 3DP of synthetic pH-responsive polymers,
3DP of natural proteins is gaining popularity. Building units of proteins,
amino acids, exhibit pH-responsive behavior attributed to their ionizable
carboxylic acid and amine groups.141 These natural pH-responsive
polymers hold great promise for biomedical applications due to their
biocompatibility and biomimetic functions, such as environmental
responsiveness through remodeling and biodegradation.142 Lee et al. 3D
printed collagen gel precursors at acidic pH. Postprinting exposure to
sodium hydrogen carbonate vapors triggered gel formation of the 3D
printed constructs by pH neutralization.143 3D printed collagen-based
scaffolds were successfully applied for skin tissue regeneration and
recovery of locomotor functions.142,143 Despite their great promise in
biomedical applications, one of the biggest limitations of 3DP protein
hydrogels is that their gelation pH is nonphysiological.144 Keratin, a
naturally derived polymer from human hair forms a gel at acidic pH.144

Though keratin gelation at nonphysiological pH still remains a limiting
factor for its broader biomedical utilization, recent works report the
development of novel methodologies for 3D printing of keratin
hydrogels.145

So far, few pH-responsive polymers have been explored as 3D
printable materials, remaining an intriguing group of materials for future
study. 3D printable pH-responsive materials, 3DP methods used for
their manufacturing, and their properties and applications are
summarized in Table 8.

3.8. Mechanochromic Polymers. Mechanochromic materials
contain mechanically sensitive groups, known as mechanophores,

which convert mechanical forces to a chemical response, such as bonds
cleavage.77,146 The most extensively studied mechanophore, spiropyran
(SP), undergoes a reversible force-induced ring opening reaction, which
transforms SP to merocyanine (MC). The transformation is associated
with visible changes from colorless SP to violet MC.24,41,77,146,147

Covalent integration of SP into a polymer backbone was successfully
demonstrated as a strategy for fabricating printable force sensors.24,41

Boydston and co-workers employed FDM technology to 3D print SP
moieties covalently attached to polycaprolactone (PCL). Entry-level
multimaterial FDM 3D printer allowed the fabrication of complex and
macroscopic 3D structures with selectively controlled, spatially localized
SP-containing regions. As a result, spatially controlled mechano-
responsiveness was achieved. Mechanical elongation of the printed
samples transformed SP to MC, and as a result enabled visual
determination of regions with different degrees of exposure to stress.
More importantly, the onset of activation of each region was directly
measured, indicating the sequential activation of SP-containing regions
by gradual elongation (Figure 10). The application of 3DP enabled the
customization of the prototype, and represents a pioneer approach of
manufacturing macroscopic engineering devices based on mechano-
responsive polymers.24,41 A limiting factor for 3DP of mechano-
responsive polymers is the stability of mechanophores during HME and
FDM. Potentially, to overcome this limitation other 3DP methods can
be used as milder processing alternatives to eliminate the effect of high
temperatures and shears.41 To extend the proof of concept presented in
these works, a more detailed quantitative relation between the color
intensity (MC content) and the applied forces should be established to
be able to predict failures based on mechanochromic response. So far,
only SP has been explored as a functional mechanophore for mechano-
responsive applications. Therefore, for new properties, functions and
potential applications, 3DP of polymers with other mechanophores is
suggested as a future research direction.

4. SUMMARY AND OUTLOOK

This work reports the state-of-the-art research in the 3DP of
functional polymers and nanocomposites, focusing on the recent
advances, types of materials and methods, as well as challenges
and opportunities, associated with each class of materials.
The advent of 3DP technologies has revolutionized the

manufacturing of polymer-based materials, and pushed the
fabrication boundaries far beyond simple structures and
conventional resins. 3DP machinery, printing resolution, and
production speeds are constantly under development.51

Simultaneously, the efforts to optimize the existing printing
methods and to broaden their utility are being made as well.148

3DP enables advanced manufacturing of macroscopic objects.
However, the scalability of 3DP process is still limited and cannot
meet the demands for rapid large scale production. Most of the

Table 8. Summary of the 3D Printed pH-Responsive
Polymers, 3DP Methods Used for Their Manufacturing, and
Their Characteristics and Applications

Polymer
3DP

method
Critical
pH Applications ref.

P2VP/ABS Extrusion
(FDM)

∼4.0 Flow regulators
Catalytic devices

46

Eudragit L 100-55 Extrusion
(FDM)

∼5.5 Controlled drug
release

8

Collagen Extrusion
(LDM)

∼7.0 Skin regeneration,
Spinal cord
regeneration

142

Keratin SLA ∼3.5 Tissue engineering 145

Figure 10. 3D printed force sensor prepared from SP covalently attached to PCL. (A) Before elongation. (B) After elongation. The embedded PCL-SP
units exhibit changes in color (to violet) in response to force. The arrows indicate the direction of necking (scale bars = 10mm). (C) Image of the sensor
during the elongation process. Different SP-containing regions are sequentially activated upon elongation, from top (region 1) to bottom (region 4).
The table presents the extension and load (average ± standard deviation) required to reach the onset of activation at each region. Reproduced from
reference 24 with the permission of American Chemical Society (2014).
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works in the field report only 3DP of selected functional
prototypes.
Engineering efforts are constantly invested in the improve-

ments of mechanical properties, extension of lifespan,61 and
elimination of structural defects of 3D printed objects.42,133

New 3DP methods are being developed to address the
limitations associated with 3DP, such as poor mechanical
strength of 3D printed parts compared to nonprinted analogues;
voids created by weak interlayer adhesion, and decreased
reinforcement caused by randomized filler alignment.57,110−112

Alternative printing methods of electroactive composites have
been developed to address the processing-related chal-
lenges.57,92,108,109 Recent works also aim at improving the
structural fidelity and the tuneability of mechanical strength of
soft 3D printed gels.72,137 Most of these methods, however, still
require postprocessing, resulting in extended production time,
costs, and increased complexity. For improved process and
product efficiency, further research and development in the
future is essential.
Rapid evolution of additive manufacturing technologies and

their significant growth in a wide variety of applications has
demanded the development of novel and versatile feedstock
materials. Smart and functional polymers and nanocomposites
have emerged as an intriguing class of printable materials with a
significant progress in recent days. However, the field is still at its
infancy with a significant rise in its growth, and novel polymers
and composite materials are yet to be explored for new ground-
breaking applications. We envision future opportunities to
formulate 3D printable materials that combine multiple stimuli-
responsive functionalities31 as a strategy to create sensors and
actuators that can find utility in more complex environments. To
date, few works have demonstrated the 3DP of multifunctional
materials149,150 and functional multimaterial structures and
devices, probably due to the complexity of their design, synthesis,
and processing.
Tissue engineering, being traditionally recognized as the flag of

3DP, has derived benefits from stimuli-responsive materials.
More and more researchers are interested in “intelligent”
properties of scaffolds, rather than only in facile engineering of
their porous 3D structure, biocompatibility, or degradability.
They are exploring potential benefits of electrical or mechanical
stimuli for cell differentiation or morphology control.86,114,115

Piezoresistive and piezoelectric materials are very important
for the fabrication of sensors, actuators, and energy harvesting
devices, and several works emphasize the obvious superiority of
3D printed devices over their nonprinted analogues.120 However,
the range of processed piezoelectric materials is almost
exclusively limited to PVDF and BaTiO3 composites.121,124,125

It is desirable to explore the impact of novel chemistries and
potential functionalization/modification of existing piezoelectric
polymers and ceramics in order to enhance their relatively low
piezoelectric performances. The approach of creating hybrid
piezoresistive materials by combining soft polymers and
piezoresistive fillers has led to significant advances in flexible,
or even wearable, electronics. However, the flexibility of the
fabricated devices is still limited and not comparable to the
human skin, which is more likely to be mimicked by hydrogel
properties. Significant growth in the material development and
structure optimization is expected in this area.
Formulation of 3D printable self-healing polymers and gels is

gaining popularity in an attempt to extend the shelf life of 3D
printed parts and improve their mechanical properties.42,133

However, noncovalent interactions,13,90,134 Diels−Alder,42,133

imine,61 and oxime chemistry137 are the only dynamic linkages
that have been explored so far for self-healing applications.
Future advances in formulating covalently cross-linked self-
healing inks are essential for the extension of functional versatility
and properties, and can also benefit from higher stability,
compared to physical gels. Dynamic covalent bonds, such as
hydrazone and disulfide,78 can be used for next generations of 3D
printed self-healing devices and actuators.
Research focus on 3D printable light- and pH-responsive

polymers, despite their popularity for years, was limited, and still
offers a lot of exciting opportunities.
Mechanochromic materials are an interesting class of

functional materials for sensing applications. However, so far
the research on 3DP of mechanochromic materials was limited
and focused only on SPmechanophores.24,41 Future studies have
the potential to expand the range of 3D printable mechano-
chromic materials that exhibit new mechano-responsive proper-
ties.
From financial and environmental perspective, 3DP would

benefit from recyclable feedstock151 and minimized use of
environmentally unfriendly petrochemicals. Polymers from
sustainable resources, exhibiting competent strength and
functionality hold great promise for 3DP.152 Although
biocompatible polymers derived from natural sources have
been successfully used for 3DP of tissue engineering scaffolds,18

few works show their utility beyond biomedical applications.
High-performance polymers, which are capable of with-

standing harsh environmental conditions, such as corrosion,
high temperatures and pressures, and exhibit outstanding
thermal and chemical stability, are promising candidates for
3DP of highly durable prototypes for aerospace, automotive, and
electronic applications. However, the diversity of commercially
available high-performance polymers is limited, and only few
works report their 3DP and focus on their broad potential in
AM.71

The demonstrated advantages of 3DP technologies over
classic manufacturing methods are anticipated to attract a
growing number of scientists and engineers in years to come, to
explore novel functional materials that can be integrated with
3DP technologies for endless opportunities.
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