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Unique functions of living organisms in nature inspire a broad spectrum of engineering 

systems. Since biological living systems are often composed of multiple soft active 

materials with micro-scale three-dimensional (3D) structures, fundamental understanding 

on soft active materials and development of micro 3D manufacturing techniques are 

essential for effective implementations of their characteristics and functionalities. 

Hydrogels are soft polymeric materials that undergo volumetric changes upon solvent 

absorption. Some hydrogels exhibit such changes in response to external environmental 

conditions, such as temperature, pH, light, magnetic field, electric field, and chemical 

triggers, which are referred to as stimuli-responsive hydrogels. They have played an 

important role in a variety of applications, such as soft robotics, soft electronics, and 

biomedical engineering. Despite the growing attention to stimuli-responsive hydrogels and 

their diverse applications, manufacturing techniques for stimuli-responsive hydrogels have 
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been limited to simple two-dimensional (2D) fabrication methods which restrict full 

utilization of their unique material behavior. 

This dissertation focuses on the development and application of a high-resolution 

multi-material 3D digital fabrication technology, multi-material projection micro-

stereolithography (MM-PSL), in order to engineer stimuli-responsive hydrogels into 3D 

multi-functional soft active devices. Specifically, it consists of development of MM-PSL, 

studies of fundamental physics for various stimuli-responsive hydrogels, including 

electroactive hydrogels, thermo-responsive hydrogels, and photo-active hydrogels, micro 

3D printing of stimuli-responsive hydrogels, and development of multi-functional soft 

active devices, such as soft robots actuated by temperature changes or electric fields, and 

light-driven camouflage skin. 
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1. Introduction 

 

1.1. Background and motivation 

Soft materials, including polymers, colloids, granular materials, liquid crystals, and a 

number of biological materials, are types of materials that can be easily deformed or 

structurally altered by thermal, chemical, mechanical, or other environmental conditions. 

Soft materials have been receiving a great deal of attention in a wide range of science and 

engineering fields, for instance, tissue engineering, drug delivery, biomedical devices, 

microfluidics, optics, stretchable electronics, and soft robotics, because of their unique 

characteristics, such as multi-functionality, adaptability, flexibility, lightweight, and 

biocompatibility. 

Hydrogels, one of the well-known soft materials, are polymeric networks that 

undergo abrupt changes in volume upon solvent absorption [1]. The hydrogel networks 

retain the hydrophilic nature of the polymer chains, but the physical or chemical 

crosslinking of the chains restrains the hydrogel from dissolving in water. Water molecules 

can penetrate in between the polymer chains, which causes large swelling and formation 

of hydrogels. Hydrogels show physical properties similar to living tissue due to their high 

water content, porosity, soft consistency, and low interfacial tension with water or 

biological fluids, which results in appealing to biological and biomedical applications, such 

as tissue engineering [2], drug delivery [3], and bio-nanotechnology [4]. 

Some hydrogels exhibit conformational and chemical changes in response to 

external environmental conditions, such as temperature [5-7], pH [3, 6, 7], light [8, 9], 
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magnetic field [10], electric field [11], and chemical triggers [12], similar to living systems. 

These hydrogels are referred to as stimuli-responsive hydrogels [13] or smart hydrogels 

[14]. The stimuli-responsive properties of hydrogels are mainly comprised of polymer-

polymer and polymer-solvent interaction [15]. Specifically, the fundamental interactions 

are ionic interactions [16], hydrophobic interactions [17], hydrogen bonding [18], and van 

der Waals forces [19]. These interactions occur either independently or simultaneously to 

exhibit stimulus-responsive behavior of hydrogels. Such distinct properties lead stimuli-

responsive hydrogels to play an important role as the materials for a variety of applications, 

such as smart and self-healing coatings, bio-interfaces and bio-separation, micro- and nano-

actuation, and sensors [13]. 

Despite the growing attention to stimuli-responsive hydrogels and their diverse 

applications, manufacturing techniques for stimuli-responsive hydrogels have been limited 

to simple two-dimensional (2D) fabrication methods, such as cutting, molding, and 

lithography, which hinders full utilization of their unique material behavior. Thus, three-

dimensional (3D) fabrication of stimuli-responsive hydrogels will suggest new 

opportunities to develop and improve devices and applications based on new features that 

have not been realized with existing technologies to date. For example, living creatures 

that have complex 3D micro-structures made of multiple soft active materials can be the 

actual sources inspiring engineering of functional materials. It will be fascinating to 

observe how certain living creatures seemingly perform their tasks that look impossible; 

for instance, binding of gecko's feet to various surfaces, manipulation of octopus’s arm 

with almost unlimited degree of freedom, generation of color of butterfly’s wing without 
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pigments, etc. Therefore, fabrication and control of soft active materials in the 3D space is 

critical for implementing such novel features of living creatures. 

Some efforts have been put on creating a 3D structure from a 2D stimuli-responsive 

hydrogel sheet using an origami approach [20-24]. However, achieving a complex, high 

resolution, and high aspect ratio geometry using stimuli-responsive hydrogels still remains 

challenging. More recently, additive manufacturing (AM), also known as 3D printing, of 

stimuli-responsive hydrogels has been examined. The Lewis group reported the 3D shape-

morphing systems with composite hydrogel structures that are encoded with localized, 

anisotropic swelling behavior controlled by the alignment of cellulose fibrils [25]. The 

Spinks group demonstrated a 3D printed thermo-responsive valve, fabricated with 

temperature sensitive hydrogel, for control of water flow according to water temperature 

[26]. The Nelson group also presented 3D printing of triple stimuli-responsive hydrogel 

that respond to three different stimuli, temperature, pressure, and UV light [27]. These 

studies have contributed to developing more complex and higher resolution of 3D stimuli-

responsive hydrogel devices and various applications, using such 3D devices. However, 

since the AM technologies have been designed to produce structures from a single material, 

they are still limited in implementing a wider range of functionalities inspired by multiple 

soft materials of living creatures. Therefore, multi-material fabrication in 3D space with 

soft materials is necessary for achieving multi-functional soft devices. 
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1.2. Recent advances in multi-material additive manufacturing 

AM refers to a set of manufacturing processes where 3D objects are produced by directly 

joining constituent materials, often in a layer-by-layer manner. Each layer representing a 

thin cross-section of the object is digitally derived from a 3D computer-aided design (CAD) 

model and physically created by adding raw materials directly at the desired location. Since 

its first invention in 1984 [28], the focus of AM has long been on quickly creating a part 

representation before final release or commercialization, or rapid prototyping. However, 

the remarkable advances in AM technologies and materials development in the past few 

years have shifted the paradigm of AM to direct manufacturing of end products. In addition 

to its traditional use in automotive, aerospace and defense, with the fast-growing demands 

for product customization and personalization, AM is rapidly expanding its footprint to 

new areas including medical, dental, and consumer electronics, to name a few [29, 30]. 

Individual AM processes differ depending on the machine technology and material 

used. While AM for metals and ceramics holds its own significance for its industrial 

applications, polymers have been dominant AM materials due to wide material selection, 

processing methods available, and broad spectrum of materials properties achievable. 

Furthermore, employing new functional polymers with novel physical, chemical, 

mechanical, and biological properties, new branches of AM has also emerged, such as bio-

printing [31, 32] and four-dimensional (4D) printing [25, 33, 34]. Figure 1.1 shows several 

major AM techniques including direct ink writing (DIW), fused deposition modeling 

(FDM), material jetting (MJ), stereolithography (SLA), and digital light processing (DLP). 

In DIW, a viscous material in a material container (usually syringe) is extruded through a 

nozzle which moves in a programmed way in 3D space to build a 3D object. In FDM, a 
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thermoplastic polymer is continuously supplied as a filament into a heated nozzle through 

which a melted polymer is extruded in 3D, followed by subsequent cooling and 

solidification. MJ uses an array of individually addressable printhead nozzles to deposit 

fine droplets of a photo-curable polymer resin, which are cured with UV light upon arrival 

on the substrate. These three techniques typically use three-axis translational motion 

control to transfer the materials selectively to desired volume elements of a 3D object. In 

contrast, SLA and DLP deliver light energy to a liquid-state photo-curable polymer in a 

vat to create a solid part. In SLA, a laser beam is directed to a spot on a photo-curable resin 

and raster-scanned point-by-point, while DLP projects a patterned UV light generated by 

a digital dynamic mask to solidify an entire layer. 

Most of initially developed AM techniques print an object with a single material 

only. However, the demand for high complexity and enhanced functional performance of 

3D printed objects has raised tremendous interest in development of multi-material additive 

manufacturing (MMAM) technique. By integrating different materials together in one 

object, one can rapidly manufacture an object with a wide range of properties and 

functionalities (e.g., mechanical, electrical, chemical, optical). Many MMAM technologies 

have been recently developed and actively used in various fields. Since material processing 

principle varies for each AM method, different approaches have been taken for MMAM 

depending on the base AM technique used. Herein, we review the latest MMAM 

techniques based on DIW, FDM, MJ, SLA, DLP, and hybrid methods employing multiple 

AM methods simultaneously. We also review key applications enabled by MMAM in three 

areas of growing interest; biomedical engineering, soft robotics, and electronics. 
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Figure 1.1. Schematics of five different additive manufacturing techniques including direct 

ink writing (DIW), fused deposition modeling (FDM), material jetting (MJ), 

stereolithography (SLA), and digital light processing (DLP). Schematic images adapted 

from [30]. Multi-material additive manufacturing (MMAM) enables direct manufacturing 

of multi-material 3D structures for applications in many areas, including biomedical 

engineering, soft robotics, and electronics. Images are from [42, 55, 60, 62, 65, 77]. 
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1.2.1. Multi-material additive manufacturing methods 

 

1.2.1.1. Direct ink writing 

The simplest method to realize MMAM is to add as many printing nozzles as the number 

of materials used in a DIW platform (Figure 1.2(a)). This method provides a simple and 

easily accessible printing process with access to a wide range of materials, including 

structural [35, 36], electrical [37, 38], and biological [32, 39] materials. However, this 

approach often involves sequential printing process for individual materials, which slows 

down overall printing process. It also requires a careful alignment for each nozzle as well 

as precise material flow control, especially when printing materials have different 

rheological properties. To address these issues, single nozzle designs with multiple material 

containers have been developed for continuous printing with multiple materials [40-42]. A 

microfluidic printhead [40] and some nozzle designs including a material mixer before the 

nozzle [41, 42] have been proposed to rapidly switch between materials within a single 

nozzle. The material mixer also allows for printing of a mixture of different materials. 

Furthermore, a mixing ratio can be varied to desired concentration by precise material flow 

control through individual pressure lines, which enables 3D printing of functionally 

gradient materials with a tailored property (e.g., mechanical, chemical). High cross-

contamination between materials going through the same nozzle is still a challenge to be 

addressed. 
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1.2.1.2. Fused deposition modeling 

In the earlier stage of FDM, the printing potential was limited by a small selection of 

thermoplastic filament materials. With increasing variety of filament materials offering a 

wide range of physical, mechanical, and electronic properties [43], MMAM with FDM 

draws growing interest. In addition, multi-material printing capability for FDM is essential 

to print sacrificial support structures for printing parts with overhang features. Similar to 

multi-material DIW technology, multi-material FDM is easily achieved by employing 

multiple extrusion heads where nozzle temperature, printing speed, and resolution can be 

individually control as necessary [44]. Due to the expiration of the major FDM patents in 

the early 2010s, multi-head FDM systems has become relatively affordable and accessible 

compared to other MMAM techniques [45]. However, some drawbacks of multi-head 

FDM still exist, such as inherent poor surface finish with ridges, limited printing resolution, 

slow build speed, and low interfacial bonding strength. In particular, low interfacial 

bonding is a critical issue in producing 3D parts with dissimilar materials. Recently, a bi-

extruder head, which can print two filaments through a single nozzle, has been reported 

(Figure 1.2(b)) [46]. This bi-extruder includes an intermixer having thick blades, creating 

passive mixing of two melted filaments. The mixing also enabled printing of functionally 

gradient materials as well as improving interfacial bonding strength between two different 

materials by enhancing the mechanical interlocking of the materials at the interface. 

Printing with a filament coated with carbon nanotubes (CNTs) and microwave heating after 

printing has been shown to enhance interfacial bonding, but it has not been applied to bond 

different materials [47]. Other shortcomings inherited from FDM such as poor surface 
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finish and limited printing resolution still need to be overcome to improve 3D printed part 

quality. 

 

1.2.1.3. Material jetting 

MJ 3D printing is derived from the conventional inkjet printing technology where printing 

with multiple inks with different colors is already well established. Therefore, multi-

material printing with MJ has been easily implemented following the same approach using 

multiple jetting heads [48, 49]. Instead of color inks, multiple photo-curable materials and 

support materials are processed through jetting heads. Each head has hundreds or thousands 

of nozzles, enabling a rapid 3D printing with parallel material deposition. Printing 

resolution is determined by the nozzle density in the jetting head, which is limited by 

current nozzle manufacturing techniques. To improve the printing resolution with a given 

nozzle density, a machine vision system has been employed to monitor the printing quality 

in real-time and provide a feedback to correct inaccuracies during printing process [50]. 

With this system, MMAM with MJ with ~35 m resolution has been demonstrated (Figure 

1.2(c)) [49]. Another challenge in multi-material MJ is the difficulty in processing 

materials having a viscosity higher than 40 cP due to the use of small inkjet nozzles. To 

overcome the problem, a piezoelectric actuated jetting system has been reported which can 

dispense materials having a viscosity range of 50 - 200,000 cP [51]. In this work, MMAM 

of electronics with a highly viscous conductive carbon paste and photo-curable polymers 

was demonstrated. 
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1.2.1.4. Stereolithography 

Compared to other AM methods, SLA has many advantages including high printing 

resolution, high quality surface finish, and wide material selection. Since a part is created 

in a vat of a liquid photo-polymer, however, MMAM with SLA requires material exchange 

from one liquid to another in the vat. Due to this difficulty, SLA was not considered as a 

good candidate for MMAM until recently. The simplest MMAM with SLA is to manually 

change a liquid polymer in the vat [52]. However, manual material change is extremely 

laborious, interrupts the process for every material change, and therefore significantly 

reduces throughput. Hence, it is not practical for producing parts that require frequent 

material change. Later, a rotating vat carousel system was used to automate material change 

[53]. The system includes multiple vats for different materials mounted on a rotating 

platform. When material change is needed, the platform rotates to remove the current vat 

from the printing area and place another vat with a different material in the printing area. 

However, the material change step is still interruptive and takes the majority of the total 

printing time. Also, rinse-cleaning of a printing part between material change to prevent 

cross-contamination not only adds substantial process time but also increases material 

consumption. Recently, an aerosol jetting system has been employed in SLA to directly 

supply different materials (Figure 1.2(d)) [54]. The aerosol system has multiple material 

containers and atomizers that transform liquid material into small droplets. The droplets 

are deposited at desired locations and locally cured with a UV laser, resulting in higher 

material efficiency. However, the time-consuming material deposition process further adds 

printing time to SLA which already suffers from slow raster scanning. MMAM has been 
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also achieved at micro-scale using two-photon laser stereolithography combined with a 

microfluidic chamber that supplies multiple materials [55]. 

 

1.2.1.5. Digital light processing 

While having the same advantages of SLA, DLP provides higher printing speed by using 

a scanning-free projection lithography. Many innovative AM methods have been recently 

developed based on DLP technology for rapid, layer-free, and scalable AM [56-58], but 

they are still limited to one material. Various attempts have been made to achieve MMAM 

with DLP with different material change methods such as a rotational platform [59, 60] or 

a microfluidic material delivery system [61]. However, these methods also require a time-

consuming cleaning process, which slows down the overall printing speed. To reduce the 

cleaning time, a vat-free, droplet-based MMAM with an air jet blower was developed 

(Figure 1.2(e)) [62]. In this method, printing materials are supplied as an array on droplets. 

Once a layer is cured, the remaining liquid drop is rapidly blown away from the printing 

area using a high-pressure air jet. Next droplet to be supplied may be of different material 

as needed. On the other hand, conceptually different approaches for DLP MMAM have 

been also reported. Using orthogonal photo-chemistries that undergo independent cross-

linking reactions (radical and cationic crosslinking), multiple polymers that are mixed in 

the same vat were selectively cured using light with different wavelengths without the need 

for physical material change [63]. The radical curing takes place by both blue light (470 

nm) and green light (530 nm), whereas cationic curing occurs only by blue light. By 

selectively projecting images with two wavelengths of light, printing of multi-material 3D 

objects with predefined and spatially resolved mechanical and chemical properties can be 
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effectively achieved. The same principle has been also used for multi-material 4D printing 

[64]. 

 

1.2.1.6. Hybrid additive manufacturing 

Each AM technique has its own advantages and disadvantages, and the range of materials 

available is different. To compensate for the shortcomings of each AM system and to use 

a wider variety of materials for multi-material 3D objects, two or more complimentary AM 

methods can be incorporated into a single AM system. DIW was the most widely used 

method that is combined with other AM method due to its simplicity. Since DIW is suitable 

for printing relatively high viscous materials, it has been used with other AM techniques 

where processing high viscous materials is challenging. For example, hybrid AM 

techniques combining DIW with MJ [65] or DLP [66] have been developed to fabricate 

electronics that require printing of high viscous conductive materials containing high 

concentrations of metal particles or carbon-based materials. DIW has also been used 

together with a vacuum nozzle to integrate electronic components via a pick-and-place 

method [67]. Pre-fabricated surface mount electrical components, including light emitting 

diodes (LEDs), registers, and capacitors, were placed on target positions using a vacuum 

nozzle, followed by printing conductive materials with DIW to create electrical 

interconnects. Recently, more AM methods including DIW, FDM, and MJ and two 

complementary techniques (robotic arms for pick-and-place and photonic curing system 

for intense pulsed light sintering) have been integrated into one system for multi-functional 

MMAM (Figure 1.2(f)) [68]. 
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Figure 1.2. Recent advance in MMAM techniques. (a) Multi-material DIW using multiple 

nozzles (images adapted from [32]). (b) Multi-material FDM using a bi-extruder head 

which can print two filaments through a single nozzle (images adapted from [46]). (c) MJ-

based MMAM with improved printing resolution through a machine vision system (images 

adapted from [49]). (d) Vat-free multi-material SLA using an aerosol jetting system 

(images adapted from [54]). (e) Vat-free DLP-based MMAM using air jet cleaning system 

(images adapted from [62]). (f) Hybrid MMAM system combining DIW, FDM, MJ, and 

two complementary techniques (robotic arms and photonic curing system) (images adapted 

from [68]). 
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1.2.2. Applications using multi-material additive manufacturing 

 

1.2.2.1. Biomedical engineering 

AM industry for biomedical application is projected to reach $3.7 billion by 2026 [69]. 

With strong market potential, many biomedical applications have been developed with 

MMAM. Creating 3D engineered tissue constructs that mimic biological systems has 

attracted much attention in tissue engineering. Since natural tissues are structurally 

complex consisting of multiple cell types, MMAM is essential to create an engineered 

tissue construct. Recently, a 3D spinal cord tissue-like structure has been reported with 3D 

printing of neuronal and glial progenitor cells (Figure 1.3(a)) [39]. MMAM has also been 

used to create biomedical devices such as microneedle arrays [70] and diagnostic devices 

[71]. Typical transdermal microneedle arrays consist of two parts (microneedle bodies and 

a substrate) playing different roles (drug delivery or biofluid collection, structural support 

and skin protection) (Figure 1.3(b)). Therefore, using two materials having different 

properties improves the performance of microneedle arrays. Similarly, diagnostic 

microfluidic devices for measuring pharmaceuticals in biological fluids with multiple 

functional parts, including an optically transparent main body for visual detection, 

electrodes for electrokinetic transport, and membranes for screening target molecules, were 

fabricated using MMAM (Figure 1.3(c)). MMAM is also used for fabrication of 3D 

artificial models for preclinical or preoperative surgical training (Figure 1.3(d)) [72, 73]. 

With the printed models recapitulating various characteristics of different biological tissues 

in a body, complex operating procedures can be effectively planned for lowering the risk 

of errors during surgery. 
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1.2.2.2. Soft robotics 

Soft robots are defined by their compliant and flexible body which enables complex 

actuations and motions that would not be possible to achieve with conventional robots with 

rigid bodies and joints [74]. AM has enabled the design and fabrication of sophisticated 

geometries and internal features required for soft robotic actuation by providing an 

excellent tool to fabricate a 3D mold for elastomeric materials or to directly manufacture 

them [75]. With the recent evolution of AM and rapid expansion of printable material sets, 

there has been a trend shifting towards direct manufacturing of soft robots using MMAM, 

which dramatically simplifies manufacturing procedures without compromising functional 

complexity. The first example is pneumatically driven elastomeric actuators, comprising 

an elastomeric body whose surface is decorated with a stiff reinforcing material aligned at 

a designed orientation through DIW (Figure 1.3(e)) [35]. The orientation of reinforcement 

determines the local anisotropic deformation developed throughout the soft actuators 

during inflation, resulting in a variety of motions such as elongation, contraction, and 

twisting. Printing-driven programming of reinforcement via DIW was also used to control 

complex swelling of a hydrogel for 4D printing [25]. MMAM also allows for direct 

integration of different functional components necessary for actuation. For example, DIW 

and MJ hybrid MMAM was used to print a silver-nanoparticle ink as a resistive heating 

element on a stimuli-responsive liquid crystal elastomer (LCE) that exhibits shape change 

with temperature for reversible soft robotic actuation (Figure 1.3(f)) [76]. Also, the same 

hybrid approach was used to directly print a stiffness-tunable soft actuator consisting of a 

soft elastomeric body connected with pneumatic system, a shape memory polymer (SMP) 

layer for stiffness control, and silver nanoparticle ink for resistive heating (Figure 1.3(g)) 
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[65]. The SMP shows a capability of reversibly changing the stiffness by a few orders of 

magnitude spanning from MPa (at high temperatures) to GPa (at low temperatures) through 

glass transition [34]. By controlling pneumatic pressure and electric current independently, 

soft robotic actuation and passive locking are both possible, extending the capability of soft 

robot to higher load and more energy efficient applications. 

 

1.2.2.3. Electronics 

MMAM is critical for direct manufacturing of 3D electronic devices where electrically 

dissimilar materials including conductors, semiconductors, and dielectrics are integrated 

together. By adding the third dimension, 3D electronics can be further miniaturized to a 

smaller footprint and formfactor. For example, a 3D magnetic sensor with integrated 

electronic components and conductive paths has been 3D printed, demonstrating the 

improvement of volume utilization by taking full advantage of the design in all three 

dimensions (Figure 1.3(h)) [77]. Additional functionalities such as flexibility and 

stretchability can be also imparted in electronics by employing various printable materials. 

Stretchable strain or pressure sensors have been created with MMAM of thermoplastic 

polyurethane as a matrix and thermoplastic polyurethane with silver flakes as a conductive 

material [67]. Recently, a highly stretchable electronic LED board has been demonstrated 

by printing a stretchable conductive hydrogel on elastomer (Figure 1.3(i)) [78]. Given 

stretchability of hydrogel up to 1300%, the electric circuit can maintain electric 

conductivity even under large deformation. In addition, the freeform fabrication capability 

of AM provides an excellent tool to manufacture electronic devices conformable to an 

arbitrary shape, which has the potential for wearable electronics. High design and 
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manufacturing flexibility afforded by AM also allows for exploration for new designs of 

energy storage device for higher capacity. A fully 3D printed and packaged Li-ion battery 

has shown to have high areal capacity (Figure 1.3(j)) [37]. Moreover, interconnected 

photodetector arrays printed on both planar and hemispherical surfaces exhibited high 

sensitivity and wide field-of-view (Figure 1.3(k)) [38]. Five different materials including a 

photoactive layer, a transparent anode, a silver nanoparticle interconnect, an electrical 

insulating layer, and a cathode were concurrently printed on substrates with arbitrary 

geometries using MMAM. 
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Figure 1.3. Recent applications enabled by MMAM in three areas; biomedical engineering 

(a-d), soft robotics (e-g), and electronics (h-k). (a) 3D spinal cord tissue-like structure with 

3D printing of multiple cells (image adapted from [39]). (b) Transdermal microneedle array 

made of two parts; microneedle bodies and a substrate (image adapted from [70]). (c) 

Diagnostic microfluidic device fabricated with four different materials (image adapted 

from [71]). (d) 3D printed artificial models for preclinical or preoperative surgical training 

(images adapted from [72, 73]). (e) Programmed motion of elastomeric actuator through 

surface decoration with a stiff reinforcing material (image adapted from [35]). (f) 

Reversible soft robotic actuation with a resistive heating element (silver-nanoparticle ink) 

and stimuli-responsive liquid crystal elastomer (LCE) (image adapted from [76]). (g) 

Stiffness-tunable soft actuator consisting of soft elastomeric body, shape memory polymer 
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(SMP) layer, and resistive heating element (image adapted from [65]). (h) 3D magnetic 

flux sensor with integrated electronic components and conductive paths (image adapted 

from [77]). (i) Fabrication of highly stretchable electronic LED board by 3D printing of 

stretchable conductive hydrogel material on elastomer (image adapted from [67]). (j) Fully 

3D printed and packaged Li-ion battery showing high areal capacity (image adapted from 

[37]). (k) 3D printing of photodetector arrays with five different materials on hemispherical 

surface (image adapted from [38]). 

  

1.3. Dissertation organization 

DLP-based projection stereolithography AM has distinctive advantages, such as high-

resolution, scanning-free parallel process, low cost, and support-structure-free 3D printing. 

Also, it provides a wide range of material selection, including stimuli responsive hydrogels. 

Accordingly, this study encompasses the development of a novel DLP-based MMAM 

technique (multi-material projection micro-stereolithography, MM-PSL) that shows 

cleaning process-free material exchange, 3D printing of soft active materials (stimuli-

responsive hydrogels), characterization and quantification of dynamic behavior of soft 

active materials and devices, and implementation of bio-inspired design principles in soft 

active devices. Figure 1.4 presents how each of the specific research focuses are integrated 

with each other under this dissertation study. 
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Figure 1.4.  Schematic Venn diagram of this study 

 

The main theme of this dissertation is the development of multi-functional soft 

active devices using multi-material 3D printing and soft active materials (stimuli-

responsive hydrogels). The dissertation consists of six chapters; each of them describes a 

research process and results on a specific topic. 

Chapter 1 provides a background of soft materials, systematic and comprehensive 

reviews on multi-material 3D printing techniques and their applications, and motivations 

of this dissertation. 

Chapter 2 introduces the heterogeneous multi-material 3D printing system, MM-

PμSL, developed and used for all of the researches in this dissertation. Fabrication of highly 

complex multi-material 3D micro-structures is demonstrated using an active material 

exchange process. Also, material exchange efficiency, the effects of energy dosage on 

curing depth, the degree of cross-contamination between different materials in a 3D printed 

multi-material structure are studied. 
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Chapter 3 presents micro 3D printing of a soft electroactive hydrogel which exhibits 

large deformation in response to an electric field. With 3D printed electroactive hydrogel 

micro-structures, soft robotic manipulation and locomotion are demonstrated. Based on 3D 

design and precise dimensional control enabled by our micro 3D printing technique, 

complex 3D actuations of EAH are achieved. 

Chapter 4 is dedicated to demonstrating micro 3D printing of a soft thermo-

responsive hydrogel which shows a large and reversible volume change in response to 

temperature change. Control of the temperature-dependent deformation of 3D printed 

thermo-responsive hydrogel structures is achieved by controlling manufacturing process 

parameters as well as polymer resin composition. Also demonstrated is a sequential 

deformation of a 3D printed thermo-responsive hydrogel structure by selective 

incorporation of ionic monomer that shifts the swelling transition temperature of the 

thermo-responsive hydrogel. 

Chapter 5 presents a bio-inspired adaptive camouflage skin, which employs 3D 

printed multi-material artificial chromatophores composed of three components, photo-

active muscles (material: photo-active hydrogel), a stretchable sac (material: acrylic acid 

hydogel), and a rigid frame (material: PEGDA 250). The photo-thermal effect of photo-

active hydrogel, stretchability of AA hydrogel, and bonding strengths between materials 

are studied to design the artificial chromatophore. With printed artificial chromatophore, 

dynamic color change of the artificial skin is demonstrated. 

Finally, Chapter 6 summarizes the studies presented in this dissertation and 

provides potential future studies.  
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Chapter 2 

Rapid Multi-Material 3D Printing 

with Projection Micro-Stereolithography 
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2. Rapid Multi-Material 3D Printing with Projection Micro-Stereolithography 

 

2.1. Introduction 

Additive manufacturing (AM), also referred to as three-dimensional (3D) printing, is a set 

of manufacturing techniques of directly building 3D physical objects by additively joining 

raw materials. Since the first invention of AM in 1980’s [79], various AM technologies 

have been developed, such as direct ink writing (DIW) [80, 81], fused deposition modeling 

(FDM) [82], material jetting [83], stereolithography (SLA) [28, 84] and two-photon 

polymerization (2PP) [85, 86]. A variety of materials including polymers [87], metals [88], 

ceramics [89, 90], and biomaterials [91] have been used in AM for a wide range of 

applications, ranging from rapid prototyping to metamaterials [92, 93], medical devices 

[94], electronics [95], and tissue engineering [96, 97]. Although a growing number of 

materials have become available for AM, most of the existing AM techniques build an 

object with a single material only, which is a critical barrier to achieving advanced 

functionalities in 3D printed parts. 

Among previously reported multi-material 3D printing techniques, many of them 

are based on an extrusion-based AM, such as DIW [32, 98, 99] and FDM [44, 100], or 

material jetting [48, 101]. Since these techniques deposit materials directly to the desired 

voxel, multi-material printing could be easily implemented by simply adding as many 

printing nozzles or inkjet heads as the number of materials being processed. However, 

multi-material 3D printing with a vat polymerization technique such as SLA and 2PP still 

remains challenging because an object is built by selectively solidifying a liquid material 
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that is already placed in a vat. To switch a printing material, the whole material in the vat 

has to be exchanged during the printing, which significantly interrupts and slows down the 

process, and consequently, increases the overall manufacturing time. In addition, a time-

consuming cleaning process between material exchange may be required to remove and 

rinse out the un-crosslinked material around the object to avoid cross-contamination 

between materials. 

Digital light processing (DLP)-based projection stereolithography AM has 

distinctive advantages such as high-resolution, scanning-free parallel process, wide 

material sets available, low cost, and support-structure-free 3D printing. Among a few 

recently reported projection stereolithography multi-material 3D printing techniques, the 

simplest method is to manually change material in the vat [102] or to switch between 

multiple vats containing different materials [60, 70, 103]. However, the printing process 

has to be stopped for a certain period of time in the middle of the process for material 

cleaning and change, making the entire production time extremely long. This problem 

becomes even more apparent when frequent material change is needed for hundreds of 

layers as material complexity of the part increases. Some groups implemented an automatic 

material change sequence using a rotational platform where multiple vats for different 

materials and a cleaning solution were placed [59, 92, 104, 105]. However, the majority of 

the production time was still spent on material change because of their long material change 

time (minutes) compared to the actual time for curing a layer (or curing time, seconds). 

Here, we present design and development of a multi-material projection micro-

stereolithography (MM-PSL) system which is capable of rapidly and heterogeneously 

integrating multiple materials into a 3D structure using dynamic fluidic control of liquid 



26 
 

 

photopolymers within an integrated fluidic cell. The present system can quickly exchange 

materials without interrupting the process, enabling rapid high-resolution multi-material 

3D printing. To achieve this, we characterized material volume flow rate in the fluidic cell, 

material exchange efficiency, and curing kinetics for various photopolymers with different 

properties. In addition, we evaluated material cross-contamination occurring during 

material change to assess the quality of the multi-material printing. Based on the results, 

we demonstrated 3D printing of a multiple-particles-loaded structure and a multi-

responsive hydrogel micro-structure that responds to multiple external stimuli. 

 

2.2. Materials and Methods 

 

2.2.1. Materials 

1,6-Hexanediol diacrylate (HDDA), Poly(ethylene glycol) diacrylate (PEGDA), Acrylic 

acid (AA), N,N'-Methylenebis(acrylamide) (BIS), Phenylbis(2,4,6-trimethylbenzoyl) 

phosphine oxide (photo-initiator, PI), Sudan I (photo-absorber, PA), 3,3′-

Diethyloxacarbocyanine iodide (DiOC2), Rhodamine B (RHB), Triton X-100 (surfactant), 

and Phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich. N-

Isopropylacrylamide (NIPAAm), Copper (Cu) nano-powder (70 nm), and Alumina (Al2O3) 

powder (BMA 15, 150 nm) were purchased from Fisher Scientific, US Research 

Nanomaterials, Inc., and Baikowski, respectively. All materials were used as received. 

Table 2.1 provides the chemical components of the solutions used in each study and their 

concentrations.   
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Table 2.1. Material composition of different printing solutions. Ethanol was used as a 

solvent for NIPAAm solution. 

Study 

Material composition 
 

Monomer 

(M) 

Cross-linker 

(mM) 

PI 

(mM) 

PA 

(mM) 

DiOC2 

(M) 

RhB 

(M) 

Particles 

(vol. %) 

Triton 

X-100 

(mM) 

Flow control 

(Sec.2.3.2) 

Ethanol 

(control) 

HDDA 

PEGDA250 

PEGDA575 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Material 

exchange 

process 

(Sec.2.3.3) 

Ethanol 

(control) 

HDDA 

PEGDA250 

PEGDA575 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

0.8 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Curing 

kinetics 

(Sec. 2.3.4) 

PEGDA250 

- 

- 

- 

- 

- 

- 

- 

47.8 

- 

- 

- 

- 

- 

- 

- 

- 

0.8 

- 

1000 

- 

- 

- 

- 

- 

0.8 

- 

1000 

- 

- 

- 

- 

- 

- 

- 

Cu (0.45) 

Al2O3 

(0.45) 

- 

- 

- 

- 

- 

3.2 

3.2 

Cross-

contaminati

on 

 (Sec.2.3.5) 

PEGDA250 
- 

- 
47.8 

- 

- 

0.8 

- 

- 

0.8 

- 

- 

- 

- 

Multi-

material 3D 

micro-

structures 

 

(Sec.2.3.6.1) 

PEGDA250 
- 

- 
47.8 

- 

- 

1000 

- 

- 

1000 

- 

- 

- 

- 

Multi-

particles-

loaded 

structure 

 

(Sec.2.3.6.2) 

PEGDA250 

- 

- 

- 

- 

- 

47.8 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Cu (0.45) 

Al2O3 

(0.45) 

Cu (16) 

Al2O3 

(16) 

- 

3.2 

3.2 

3.2 

3.2 

Multi-

responsive 

hydrogel 

structure 

(Sec.2.3.6.3) 

NIPAAm 

(6.2) 

AA (13.3) 

 

BIS (324) 

PEGDA250 

(404) 

47.8 

12 

- 

 

- 

- 

 

- 

- 

 

- 

- 

 

- 

- 
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2.2.2. Multi-material projection micro-stereolithography (MM-PSL) system 

The MM-PSL system was built with the following major components: a UV LED (405 

nm, Innovations in Optics), custom-built collimation optics (Thorlabs), a beam splitter 

(Thorlabs), a digital dynamic mask (liquid crystal on silicon, LCoS) extracted from a 

commercial digital projector (Cannon), a projection lens (Carl Zeiss), a linear stage 

(Newport Corporation), a custom-built fluidic cell, a pump (Parker), and 2-way pinch 

valves in each fluidic path (Reet Corp.). The fluidic cell consists of a cylindrical printing 

chamber with integrated microfluidic inlet and outlet channels, a cylindrical build platform 

with an embedded pumping channel, and a top plate with a circular hole to clamp a 

glass/PDMS window. Detailed drawings of each component and assembly is included in 

Figure 2.1. In this chapter, we used 3 material containers for 3 different materials, but it 

can be easily extended for as many materials as needed. All components of the system are 

controlled by a custom-written LabVIEW (National Instruments) script.  

 

Figure 2.1.  The photographs of multi-material projection micro-stereolithography (MM-

PSL) and a detailed design drawing of fluidic cell 
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2.2.3. Fluid flow measurement in MM-PSL 

In order to measure a volume flow rate of a liquid material in the MM-PSL system, a 

material container was first connected into the fluidic cell. After filling in the container 

with the material to be tested, we started the pump to create a pressure-driven flow through 

the fluidic cell. The material discharged from the outlet of the pump for a given pumping 

time was collected and weighed using a digital balance. Discharged volume was calculated 

using a density of the material (Table 2.2). 

Table 2.2. Material properties of liquid material samples 

Property Ethanol HDDA PEGDA 250 PEGDA 575 

Viscosity (cP) 1 6.3 13.4 58.7 

Density (kg m-3) 782 1,010 1,110 1,120 

 

2.2.4. Viscosity measurement  

Viscosity of four different materials, namely, ethanol, HDDA, PEGDA 250, and PEGDA 

575, was measured at room temperature by viscometer (DV-II+ Pro, Brookfield 

Engineering Lab) with a cone-and-plate geometry (Table 2.2).  1 mL of each material was 

loaded between a cone with 48 mm diameter and a plate, and a shear stress was measured 

to calculate the viscosity. A shear rate of 20 rpm was used for all materials. 

 

2.2.5. Fluorophore concentration measurement using a plate reader 

Fluorescent intensity of DiOC2 solutions were measured using a plate reader (Infinite 

M200 Pro, Tecan). Fluorescence filters with an excitation wavelength of 482 nm and an 



30 
 

 

emission wavelength of 513 nm were used. 100 L of sample fluorescent solutions were 

pipetted into the wells of a standard 96-well plate. The fluorescent intensity was measured 

from the bottom of the plate. Fluorophore concentration of DiOC2 solutions were 

calculated using the calibration curves showing the relationship between fluorophore 

concentration and fluorescent intensity (Figure. 2.2). To obtain the calibration curves, five 

solutions with predetermined fluorophore concentrations (0, 0.1, 0.2, 0.4, and 0.8 M) were 

prepared and the intensity of each solution was measured using a plate reader.  

 

Figure 2.2.  Calibration curves of DiOC2 solutions prepared with ethanol, HDDA, PEGDA 

250, or PEGDA 575. 

 

2.2.6. Fluorescent microscope imaging for cross-contamination study 

Imaging of the printed structures containing fluorophores was performed using an inverted 

fluorescent microscope (IX81, Olympus). To quantify a degree of material cross-
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contamination in a printed sample, green and red fluorescent microscope images of the 

sample were individually taken with two different filters. The green and red fluorescent 

intensities were extracted along a line at the center of the image (Figure 2.3(a)) using image 

analysis software, Image J. Then the obtained intensities were normalized to their 

respective maximum intensity (Figure 2.3(b) for green and Figure 2.3(c) for red). The area 

under each peak was calculated using data analysis software, Origin, and cross-

contamination index and purity index were determined based on these areas (see sec. 2.3.5 

for details). 

 

Figure 2.3.  (a) Green and red fluorescent microscope images of the 3-second sample. The 

normalized fluorescent intensities extracted from green fluorescent image (b) and red 

fluorescent image (c). 
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2.2.7. Confocal fluorescent microscope imaging 

A sample to be imaged was tightly attached to a glass slide using super glue. The glass 

slide on which the sample was placed was put on the inverted laser scanning confocal 

microscope (LSM 780, Zeiss). The green and red confocal fluorescent microscope images 

of the sample were individually taken with two different filters, and then two separate 

images were analyzed and merged using Image J. 

 

2.2.8. X-ray micro computed tomography (CT) imaging 

The 3D printed multi-material helix was prepared inside a pipette tip to immobilize the 

structure. The tip was, then, placed on the sample holder in the Skyscan 1172 Micro-CT 

system (Bruker). The structure was scanned at 6.5 m resolution. Afterwards, the images 

were reconstructed to generate cross-sectional images and a 3D image of the structure with 

the Skyscan image reconstruction software, NRecon. 

 

2.2.9. Multi-responsive hydrogel swelling experiment 

The bilayer hydrogel beam was printed using MM-PSL with two different hydrogels, 

thermo-responsive hydrogel and electroactive hydrogel. After printing, the sample was 

stored in deionized water (DI water) overnight for rinsing. Then the sample was put into a 

0.05 M PBS solution and stored at 5 oC for 24 hours. To test responsive swelling with 

varying temperature and electric field, the bilayer hydrogel beam was placed between two 

platinum wire electrodes separated by 5 cm in a temperature-controlled chamber filled with 



33 
 

 

0.05 M PBS solution. After setting the temperature, an electric field was applied for 10 s 

using a DC power supply (voltage of 30 V). In order to let it return to its original shape, 

the sample was left in the chamber at the same temperature for 10 min with no electric field 

applied. The reverse electric field was then applied for 10 s at the same electric field 

strength. All deformations of the sample were recorded with a digital camera. 

 

2.3. Results and Discussion 

 

2.3.1. MM-PSL system and process overview 

Projection micro-stereolithography (PSL) is a high-resolution vat polymerization AM 

technique which uses a digital micro display as a dynamic mask generator [60, 106-112]. 

As shown in Figure 2.4(a), a 3D model created by computer aided design (CAD) software 

is digitally sliced into a series of cross-sectional images. Ultraviolet (UV) light from a UV 

light emitting diode (LED) is first guided to the dynamic mask generator which displays a 

digital image. Then, the spatially patterned UV light is projected through a projection lens 

and focused on the surface of a liquid photopolymer. Upon UV exposure, the liquid 

photopolymer is converted to solid, rapidly forming a layer in a desired pattern in seconds. 

Then the build platform on which a printed object sits is lowered vertically, and the next 

image is projected to form a new layer on the proceeding one. This process is repeated for 

all the layers until the 3D object is completed. PSL is compatible with a variety of 

photopolymers including shape memory polymers [60, 113] and hydrogels [110, 111, 114]. 

Metal  and ceramic 3D printing has been also achieved through PSL by using metallic 
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[92] and ceramic [112] particles suspended in a liquid photopolymer solution or using 

polymer-derived ceramics [115]. 

 

 

 

Figure 2.4. Schematic illustration of the MM-PSL overall process (a) and material 

exchange process (b). 
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In this chapter, we present a multi-material PSL system that can rapidly switch 

photocurable materials. To achieve quick and active material exchange, we designed and 

fabricated an integrated pressure-tight fluidic cell in place of an open vat. Schematic 

diagram of the system is shown in Figure 2.4(a). A transparent glass window coated with 

polydimethylsiloxosane (PDMS) is tightly clamped to the top of the fluidic cell. Being 

optically transparent, the PDMS coating allows the UV light ( = 405 nm) to pass through 

and reach a photocurable polymer solution in the fluidic cell. Oxygen permeability of 

PDMS helps to create a thin inhibition layer at the PDMS-photopolymer interface, 

facilitating separation of a polymerized layer from the PDMS when the printing platform 

is lowered for the next cycle [116, 117]. In addition, elastic PDMS coating serves as a 

gasket, ensuring tight sealing of the fluidic cell to prevent material leaking or gas bubble 

forming during the pressure-driven material exchange process. Multiple UV-protected 

material containers and a pump are connected to the fluidic cell through tubing and internal 

fluidic channels of the fluidic cell. Through a computer-controlled valve and pump 

operation sequence, the fluidic cell is filled with a material to be printed. When material 

change is needed, a new material in a respective container is quickly pumped to the fluidic 

cell to replace the previous material in the printing chamber. Once the chamber is 

completely filled with a liquid material in the beginning, no air bubble that could scatter 

projection light is generated inside the fluidic cell because of the tight sealing achieved by 

elastic PDMS coating. The custom-built multi-material PSL system is shown in Figure 

2.1. With the current configuration, the optical system can deliver light irradiance of up to 

200 mWcm-2 with a lateral resolution of 5 m on the projection plane. 
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Figure 2.4(b) illustrates the material change process. A material in the fluidic cell 

is replaced by a pressure-driven flow of a new material. The following sequence is to 

change the printing material from material A (green) used for the previous layer (i in Figure 

2.4(b)) to material B (red) for the subsequent layer. First, the valve for material B opens 

when the build platform moves down. This process creates a negative pressure inside the 

fluidic cell, driving the flow of material B into the fluidic cell. Once the platform completes 

descending, the pump connected to the fluidic cell through the center channel is turned on 

to flush the fluidic cell with material B while drawing the remaining material A out of the 

fluidic cell (ii in Figure 2.4(b)). While doing so, the structure being printed on the build 

platform in the fluidic cell is vigorously rinsed with material B, eliminating the need for a 

separate cleaning process which would be otherwise necessary to remove uncured material 

around the structure. When material change is completed, the pump is turned off, and the 

build platform pushes the residual material through the outlet channel of the fluidic cell 

while moving up to the position for the next layer (iii in Figure 2.4(b)). Then, the outlet 

channel of the fluidic cell is closed, leaving the fluidic cell now filled with material B for 

the next layer to be cured on top of or next to the previous layer upon UV exposure (iv in 

Figure 2.4(b)). Not only can this process build layers of different materials on top of each 

other, it can also integrate different materials side-by-side within the same layer. By 

performing this automated process whenever material change is necessary, different 

materials can be three-dimensionally (vertically and horizontally) joined together, resulting 

in a true multi-material 3D object.   
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2.3.2. Flow control in the fluidic cell for material change 

In the material change process described above, the time required for the material to be 

completely replaced varies depending on the volume flow rate, which is closely related to 

the viscosity of the material when an applied pressure is given [118]. Since different liquid 

feedstock materials may have different viscosity, the relationship between the viscosity of 

the material and the material flow rate through the fluidic cell can help to predict the 

minimum material exchange time required. For this study, we used four different liquid 

material samples with different viscosity, namely ethanol, HDDA, PEGDA 250, and 

PEGDA 575 (Table 2.2) and measured their respective flow rates during pumping. As 

shown in Figure 2.5(a), the average flow rate of ethanol, HDDA, PEGDA 250, and PEGDA 

575 is 1.8, 1.5, 1.3, and 0.5 cm3 s-1, respectively. 

With any of these volume flow rates, the fluidic cell having an internal chamber 

volume of ~1 cm3 can be filled in a matter of seconds. The result shows that viscosity and 

volume flow rate are inversely proportional, as predicted by Hagen-Poiseuille law [118]. 

Since different materials would need different material change times, the overall printing 

time to complete a multi-material 3D structure can be minimized by giving a material 

exchange time tailored to the viscosity of the material being processed. 
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Figure 2.5. MM-PSL system characteristics. (a) The relationship between viscosity and 

material flow rate in the fluidic cell. (b) Time evolution of material exchange progress for 

four different materials, namely ethanol (orange squares), HDDA (red circles), PEGDA 

250 (green triangles), and PEGDA 575 (blue inverted triangles). (c) MM-PSL curing 

depth working curves for different materials. The curing depth increases with energy 

dosage, but shows different growth rates depending on material. 

 

2.3.3. Material change process 

For a given flow rate, a longer pumping process introduces a higher volume of a new 

material into the fluidic cell, leading to more thorough material exchange. At the same time, 
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it increases overall printing time and material consumption. Therefore, it is important to 

determine an appropriate pumping time for given materials to maximize process 

throughput and material efficiency. To determine a pumping time, evolution of material 

composition in the fluidic cell during the material exchange process was measured. To this 

end, the fluidic cell was first filled with a liquid material sample (ethanol, HDDA, PEGDA 

250, or PEGDA 575) containing 0.8 M of green fluorescent dye (DiOC2). The 

concentration of the fluorescent dye was constantly monitored while the same material 

without a dye was driven into the fluidic cell. As material exchange progresses, the material 

in the fluidic cell is diluted and concentration of the dye decreases. We sampled the solution 

from the fluidic cell at 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, and 25.6 s of pumping time, and 

measured the fluorescent intensity by a plate reader (Infinite M200 Pro, Tecan) (λex: 482 

nm, λem: 513 nm). Then, we calculated the fluorophore concentration with calibration curve 

(Figure 2.2) showing the relationship between fluorophore concentration and fluorescent 

intensity. Material exchange progress was quantitatively assessed with the fluorophore 

concentrations (Figure 2.5(b)). We define material exchange progress index (%) as 

(1 −
𝑐

𝑐0
) × 100, where 𝑐 and 𝑐0 are current and initial concentrations of the fluorescent 

dye in the fluidic cell. Figure 2.5(b) shows time evolution of material exchange progress 

indices for all tested materials. If we set the threshold material exchange progress to be 

95%, material exchange times for ethanol, HDDA, PEGDA 250, and PEGDA 575 are 3.2, 

6.4, 6.4, and 12.8 s, respectively. It is clearly seen that more viscous material requires more 

time to complete material exchange because of low volume flow rate. However, even with 

PEGDA 575 having a relatively high viscosity of 65 cP, near complete material exchange 

can occur within around 10 s. Compared to previously reported works (Wang et al. [92] 
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and Zhou et al. [104]), our multi-material process using dynamic flow control offers more 

than 30 times faster material switching, while maintaining exceptional printing resolution 

inherited from PSL. The smallest feature size achieved with this system is 5 m (Figure 

2.6), which is more than an order of magnitude better than the reported multi-material 

stereography techniques (300 m, Wang et al. and Zhou et al.).  

 

Figure 2.6.  Optical microscope image and Scanning Electron Microscopy (SEM) images 

of printed structure with 5 m grid lines. 

 

2.3.4. Curing kinetics of different photopolymers  

When a layer is formed upon light irradiation, photopolymerization starts from the top 

surface of the photopolymer and propagates into the polymer, resulting in continuous 

growth of the layer thickness over time. This thickness is called curing depth [119]. Since 

different photopolymers or the same photopolymer with different precursor or dye 

concentrations may have different reactivity, different light energy should be given to keep 

the layer thickness constant across multiple materials. To study the effect of light energy 

dosage on curing depth, we prepared a set of liquid photopolymers as listed in Table 2.1. 

A test structure comprised of two side supports and five suspended bridges between the 
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supports was printed for each photopolymer (Figure 2.5(c)). A sufficient vertical distance 

between the bridges (240 m) was given such that the bridges were not touching with each 

other. Due to different levels of energy dosage given, each bridge grew to a different 

thickness. The intensity of UV light was 10.0 mW cm-2, and exposure time for the bridges 

gradually increased from 0.5 to 1.3 s in increments of 0.2 s. Thickness of the bridges was 

measured using an optical microscope, and the curing depth as a function of light energy 

dosage was plotted for different photopolymer solutions in Figure 2.5(c). The curing depth 

increases with energy dosage, but at a different rate depending on material, following the 

stereolithography working curve equation, 𝐶𝑑 = 𝐷𝑝 ln(𝐸 𝐸𝑐⁄ ), where Cd is a curing depth, 

and E is a light energy. Two key constants of a liquid photopolymer, Dp and Ec, are 

characteristic cure depth and critical energy, respectively [119]. Curing time per layer for 

a given material and for a desired layer thickness was determined based on this result. Table 

2.3 lists all process parameters used to fabricate the multi-materials samples presented in 

the following sections. 

  



42 
 

 

Table 2.3. Printing parameters for the samples presented in this work 

Section Sample Materials 

Light 

intensity 

(mW cm-2) 

Layer 

thickness 

(m) 

Curing 

time 

(s) 

Pump

time 

(s) 

Cross-

contamination 

 (Sec.2.3.5) 

Beams 
PEGDA250 (0.8 M DiOC2) 

PEGDA250 (0.8 M RhB) 
10 100 1 3 - 11 

Multi-material 

3D micro-

structures 

 (Sec.2.3.6.1) 

Taiji 

symbol 

PEGDA250 (1 mM DiOC2) 

PEGDA250 (1 mM RhB) 
10 50 1.2 7 

Tense-

grity 

PEGDA250 (1 mM DiOC2) 

PEGDA250 (1 mM RhB) 
10 20 0.8 7 

Micro-

capillary 

PEGDA250 (1 mM DiOC2) 

PEGDA250 (1 mM RhB) 
10 20 0.8 7 

Multi-

particles-

loaded 

structure 

(Sec.2.3.6.2) 

Helix 

PEGDA250 

PEGDA250 (Cu) 

PEGDA250 (Al2O3) 

10 50 

1 

1.2 

1.2 

11 

Taegeuk 

symbol 

PEGDA250 (Cu) 

PEGDA250 (Al2O3) 
10 25 

700 

300 
90 

Multi-

responsive  

hydrogel 

structure 

(Sec.2.3.6.3) 

Bilayer- 

beam 

NIPAAm 

AA 
30 30 

10 

0.5 
7 

 

 

2.3.5. Cross-contamination between materials 

Since the material in the fluidic cell is gradually changed as a new material flows in, the 

material being replaced can be left behind in the fluidic cell if an influx of a new material 

is insufficient. In this case, a mixture of the two materials is present in the fluidic cell during 

crosslinking, which reduces a contrast between different materials, thereby degrading 

distinctive property and functionality of each material as well as the print quality of the 

multi-material structure. We call this cross-contamination. To achieve high-quality and 

high-fidelity multi-material 3D printing, we evaluated the effect of material exchange time 
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on cross-contamination. Three identical test structures shown in Figure 2.7(a) were printed 

with PEGDA 250-based photopolymer solutions (Table 2.1) using different material 

exchange times of 3, 7, and 11 s. The test structures have four thin strips (100 m) made 

of two different fluorescent materials (Table 2.1). The 2nd and 4th strips were printed with 

the green material, followed by material switch to the red material for the 1st and 3rd strips, 

as illustrated in Figure 2.7(a). 

 

Figure 2.7. Multi-material cross-contamination assessment. (a) Schematic illustration of 

the 3D printed test sample having four thin strips made of two different fluorescent 

materials. (b) Fluorescent microscope image of the test samples printed with different 

material exchange time (3, 7, or 11 s). (c) Progression of the two indices, Cross-

contamination index (green circles) and Purity index (red squares), with pumping time. 
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The green and red fluorescent images of the structure were taken using a fluorescent 

microscope (Figure 2.7(b) and Figure 2.3(a)) and intensity for each color was extracted 

from the image to quantify a degree of material cross-contamination in a printed sample. 

The obtained intensities were normalized to their respective reference intensity (Figure 

2.3(b) for green and Figure 2.3(c) for red). Since the 2nd and 4th green strips were first 

printed without any foreign materials present, their green intensity is constant regardless 

of the pumping time, and it can be considered as the intensity of a pure green material 

(reference green intensity) (Figure 2.3(b)). Therefore, we defined cross-contamination 

index as a ratio of undesirable green intensity present in the red strips (1st and 3rd) to the 

reference green intensity from the green strips (2nd and 4th). On the other hand, purity index 

is defined as a ratio of red intensity measured from the red strips (1st and 3rd) normalized 

to the reference red intensity taken from the sample with the maximum red intensity (11-s 

sample) (Figure 2.3(c)). The mixed colors representing significant cross-contamination 

between the two materials were observed in the red strips (1st and 3rd). These mixed colors 

are most apparent in the 3-s sample. As material exchange progresses, cross-contamination 

index decreases from 1 to 0, while purity index increases from 0 to 1. Note that the sum of 

these two indices is not necessarily one because they are based on different reference values. 

Figure 2.7(c) plots progression of the two indices with pumping time, showing that 

increasing material influx during material change process will result in a high material 

contrast in a multi-material structure with low cross-contamination. However, it is worth 

noted that prolonged pumping time will eventually slow down overall printing process and 

increase material consumption. The material consumption during 11 s pumping (14 cm3) 
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was about 1.6 times higher than 7 s pumping (9 cm3). In all subsequent experiments using 

PEGDA 250-based photopolymer solutions, a material exchange time of 7 s was used. 

 

2.3.6. Rapid, high-resolution multi-material 3D printing 

 

2.3.6.1. Multi-material 3D micro-structures 

Using the MM-PSL system and multiple photocurable materials (Table 2.1), we printed 

3D micro-structures as shown in Figure 2.8(a-c). First, a Taiji symbol patterned cylindrical 

structure was printed (Figure 2.8(a)). The diameters of the whole structure and the small 

dot inside are 1 mm and 100 m, respectively. Two distinctive colors with clear boundaries 

were observed. We also fabricated a tensegrity structure consisting of high aspect ratio 

beams with different materials as shown in Figure 2.8(b). The diameter of the struts is 100 

m and the height of the overall structure is 2 mm. Fluorescent microscope images clearly 

show that the structure was created with two different materials (green and red). Third, we 

printed a bilayer micro-capillary structure with a hollow channel (inner diameter of 100 

m) as shown in Figure 2.8(c). Each layer has a thickness of 50 m, which is clearly seen 

from the confocal fluorescent microscope images in different parts of the structure: top 

(Figure 2.8(c) (ii)), middle (Figure 2.8(c) (iii)), and bottom (Figure 2.8(c) (iv)). These 

results suggest that the present system provides the ability to create highly complex multi-

material 3D micro-structures that would be difficult or impossible to fabricate with existing 

3D printing techniques. 
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Figure 2.8. Multi-material micro 3D structures fabricated with MM-PSL. (a) Optical 

microscope image of the Taiji symbol patterned cylinder made of two different materials. 

(b) Fluoresecnet microscope images of the tensegrity structure consisting of multi-material 

high aspect ratio beams. (c) Confocal fluorescent microscope images in different parts of 

the multi-material bilayer micro-caplillary structure: top (ii), middle (iii), and bottom (iv). 

(d) 3D helix composed of three different parts; particle-free center pillar, two helix arms 

loaded with copper and alumina nano-particles. 3D (ii) and cross-sectional (iii) micro CT 

images of the structure. The green areas and white dots indicate the polymer matrix and 

particles, respectively. (e) Taegeuk symbol patterned cylinder with high particle loading 

(16 vol. %) of two different materials (copper and alumina nano-particles in black and 

white areas, respectively). 
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2.3.6.2. Multi-particles-loaded 3D structure 

Particle-loaded photocurable solutions have been employed in stereolithography to extend 

properties and functionalities of a 3D printed object beyond those of photocurable 

polymers. Examples include metallic and ceramic 3D parts obtained through pyrolysis of 

a 3D printed particle-loaded polymers [92, 112] and 3D tissue scaffolds printed from 

photopolymers with suspended living cells [31, 32]. With the pressure-tight fluidic cell that 

allows for facile control of multiple flow streams, our MM-PSL provides a unique 

platform to integrate various particles in a single 3D structure. To demonstrate this 

capability, we printed a 3D helix having 3 arms shown in Figure 2.8(d) (i), with each arm 

made of different materials; particle-free center pillar (transparent), two helix arms loaded 

with copper (black) and alumina (white) nano-particles. Since the presence of particles 

increases the viscosity of a photopolymer (Figure 2.9 and Table 2.4) [120], a longer 

pumping time of 11 s was used to ensure enough material influx during material exchange 

(Table 2.3). The height of the overall structure and the diameter of the arms are 2 mm and 

300 m, respectively. 3D (Figure 2.8(d) (ii)) and cross-sectional images (Figure 2.8(d) (iii)) 

of the structure were obtained by micro computed-tomography (micro CT). The green areas 

and white dots in Figure 2.8(d) (iii) represent the polymer and nano-particles, respectively, 

confirming that the particles were selectively loaded in the desired parts. Also 

demonstrated is a multi-material 3D structure with high solid loading of nano-particles 

(Table 2.1), which could potentially be converted to a ceramic/metallic structure via 

thermal post-processing such as pyrolysis and sintering [112, 121]. We printed a cylinder 

patterned with a Taeguek symbol consisting of two parts loaded with 16 vol. % of copper 

(black) and alumina (white) nano-particles, respectively, as shown in Figure 2.8(e). The 
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diameter and height of the structure are 1 mm and 350 m, respectively. A longer pumping 

time of 90 s (Table 2.3) was used for material exchange because of higher viscosity (~ 270 

cP) of the solutions (Figure 2.9 and Table 2.4). These result suggests MM-PSL could 

potentially enable selective assembly of various non-photocurable functional materials 

including carbon nanotubes, graphene, quantum dots and even different cell lines. 

 

Figure 2.9. Relationship between solid loading of particles and viscosity. PEGDA 250 was 

used as a solvent for all solutions. Viscosity of the solutions was measured at room 

temperature by Kinexus Rotational Rheometer (Malvern Instruments) with PU 40 plate 

geometry (diameter: 40 mm ). A shear rate of 20 rpm (0.33 s-1) was used for all solutions. 

 

Table 2.4. Viscosity of particles-loaded solutions  

Solid loading 

(vol. %) 
0.45 4 8 16 32 

Alumina (cP) 35 94 113 268 3052 

Copper (cP) 20 45 91 237 2371 
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2.3.6.3. Multi-responsive hydrogel structure 

3D printing of stimuli-responsive hydrogels is on the rise of gaining growing attention for 

smart materials and structures for many applications including soft robotics, targeted drug 

delivery, and tissue engineering [13]. Multi-responsive 3D hydrogel fabricated by MM-

PSL will significantly extend the potential of smart structures by enabling more diverse 

and complex deformation in response to various stimuli simultaneously. Using MM-PSL, 

we fabricated a bilayer beam with two different stimuli-responsive hydrogels; thermo-

responsive [110] and electroactive [111] hydrogels (Figure 2.10). Materials used to prepare 

the photocurable precursor solutions are listed in Table 2.1. The thermo-responsive 

hydrogel swells at a temperature below its low critical solution temperature (LCST) of 

32 °C, and shrinks when the temperature is above its LCST [122] (relevant content will be 

discussed in Chapter 4). Also, the electroactive hydrogel exhibits different degrees of 

swelling in an electrolyte when an electric field is applied [123] (relevant content will be 

discussed in Chapter 3). The thickness of each hydrogel layer is 150 m and the total length 

of the beam is 2.7 mm. The bilayer beam was straight at high temperature (55 °C) due to 

the same equilibrium swelling of the two hydrogels. However, when the temperature was 

lowered to 10 °C, only thermo-responsive hydrogel swelled further while electroactive 

hydrogel remained the same, causing the whole beam to bend, as illustrated in Figure 

2.10(a). When this beam was subjected to an electric field, the electroactive hydrogel 

swelled or shrank depending on the direction of the electric field, again causing the whole 

beam to bend, as illustrated in Figure 2.10(b). In our experiments where we varied 

temperature (Figure 2.11) and electric field directions, the bilayer multi-responsive 

hydrogel beam showed various modes and degrees of bending deformation as expected, 
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depending on the combination of simultaneously applied stimuli, as shown in Figure 

2.10(c).  

 

 

Figure 2.10. Multi-responsive bilayer hydrogel beam printed with two different stimuli-

responsive hydrogels; thermo-responsive and electroactive hydrogels. Schematic 

illustration of bending deformation of the bilayer beam according to temperature change 

(a) and electric field direction control (b). (c) Various modes and degrees of bending 

deformation of the structure in response to the combination of simultaneously applied 

stimuli. 
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Figure 2.11.  Thermo-responsive deformation of 3D printed bilayer hydrogel beam. 

 

2.4. Conclusion 

Stereolithography-based multi-material 3D printing methods reported thus far suffer from 

their long printing time due to interruptive and time-consuming material change processes 

for liquid-state materials in a vat. In this chapter, we presented a rapid multi-material micro 

3D printing with a novel MM-PSL system with an integrated fluidic cell in which multiple 

liquid photopolymers can be quickly exchanged through dynamic fluidic control. More 

than 95 % of the material inside the fluidic cell can be exchanged within a few seconds, 

showing an order of magnitude faster performance than previously reported multi-material 

stereolithography techniques. Based on the system characterization results we obtained, we 

successfully demonstrated high-resolution 3D printing of multi-material structures. We 

also presented 3D printing of a multi-particles-loaded structure with embedded metal 

(copper) and ceramic (alumina) nano-particles. Also demonstrated was 3D printing of a 

multi-responsive hydrogel bilayer beam with thermo-responsive and electroactive 

hydrogels. All the multi-materials micro 3D structures presented herein were printed within 

less than an hour, showing remarkable improvement in manufacturing throughput while 

maintaining excellent micro-scale printing precision. A few limitations of the current 
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system configurations to be addressed in future research include increasing material 

consumption with the number of materials used due to unavoidable material mixing during 

material change and compromised process throughput for highly viscous materials due to 

reduction in a material flow rate. Nevertheless, considering rapidly growing number of new 

printable materials with emerging properties, we believe our rapid multi-material micro 3D 

printing technique will become a new enabling manufacturing tool for facile production of 

multi-functional structures and devices across all fields. 
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Chapter 3 

Micro 3D Printing of Electroactive Soft Devices 
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3. Micro 3D Printing of Electroactive Soft Devices 

 

3.1. Introduction 

Soft actuators achieve flexible motion using deformation of the material itself. Elastomers 

have been widely used in various soft robots and actuators [124-127]. However, they rely 

on either pneumatic or hydraulic pressure for actuation, often requiring bulky and complex 

auxiliary equipment such as compressors, pressure-regulators, and tubing. Untethered and 

autonomous soft actuators have been reported, using shape memory polymers and 

hydrogels that respond to external stimuli such as temperature, pH, and electric field [13, 

128]. Particularly, electroactive hydrogel (EAH) actuators which exhibit large deformation 

in response to an electric field have gained much attention due to their favorable attributes 

including fast actuation, ease of control, and biomimetic materials properties [129]. 

Although many different types of EAH actuators have been developed [129-135], most of 

their actuations are simple. The shape and design of the EAH actuator have been 

significantly limited because of two-dimensional (2D) fabrication methods such as cutting, 

molding, and lithography. Recently, simple locomotion of an EAH structure has been 

demonstrated using two different types of EAHs that deform in opposite directions in the 

electric field [136]. Additive manufacturing (AM), a set of processes for three-dimensional 

(3D) fabrication, has been increasingly used for a wide range of materials including 

hydrogels [25, 30, 137, 138]. In particular, projection micro-stereolithography (PSL) is a 

rapid, flexible, and high resolution 3D printing method using a digital light processing 

(DLP) technique [107, 108, 110]. In this chapter, we demonstrate soft robotic manipulation 

and locomotion of 3D printed EAH using PSL. We study bending deformation of an EAH 
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for various electrolyte concentrations and electric field strengths to better understand and 

control actuation. Taking advantage of the precise dimensional control afforded by PSL, 

we investigate the effects of characteristic thickness of an EAH structure on its actuation. 

Based on the findings, we demonstrate complex soft robotic 3D actuations including 

gripping and transporting an object and a bidirectional locomotion. 

As shown in Figure 3.1(a), the photo-curable precursor solution for EAH consists 

of 13.3 M of acrylic acid (AA) as a monomer, 145 mM of poly (ethylene glycol) diacrylate 

(PEGDA 700) as a cross-linker, and 43 mM of phenylbis(2,4,6-trimethylbenzoyl) 

phosphine oxide as a photo-initiator (PI). As demonstrated in our previous study [139], an 

EAH beam placed in electrolyte (phosphate-buffered saline, PBS) exhibits bending 

deformation when an electric field is applied (Figure 3.1(b)). The bending mechanism of 

EAHs can be explained by Flory’s theory and Donnan equilibrium [123, 136, 140, 141]. 

When carboxylic groups in the EAH network are ionized in electrolyte, a large number of 

mobile cations are generated, making the EAH network anionic [142]. Osmotic pressure 

() is developed when the concentrations of mobile cations in the EAH network and in the 

surrounding electrolyte are different. Consequently, water molecules migrate through the 

EAH network until equilibrium swelling is reached. When an external electric field is 

applied, mobile cations are attracted to the cathode, creating a concentration gradient of 

mobile cations in the solution. Therefore, the balance of the osmotic pressure between two 

interfaces of the EAH is broken (1 > 2), results in non-uniform swelling between the 

interfaces which causes the EAH to bend toward the cathode.  
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Figure 3.1. (a) EAH is cross-linked with AA and PEGDA 700. (b) The bending mechanism 

of EAH actuator can be explained by osmotic pressure () difference between the interfaces 

on the anode side (1) and the cathode side (2). The EAH bends toward the cathode by the 

swelling difference. (c) Schematic illustration of the PSL process (scale bar: 5 mm). (d) 

3D EAH structures printed using PSL. The smallest feature size of the objects is 200 m. 

(scale bars: 5 mm, scale bars for inset: 1 mm) 

 

PSL is employed to create 3D EAH structures, as shown in Figure 3.1(c). A 3D 

model is drawn using computer-aided-design (CAD) software and digitally sliced into a 

series of cross-sectional images of the model. Each digital image is sent to the dynamic 

mask to generate a patterned UV light, which is focused onto the surface of photo-curable 

precursor solution through a projection lens. Upon UV exposure, the liquid solution is 
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converted to a patterned solid layer. A 3D object is built layer upon layer by repeating this 

procedure for all the layers. (Figure 3.1(d)). 

 

3.2. Materials and Methods 

 

3.2.1. Materials 

The photo-curable precursor solution used in this chapter consists of acrylic acid (AA, 

Sigma Aldrich), poly(ethylene glycol) diacrylate, Mn~700 (PEGDA 700, Sigma-Aldrich) 

as a cross-linker, and phenylbis (2,4,6-tri-methylbenzoyl) phosphine oxide (Sigma-Aldrich) 

as a photo-initiator (PI). 1 M phosphate-buffered saline (PBS, Sigma-Aldrich), DC 

regulated power supply (Tekpower), and 30 gauge platinum wires (uGems) as an electrode 

were used for electro-actuation. All materials and reagents were used as received. 

 

3.2.2. Projection micro-stereolithography (PSL) 

A custom-made PSL system was built using UV LED (365 nm) (Hamamatsu), digital 

micromirror device (DMD) (Texas Instruments), linear stage (Thorlabs), and convex lens 

(Convex lens, Thorlabs and extracted lens from commercial digital projector, Canon Realis 

SX50). System configuration is illustrated in Figure 3.1(c). 
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3.2.3. Curing depth study 

To create a 3D structure using PSL, we studied the energy dosage required to cure a 

certain depth of photo-curable precursor solution in the system. The test structure consisted 

of two side supports and five suspended bridges between the supports (Figure 3.2(a)). 

Enough vertical distance was given between bridges to prevent them from contacting with 

each other when they grow in vertical direction. Since each successive bridge was created 

with an increased energy dosage, each bridge grew to a different depth. The intensity of 

UV light was 23.4 mW cm-2, and the exposure time for the bridges gradually increased 

from 0.5 s to 2.5 s in 0.5 s increments. The curing depth as a function of light energy dosage 

was measured using a microscope and plotted in Figure 3.2(b). As shown in the figure, the 

curing depth grows as the energy dosage increases, following the stereolithography 

working curve equation,  

𝐶𝑑 = 𝐷𝑝 ln(𝐸 𝐸𝑐⁄ )                                                        (3.1) 

,where Cd is a depth of cure, and E is an exposure energy. Two key constants of the 

precursor solution, Dp and Ec, are characteristic cure depth and critical energy required to 

initiate curing, respectively [143]. A specific value of energy dosage required to create a 

layer with certain thickness can be determined based on the results of the curing depth 

study. On the basis of curing depth study, micro 3D printing using EAH was demonstrated 

as shown in Figure 3.1(d). All of the 3D EAH objects were printed with a layer thickness 

of 100 m. About a 1 s curing time was applied to each layer. 
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Figure 3.2.  (a) 3D printed EAH structure for curing depth study. (b) PSL curing depth 

working curve for EAH  

 

3.2.4. Post-printing rinsing process 

After printing, the samples were rinsed and stored in deionized water (DI water) at room 

temperature for 24 hours in order to rinse out the remaining un-cross-linked polymers in 

the network. Typical volume of the DI water used in rinsing is 60 ml for a sample having 

a volume of about 0.02 cm3. Then the samples were put into a predetermined concentration 

of PBS solution (volume: 60 ml) and stored at room temperature for 24 hours to allow the 

samples to swell completely. 

 

3.2.5. Swelling ratio measurement 

The swelling ratio of disk samples with a diameter of 2 mm was obtained by optically 

measuring the diameter of the structure. After fabrication, all the samples were stored in 
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DI water for rinsing at room temperature for 24 hours. Then the samples were put into a 

chamber filled with DI water and PBS solutions with different PBS concentrations. The 

photo images of structures were taken after 24 hours using a digital camera coupled with a 

microscope objective lens. Sample dimension was measured from the digital images using 

Image J. In this chapter, we calculated the lengthwise swelling ratio as follows, 

Lengthwise swelling ratio = 
𝐷𝑠

𝐷𝑜
                                              (3.2) 

,where Ds and Do are the diameter of the swollen sample and original sample, respectively 

(Figure 3.3). The original sample refers to the sample immediately after printing.  
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Figure 3.3. Swelling ratio study of printed EAH. The swelling ratio was defined as a ratio 

of swollen dimension to the printed dimension (diameter of 2 mm), or original dimension 

(dotted circle in Figure 3.3(a)). (a) The photo images of swollen samples at different PBS 

concentrations. (b) The swelling ratios of printed structure in DI water, 0.01 M, 0.05 M, 

0.1 M, 0.2 M, 0.4 M, and 0.8 M PBS solution are 1.47, 2.28, 2.15, 2.08, 2.04, 1.99, and 

1.95, respectively. 
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3.2.6. Water content measurement 

Water content in the hydrogel can be obtained using the following equation: 

                                     (3.3) 

where Wswollen and Wdry are a weight of a gel sample in a fully swollen state and in a dry 

state, respectively. We prepared a set of samples and allowed them to swell in PBS solutions 

with different PBs concentrations for 12 hours. Wswollen was obtained by measuring the 

weight of the swollen sample using a digital balance. Then, the sample was allowed to dry 

completely in an oven for 3 hours at 120 C. Weight of the dry sample was measured using 

a digital balance. The water contents of printed structure in DI water, 0.01 M, 0.05 M, 0.1 

M, 0.2 M, 0.4 M, and 0.8 M PBS solution are 70.8 %, 93.1 %, 90.0 %, 89.5 %, 89.2 %, 

88.4 %, and 87.8 %, respectively (Figure 3.4). 

 

Figure 3.4. Water content of printed electroactive hydrogel 
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3.2.7. Electrical responsive actuation characterization 

The beam structures with a width of 1 mm, height of 1 mm, and length of 20 mm were 

printed using PSL to test the effects of PBS concentration and electric field strength on 

actuation. The width of the EAH beam was controlled to study the effect of characteristic 

thickness on actuation. After printing, all the samples were stored in DI water for post-

printing rinsing. Then the samples were put into a predetermined concentration of PBS 

solution and stored at room temperature for 24 hours. To measure the actuation response 

to an electric field, two platinum electrodes spaced by 5.13 cm apart were submerged in 

the PBS, and a sample was placed in the middle of the two electrodes. An electric field was 

applied using a DC power supply. All actuation tests were recorded with a digital camera, 

and the bending curvature (1/R, inverse of a radius of curvature) was measured at 1 min or 

less intervals from the video using Image J (Figure 3.5).  

 

Figure 3.5. Bending curvature measurement using Image J 

 

When testing the repetitive and reversible actuation, samples with a width of 1 mm, 

height of 1 mm, and length of 20 mm were prepared, and a voltage of 30 V was applied for 

6 min to achieve the maximum bending curvature. After that, the following cycle was 
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performed repeatedly: a voltage of -30 V (applying the electric field in the opposite 

direction) was applied for 10 min, and then a voltage of 30 V was applied for 10 min. 

 

3.2.8. Characteristic thickness and actuation time scale 

To study the electro-actuation speed as a function of characteristic thickness (thickness of 

a EAH beam in the direction of an electric field), EAH beams with different thicknesses 

were printed using PSL and tested in 0.05 M PBS solution with a voltage of 30 V (electric 

field: 0.58 V/mm). All actuation tests were recorded with a digital camera, and the bending 

curvature (1/R, inverse of a radius of curvature) was measured from the video using Image 

J. The data up to 98 % of the maximum bending curvature were used and fitted to the 

following equation [144]: 

𝜅 = 𝜅∞(1 − 𝑒
−𝑡

𝜏 )                                                       (3.4) 

where κ∞  is the equilibrium bending curvature, and t is the actuation time. The time 

constant  is the step response time for the system to reach around 63.2% of its equilibrium 

bending curvature, representing the actuation time scale. 

 

3.2.9. Bending strain calculation 

The bending strain was calculated by a geometrical relationship based on Euler–Bernoulli 

beam theory. 

                                                            (3.5) 
e

max
=
tk

2
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where max is a maximum bending strain occurring at the bottom or top surface of the beam, 

t is the thickness of the swollen hydrogel beam, and   is the inverse of a radius of curvature 

measured from the experiment  is the inverse of a radius of curvature. Bending strain 

calculated from the results in Figure 3.8(c) is shown below (Figure 3.6). The maximum 

bending strains for all beams converge over time to a similar value of ~ 4%, although their 

bending curvatures are significantly different (0.02 mm-1 for 2 mm thick beam vs. 0.17 

mm-1 for 0.25 mm thick beam in Figure 3.8(c)). This is because bending strain is 

determined by an intrinsic material property and swelling pressure of the EAH, whereas 

bending curvature is highly dependent on the dimension of EAH structure. 

 

 

Figure 3.6. Bending strain on EAH beams calculated from bending curvature 
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3.2.10. Image analysis to determine the center of gravity of the locomotor 

Original image shown in Figure 3.7(a) was first loaded into MATLAB and converted into 

grayscale. The loaded image was then passed through a customized binary filter that makes 

all pixels with intensity under a threshold black. The processed binary image is shown in 

Figure 3.7(b). Regions with high intensities became white and regions with low intensities 

became black. After obtaining size information of each white region in Figure 3.7(b), the 

region with biggest area was selected and all other regions were wiped as shown in Figure 

3.7(c). Centroid of the region was extracted from the selected area using a MATLAB 

command ‘regionprops’ and marked in the original image shown in Figure 3.7(d).  

 

Figure 3.7. Image analysis for determining the center of gravity (a) original image, (b) 

black and white image after filter and conversion, (c) image with the region of largest area, 

(d) final overlaid image with an overlaid centroid mark 
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3.3. Results and Discussion 

 

3.3.1. Bending deformation study using EAH beam 

To better understand EAH actuation, we studied bending deformation of a 3D printed EAH 

beam for various PBS concentrations and electric field strengths. As illustrated in Figure 

3.1(b), an EAH beam was placed between two electrodes in a PBS solution and waited 

until it reached equilibrium swelling (Figures 3.3 and 3.4). When the electric field was 

applied, the beam bent towards the cathode. Bending curvature (1/R, R is a radius of 

curvature) was measured during actuation.  

 

3.3.1.1. Effect of PBS concentration on bending curvature 

Since the concentration of mobile cation in the electrolyte induces osmotic pressure 

difference, we first studied the effect of PBS concentration on the bending deformation of 

the EAH. Using PSL, EAH beams with 1 mm width, 1 mm thickness, and 20 mm length 

were 3D printed. Actuation tests were performed by applying an electric field of 0.58 

V/mm for 6 different PBS concentrations and deionized (DI) water as a control. Figure 

3.8(a) shows that the bending curvature increases with PBS concentration first and begins 

to decrease with the peak bending curvature occurring at 0.05 M. Smaller bending 

curvature at low PBS concentrations occurs because mobile ions are not sufficient enough 

to induce significant osmotic pressure. The decrease in bending curvature beyond 0.1 M is 

attributed to the fact that the mobile ion concentration gradient under the applied electric 
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field becomes less steep as PBS concentration increases. A 0.05 M PBS solution was used 

in all subsequent tests.  

 

3.3.1.2. Effect of electric field strength on bending curvature 

We also investigated the effect of electric field strength on EAH actuation. When an 

applied electric field strength increases, a steeper mobile ion concentration gradient is 

generated in the solution due to enhanced transfer rate of the mobile ions, resulting in larger 

bending deformation [145]. As shown in Figure 3.8(b), the bending curvature of 3D printed 

EAH increased linearly with electric field strength, suggesting that actuation control can 

be achieved through electric field control. 
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Figure 3.8. The bending deformation of 3D printed EAH beams. Effect of PBS 

concentration (a), electric field strength (b), and characteristic thickness of the EAH 

structure (c) on bending curvature. EAH beam shows the largest bending curvature in a 

0.05 M PBS solution, and the bending curvature is proportional to the electric field strength. 

Also, a thinner EAH actuator exhibits larger and faster actuation than a thicker one. (d) The 

repeatability and reversibility of EAH actuator. 
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3.3.1.3. Effect of characteristic thickness of EAH structure on bending curvature 

As gel swelling involves migration of water molecules within polymer network, actuation 

speed is closely related to the characteristic thickness of the gel [146, 147]. We printed four 

EAH beams with different thickness of 0.25 mm, 0.5 mm, 1 mm, and 2 mm, respectively, 

and performed the bending actuation tests for each beam. Figure 3.8(c) shows that thinner 

beams deformed into larger curvature. Furthermore, they reached their equilibrium bending 

curvature faster as beam thickness decreases. To quantify the actuation time scale, time 

evolution of the bending curvature was fitted to the response of the first-order system, κ =

κ∞(1 − 𝑒
−𝑡

𝜏 ) , where κ∞ is an equilibrium bending curvature, t is time, and is a time 

constant characterizing actuation time scale (Figure 3.9). The result shows that the time 

constant increases linearly with the characteristic thickness of EAH beams, which is 

different from the quadratic relationship typically found in diffusive gel swelling. It is 

attributed to the fact that the molecular migration including ion transport and associated 

swelling occur in order to achieve electrical neutrality when it is disturbed by an electric 

field applied [123, 141]. This implies that actuation speed can be programmed by designing 

dimensions of an EAH structure. Therefore, 3D printing with precise dimensional control 

using PSL can enable more diverse and complex actuations. In addition, when cyclic 

application of an electric field (0.58 V/mm) in alternating directions was given, the EAH 

beam changed the bending direction correspondingly without decay in bending curvature, 

demonstrating consistent, repeatable, and reversible actuation of the 3D printed EAH 

(Figure 3.8(d)).  
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Figure 3.9. The actuation speed study with 3D printed beams fabricated with different 

thicknesses. Swollen thicknesses were calculated based on swelling ratio study, and a time 

constant as a function of swollen thickness was plotted. The inset table lists characteristic 

thickness of each EAH beam and corresponding time constant. 

 

3.3.2. Soft robotic manipulation of 3D printed EAH actuators 

Using the results from the above studies, we demonstrated soft robotic manipulation of 3D 

printed EAH actuators fabricated using PSL. Figure 3.10(a) shows a gripper having two 

‘fingers’; two beams with different thicknesses, 0.25 mm (left) and 1 mm (right), 

respectively (Figure 3.11(a)). We chose these dimensions because the actuation time 

constants for these characteristic thicknesses are 19.1 s and 89.4 s, respectively, according 

to our analysis (Figure 3.9). Since the left finger should bend more and faster than the right 

one, gripping and releasing motions can be achieved when it is subjected to an electric field 
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(Figure 3.10(a)). Figure 3.10(b) shows time-lapse images of the 3D printed EAH gripper 

while it was picking up (positive field) and dropping down (negative field) a small ball. 

First, two straight fingers were brought to the ball without an electric field (Figure 3.10(b) 

(i)). When an electric field was applied, the left finger first bent inward fast and large 

enough while the slow right finger was still almost straight, allowing for gripping the ball 

(Figure 3.10(b) (ii)). The gripper was able to hold the ball even after 30 s because the right 

finger still barely bent (Figure 3.10(b) (iii-iv)), which is in good agreement with the 

previously obtained time constants. When an electric field in the opposite direction was 

applied, the left finger bent outward first to release the ball (Figure 3.10(b) (v-vi)).  

An object transporter was also designed and fabricated. It consists of two sets of 

thin beam arrays (‘hairs’) and a thick beam (‘bridge’) connecting the two sets hairs (Figure 

3.10(c)). The hairs have thickness of 0.25 mm, resulting in a fast actuation ( = 19.1 s). On 

the other hand, the bridge connecting the two sets of hairs is 2 mm in thickness, exhibiting 

a slow actuation ( = 184.3 s) (Figure 3.11(b)). Using these two different actuation time 

scales, we demonstrated transporting an object as shown in Figure 3.10(d). In the idle state, 

both the hairs and the bridge were straight (Figure 3.10(d) (i)). When an electric field was 

applied, the hairs were quickly bent toward the bridge, pushing the object (Figure 3.10(d) 

(ii)). While the electric field was kept constant, the bridge slowly started to bend. 

Consequently, the two sets of hair arrays were moved away from the object (Figure 3.10(d) 

(iii)). With the electric field applied in the reverse direction, the hairs first quickly changed 

their bending direction, yet without moving the object because it was already disengaged 

(Figure 3.10(d) (iv)). Later as the bridge slowly changed the bending direction, the two sets 

of hairs were brought back together (Figure 3.10(d) (v)). Since the hairs were bent outward 



73 
 

 

already when the object was engaged again, a large displacement of the object was 

achieved when electric field was applied again (Figure 3.10(d) (vi)) (Figure 3.12 for 

moving distance). 

 

Figure 3.10. Soft Robotic Manipulation with 3D printed EAH. (a) Schematics of a gripper 

consisting of two beams with different thicknesses. (b) Gripping an object by applying the 

electric fields. (c) Schematics of a transporter consisting of hairs and a bridge with 

difference characteristic thicknesses. (d) Transporting an object by applying the electric 

fields in alternating directions. All scale bars indicate 5 mm. 
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Figure 3.11. Printing dimensions of gripper (a), object transporter (b), and human-like 

locomotor (c) 
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Figure 3.12. Moving distance of the object by applying electric fields, shown in Figure 

3.10(c, d). The object moved about 8 mm for 20 min, with most of movements achieved 

when the electric field was applied (blue region). When a reverse electric field was applied, 

the object slightly moved in the opposite direction until it is fully disengaged from the 

transporter (red region). 
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3.3.3. Soft robotic locomotion of 3D printed EAH structure 

Furthermore, untethered and bidirectional locomotion was achieved with a human-like 3D 

printed EAH structure, as shown in Figure 3.13(a). The height of the structure was 9.5 mm, 

and thickness of the ‘body’, ‘legs’, and ‘arms’ were 220 m, 300 m, and 220 m, 

respectively (see Figure 3.11(c)). The walking motion of the structure was achieved by 

orchestrated bending actuation of the body, legs, and arms in response to an electric field. 

The center of gravity (CG) (symbol ‘x’ in Figure 3.13(a)) of the structure was initially at 

the center of the structure due to the symmetry, allowing the structure to stand upright on 

the two legs (Figure 3.13(a) (i)). When an electric field was applied, the CG quickly moved 

toward the rear (~10 s), shifting the anchoring point (Figure 3.13(a) (ii)) to the rear arm 

(red arm in Figure 3.13(a)). As the entire structure deformed while anchored with the rear 

arm, the front leg (blue leg in Figure 3.13(a)) slid forward (Figure 3.13(a) (iii)). When an 

electric field was removed, the structure began to return to its original shape, but the 

anchoring point was still placed on the rear arm (Figure 3.13(a) (iv)). Therefore, the front 

leg could further slide forward, moving the entire structure forward. Two minutes after the 

electric field was removed, the structure almost recovered its original shape and stood with 

its two legs again (Figure 3.13(a) (v)). Through digital image processing, we analyzed the 

relative position of CG and walking distance throughout the entire walking motion (Figure 

3.7). Figure 3.13(b) shows the walking distance measured by tracking the position of the 

front leg (black line in Figure 3.13(b)) and the relative position of CG (green dashed line 

in Figure 3.13(b)) over time. The relative position of CG is defined as a ratio of the distance 

between the CG and the front leg to the distance between the CG and the rear arm. 

Therefore, the relative position of CG being greater than 1 means the CG located closer to 
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the rear arm and the relative position of CG being less than 1 means the CG being closer 

to the front leg. As shown in the Figure 3.13(b), while the structure walked forward about 

12 mm for 21 min, majority of the walking stroke was achieved when the relative position 

of CG is greater than 1 (yellow box in Figure 3.13(c)), clearly showing the role of the CG 

position in walking. Furthermore, due to the symmetry, the structure changed the direction 

and walked to the same location (21 min to 42 min in Figure 3.13(b)) when the electric 

field direction was reversed. This bidirectional locomotion highlights the versatility and 

flexibility of electric field driven actuation of 3D printed EAHs. A 3D actuator with 

controlled mobility could potentially lead to a deployable multi-functional device for 

inspection, disease diagnostics, and drug detection/delivery, as well as unprecedented 

underwater soft robots mimicking bipedal locomotion of aquatic animals [148]. 
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Figure 3.13. Bi-directional locomotion of a 3D printed human-like EAH structure. (a) 

Walking motion achieved by electric field driven actuation and corresponding shift of the 

CG. The CG and anchoring point are indicated by the symbol x and orange circle, 

respectively. (b) The walking distance (black solid line) and relative position of CG (green 

dashed line) according to electric fields. Red dashed line is a reference when the CG is 

located in the middle of the front leg and rear arm. (c) Enlarged graph for the range from 9 

min to 15 min. Yellow box shows where the relative position of CG is greater than 1, 

indicating the CG is closer to the rear arm (Scale bar: 3 mm). 
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3.4. Conclusion 

In conclusion, soft robotic manipulation and locomotion were achieved with 3D printed 

EAH structures fabricated using PSL. We found that the 3D printed EAH exhibits the 

largest deformation in an electrolyte with a specific ionic strength (0.05 M PBS solution in 

this chapter) and the deformation is proportional to the applied electric field strength. We 

also found that actuation time scale is linearly proportional to the characteristic thickness. 

Utilizing the unique advantages enabled by high resolution 3D printing technique, PSL, 

various complex actuations of EAH were achieved. We demonstrated soft robotic 

manipulation with two actuators, a gripper and an object transporter, printed with actuation 

elements having two different characteristic thicknesses and, therefore, actuation speeds. 

Also demonstrated was bi-directional locomotion of 3D printed EAH using deformation-

induced shift of the center of gravity in an electric field. We believe that 3D printing of 

EAH with precise dimensional control could unlock otherwise untapped potential of 

electroactive hydrogels and may lead to various applications in soft robots, artificial 

muscles, and tissue engineering. 
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4. Micro 3D Printing of Thermo-Responsive Soft Devices 

 

4.1. Introduction 

Stimuli-responsive hydrogels are polymeric networks that are capable of physical or 

chemical changes in response to environmental stimuli such as temperature, pH, and 

electric field [13, 149]. Various stimuli-responsive hydrogels and their applications have 

been explored over the past several decades. Poly(N-isopropylacrylamide) (PNIPAAm) 

hydrogels, one of the most widely used temperature-responsive hydrogels, have been 

extensively investigated and used in many applications such as microfluidic devices [150, 

151], drug delivery vehicles [152, 153], cell culture substrates [154, 155], and soft actuators 

[156-159]. PNIPAAm exhibits a large and reversible volume change in water at its Lower 

Critical Solution Temperature (LCST, typically 32-35 °C) due to a coil-globule transition 

of the polymer network strands [122, 160]. At a temperature below its LCST, NIPAAm 

molecules in an aqueous environment show a hydrophilic behavior with an extended coil 

structure, which leads to water uptake and swelling. When the temperature increases above 

the LCST, however, hydrophobic groups become more active, causing the molecules to 

transform into a shape resembling a compact globule. Such a dramatic change induces the 

escape of entrapped water molecules from the hydrogel network, resulting in a significant 

reduction of volume. 

Despite the growing attention to PNIPAAm and its wide range of applications, 

manufacturing techniques for PNIPAAm have been limited to simple two-dimensional (2D) 

fabrication methods such as molding and lithography, which impedes full utilization of its 
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unique material behavior. Recently, there have been some efforts on creating a 3D shape 

from a 2D PNIPAAm sheet using an origami approach [20, 21, 161]. However, achieving 

a high resolution and high aspect ratio PNIPAAm geometry still remains challenging. More 

recently, additive manufacturing of PNIPAAm has been reported using a commercial 

extrusion-based 3D printer, but it is still limited to simple 2D extrusion geometries and low 

resolution [137]. Other high resolution 3D micro-manufacturing techniques including 

three-dimensional laser chemical vapor deposition (3D-LCVD) [162], electrochemical 

fabrication (EFAB) [163], and micro-stereolithography (SL) [164] also have drawbacks 

such as long fabrication time, high cost, and limited sets of available materials. 

In this chapter, we present high resolution 3D printing of PNIPAAm using 

projection micro-stereolithography (PSL). PSL is a lithography-based additive 

manufacturing technique that is fast, inexpensive, and flexible in material selection [106, 

107]. A 3D model is generated using computer-aided-design (CAD) software and digitally 

sliced into a series of cross-sectional images of the 3D model. Each digital image is 

transferred to a digital mask to optically pattern ultra-violet (UV) light, which is then 

projected through a reduction lens and focused on the surface of photo-curable resin. The 

patterned UV light converts liquid resin to a solid layer through photo-polymerization. 

Once a layer is formed, the linear stage drops the sample holder on which the object is built 

in order to introduce fresh liquid resin for the next layer. The subsequent layer is 

polymerized in the same manner on top of the preceding layer. This process is repeated 

until all the layers are complete to build the 3D object (Figures 4.1(a) and 4.2). 

Since PSL uses projection lithography, an entire layer is polymerized by a single 

UV illumination of a few seconds. Therefore, fabrication speed is much faster than serial 
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processing techniques where a nozzle or a laser beam has to be raster-scanned for each 

layer. Also, the use of a reconfigurable digital photo mask eliminates the need for multiple 

physical photo masks which would otherwise make the fabrication process very expensive 

and time-consuming. PSL is also compatible with various photo-curable materials 

including poly (ethylene glycol) (PEG), poly lactic acid (PLA), poly(caprolactone) (PCL), 

and their copolymers [106-109, 165]. In this chapter, we demonstrate the 3D printing of 

PNIPAAm using PSL and the reversible deformation of various 3D printed PNIPAAm 

micro-structures. We also investigate the effects of PSL process parameters as well as 

polymer resin composition on the temperature dependent swelling behavior of 3D printed 

PNIPAAm hydrogel. Also demonstrated is the sequential deformation of a 3D printed 

PNIPAAm structure by selective incorporation of an ionic monomer that shifts the swelling 

transition temperature of PNIPAAm. 
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Figure 4.1. 3D printing of temperature responsive hydrogel using PSL: (a) Schematic 

illustration of the PSL process. (b) The result of curing depth study. Curing depth tends 

to decrease with increasing PA concentration. Also, higher PA concentration results in 

slower growth of a layer with increasing energy dosage (The slope of the plot decreases 

with increasing PA concentration.). (c) Temperature responsive swelling of 3D printed 

PNIPAAm hydrogel structure 
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Figure 4.2. Schematic drawing of the high resolution PSL system 

 

4.2. Materials and Methods 

 

4.2.1. Materials 

The resin used in this chapter consists of N-isopropylacrylamide (NIPAAm) (Fisher 

Scientific), N,N'-Methylene-bis(acrylamide) (Sigma-Aldrich) as a cross-linker, Phenylbis 

(2,4,6-tri-methylbenzoyl) phosphine oxide (Sigma-Aldrich) as a PI, Sudan I (Sigma-

Aldrich) as a PA, and a fluorescent dye Rhodamine B (Sigma-Aldrich). An ionic monomer 

Methacryl-amidopropyl-trimethyl-ammonium Chloride (MAPTAC) (Sigma-Aldrich) was 

used for the transition temperature study. Ethanol was used as a solvent in all resins. All 

materials were used as received. 
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4.2.2. Projection Micro-StereoLithography (PSL) 

A custom-made PSL system was built using the following major components; Liquid 

crystal on silicon (LCoS) as a digital dynamic mask, a projection lens (Carl Zeiss), a UV 

LED (405 nm, Innovations in Optics), a linear stage (Newport Corporation), and 

collimation optics (Thorlabs). An LCoS digital dynamic mask was extracted from a 

commercial digital projector (Cannon) [166]. 

 

4.2.3. Curing depth study 

To prepare the photo-curable resins for curing depth study, 6.2 M of NIPAAm was 

dissolved in ethanol with 324 mM of cross-linker, 47.8 mM of PI, and 2.1 mM of 

Rhodamine B. Then, 4, 8, 12, or 20 mM of Sudan I was added to the resin as a PA to 

confirm the effect of PA concentration on curing depth. The prepared resin was filled into 

a glass mold which has 1 mm thickness, and the rectangular images were projected with 

30.0 mW cm-2 of light intensity through a transparent glass mold into PNIPAAm resin for 

different curing times (Figure 4.3). Due to the curing time difference, rectangular structures 

of different heights were grown from the glass surface. To measure the height of the 

structures on glass slide precisely, an AFM (NX-10, Park systems Corp.) was used in 

contact mode.  
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Figure 4.3. Schematic drawing of the process used for the curing depth study using an 

AFM 

 

4.2.4. Sample fabrication using a UV oven 

The photo-curable resins were prepared without PA and Rhodamine B to fabricate a fully 

cross-linked structure. The resins were cured with more than enough light energy (6000 mJ 

cm-2) using a UV oven (CL-1000L, UVP, 365 nm). First, thin films of PNIAAm were cured 

with a transparent glass mold having a 360 m thickness. PNIPAAm disks were made from 

these films using a punch tool with a diameter of 4.8 mm. The disks were rinsed in 

deionized water (DI water) at 15 oC overnight. 

 

4.2.5. Temperature responsive swelling characterization 

Based on the curing depth study, the photo-curable resin which has 6.2 M of NIPAAm, 

324 mM of cross-linker, 47.8 mM of PI, 12 mM of PA, and 2.1 mM of Rhodamine B was 

chosen as a base resin. In addition, a light intensity of 30.0 mW cm-2, curing time of 10 sec, 

and layer thickness of 30 m, were chosen as standard process parameters. To study the 
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effect of polymer resin composition, two or three chemical concentrations were modified 

for each study. In addition, 0.2 and 0.4 M of MAPTAC were added to the base resin to 

study the effect of ionic monomer on transition temperature (Tables 4.1 and 4.2). The light 

intensity and layer thickness were controlled to study the effect of PSL process 

parameters on swelling of 3D printed PNIPAAm (Table 4.3). The cylindrical samples with 

a diameter of 1.6 mm and a height of 3.6 mm were printed for the layer thickness study, 

and disk samples of a diameter of 1.6 mm and a thickness of 300 m were printed for the 

rest of the swelling characterization.  
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Table 4.1. Chemical composition of different polymer resins. Ethanol was used as a 

solvent for all solutions. 

Study 

Chemical composition 

NIPAAm 

(M) 

Cross-linker 

(mM) 

Molar ratio of 

cross-linker 

to monomer 

PI 

(mM) 

PA 

(mM) 

Rhodamine 

B 

(mM) 

MAPTAC 

(M) 

Curing depth 

(Sec. 4.3.1) 
6.2 324 0.05 47.8 

4 

2.1 - 
8 

12 

20 

Cross-linker 

(Molar ratio) 

 (Sec. 

4.3.2.1) 

6.2 

65 0.01 

47.8 12 2.1 - 

130 0.02 

195 0.03 

259 0.04 

324 0.05 

NIPAAm 

concentration 

 (Sec. 

4.3.2.1) 

2.6 139 

0.05 

20.5 

12 2.1 - 

4.4 232 34.1 

6.2 324 47.8 

8.0 417 61.4 

9.7 510 75.1 

Light 

intensity 

 (Sec. 

4.3.2.2) 

6.2 324 0.05 47.8 12 2.1 - 

Layer 

thickness 

 (Sec. 

4.3.2.3) 

6.2 324 0.05 47.8 12 2.1 - 

Ionic 

monomer, 

MAPTAC 

(Sec. 4.3.2.4) 

6.2 324 0.05 47.8 12 2.1 

- 

0.2 

0.4 

Gripper 

(Sec. 4.3.3) 
6.2 324 0.05 47.8 12 2.1 - 

Dumbbell 

(Sec. 4.3.3) 
6.2 

259 0.04 

47.8 12 2.1 

- 

324 0.05 0.4 
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Table 4.2. Chemical composition of different polymer resins and the quantities of each 

component 

Study 

Chemical composition 

Ethanol 

(mL) 

NIPAAm 

(g) 

Cross-linker 

(g) 

PI 

(g) 

PA 

(g) 

Rhodamine 

B 

(g) 

MAPTAC 

(mL) 

Curing depth 

(Sec. 4.3.1) 
100 70 5 2 

0.1 

0.1 - 
0.2 

0.3 

0.4 

Cross-linker 

(Molar ratio) 

 (Sec. 

4.3.2.1) 

100 70 

1 

2 0.3 0.1 - 

2 

3 

4 

5 

NIPAAm 

concentration 

 (Sec. 

4.3.2.1) 

100 

30 
2.1 

3.6 

5.0 

6.4 

7.9 

0.9 

0.3 0.1 - 

50 1.4 

70 2.0 

90 2.6 

110 3.1 

Light 

intensity 

 (Sec. 

4.3.2.2) 

100 70 5 2 0.3 0.1 - 

Layer 

thickness 

 (Sec. 

4.3.2.3) 

100 70 5 2 0.3 0.1 - 

Ionic 

monomer, 

MAPTAC 

(Sec. 4.3.2.4) 

100 70 5 2 0.3 0.1 

- 

4.2 

8.4 

Gripper 

(Sec. 4.3.3) 
100 70 5 2 0.3 0.1 - 

Dumbbell 

(Sec. 4.3.3) 
100 70 

4 

2 0.3 0.1 

- 

5 8.4 
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Table 4.3. PμSL process parameters 

Study 

PμSL process parameters 

Light intensity 

(mW cm-2) 

Curing time 

(sec) 

Layer 

thickness 

(m) 

Number of 

layers 

Molar ratio 

(Sec. 4.3.2.1) 
30 10 30 10 

NIPAAm concentration 

(Sec. 4.3.2.1) 
30 

20 (for 2.6 M 

NIPAAm) 

30 10 

15 (for 4.4 M 

NIPAAm) 

10 (for 6.2 M 

NIPAAm) 

8 (for 8.0 M NIPAAm) 

5.5 (for 9.7 M 

NIPAAm) 

Light intensity 

(Sec. 4.3.2.2) 

4.3 

(Grayscale 

100) 

4 30 10 

7.3 

(Grayscale 

150) 

14.3 

(Grayscale 

200) 

30 

(Grayscale 

255) 

Layer thickness 

(Sec. 4.3.2.3) 
30 10 

30 120 

60 60 

90 40 

120 30 

Ionic monomer 

(MAPTAC) 

(Sec. 4.3.2.4) 

30 10 30 10 

Gripper 

(Sec. 4.3.3) 

4.3 

(Grayscale 

100) 
4 30 95 

30 

(Grayscale 

255) 

Dumbbell 

(Sec. 4.3.3) 
30 10 30 154 
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4.2.6. Post-printing rinsing process 

After fabrication, the samples were rinsed and stored in DI water at 15 oC overnight in 

order to exchange the ethanol and remaining uncross-linked polymers in the network with 

DI water. Typical volume of the DI water used in rinsing is 60 ml for a sample having a 

volume of about 6 x 10-4 cm3. At this low temperature of 15 oC, PNIPAAm becomes 

hydrophilic and thus allows water molecules to diffuse into the cross-linked network to 

replace ethanol. With an abundant amount of rinsing water, ethanol in the printed 

PNIPAAm is effectively diluted and replaced with water, which results in large swelling 

of PNIPAAm. 

 

4.2.7. Swelling ratio measurement 

The swelling ratio of PNIPAAm samples was obtained by optically measuring the diameter 

or length of the structure. After fabrication, all the samples were stored in DI water at 15 

oC overnight for post-printing rinsing. Then the samples were put into a temperature-

controlled chamber filled with DI water. The chamber has a transparent glass window 

through which temperature dependent deformation of samples were observed and 

measured. The temperature of water in the chamber were controlled within a range from 

10 °C to 90 °C. The rate of temperature change was 0.4 °C/min. The photo images of 

structures were taken at every 5 °C using a digital camera coupled with a microscope 

objective lens. Sample dimension was measured from the digital images using image 

analysis software, Image J. 

 



93 
 

 

4.3. Results and Discussion 

 

4.3.1. 3D Printing of PNIPAAm 

All photo-curable PNIPAAm resins used in this work were prepared by dissolving 

NIPAAm as a monomer, N,N'-Methylene-bis(acrylamide) as a cross-linker, and Phenylbis 

(2,4,6-tri-methylbenzoyl) phosphine oxide as a photo-initiator (PI) that initiates a photo-

polymerization upon light absorption, all of which were dissolved in ethanol as a base 

solvent. In addition, Sudan I was added in the resins as a photo-absorber (PA) that controls 

the penetration depth of light. Rhodamine B was also added as a dye for visualization of 

3D printed PNIPAAm structures. Table 4.1 provides the chemical components of the 

photo-curable resins used in each study and their concentrations. In addition, the exact 

quantities of the components in the resins are provided in Table 4.2. 

Lateral resolution of the PSL system is determined by the optics of the PSL 

system and the polymerization kinetics of PNIPAAm. With the current PSL system and 

the PNIPAAm resin, a lateral resolution of around 160 m was achieved for PNIPAAm 

hydrogel (Figure 4.4). In order to build a 3D object in a layer-by-layer fashion, we also 

studied how a layer of PNIPAAm hydrogel is polymerized and grows in the vertical 

direction. The depth of photo-polymerization, or curing depth, was measured as a function 

of light energy dosage. To study the curing depth, rectangular images were projected 

through a transparent glass slide into PNIPAAm resin for different curing times (Figure 

4.3). Since polymerization begins from the surface of the glass slide and grows with 

exposure time, the curing depth can be obtained by measuring the height of resulting 
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rectangular pattern using atomic force microscope (AFM). The same experiment was 

repeated with PNIPAAm resins having different concentration of PA. As shown in Figure 

4.1(b), the curing depth of PNIPAAm hydrogel can be prescribed by controlling the light 

energy dosage and PA concentration in the resin.  

 

Figure 4.4. Lateral resolution test for PNIPAAm 3D printing. (a) A digital image with 

multiple grid lines was projected to test the minimum possible feature size. The width of 

the grid lines (w) and that of holes (x) were identical in the digital image. The width of the 

holes in the printed structure (y) was measured using a microscope. (b) To determine the 

lateral resolution, four digital images with different width of holes and lines, 120, 140, 160, 

and 180 m, were prepared and projected to create the structures. The printed hole sizes 

were 0, 40, 160, and 180 m, respectively. The results show that the lateral resolution of 

PSL with PNIPAAm hydrogel is around 160 m. 
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Based on the process characteristics determined by the above experiments, 3D 

printing of PNIPAAm was demonstrated as shown in Figure 4.1(c). The height of the object 

is 7.83 mm, consisting of 261 layers having a thickness of 30 m. A nine second curing 

time was used for each layer, making the total fabrication time of 65 min. The smallest 

lateral feature size of the object is 163 m. After printing, the PNIPAAm micro-structure 

was stored in DI water at 15 oC overnight for post-printing rinsing. During that time, the 

ethanol inside the structure is replaced with DI water, and uncross-linked polymers and 

other chemical components in the resin are removed from the printed structure. Therefore, 

no further cross-linking occurs with time after rinsing. To confirm the temperature 

dependent deformation of the printed structure, it was put into a temperature-controlled 

water chamber while the deformation of structure was recorded. As shown in Figure 4.1(c), 

the 3D PNIPAAm hydrogel structure was swollen to a height of 9.63 mm at 10 °C, which 

then shrank to a height of 7.41 mm when the temperature was raised to 50 °C. The rate of 

temperature increase and that of temperature decrease were 1.33 °C/min and 0.67 °C/min, 

respectively. Reversible swelling deformation was observed when the temperature was 

dropped to 10 °C again, demonstrating that swelling deformation of a 3D PNIPAAm 

hydrogel printed by PSL can be controlled by environmental temperature.  
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4.3.2. Controlling temperature responsive swelling of PNIPAAm hydrogel  

The key attribute of PNIPAAm hydrogel is its ability to change its degree of swelling in 

response to temperature change. To quantify this, we use the swelling ratio (SR) in this 

study defined as a ratio of swollen length to the original length (as fabricated). It is 

important to note that the reference dimension is not the dimension of the hydrogel in the 

dry state, but the original dimension at the moment of polymerization (or printing). For 

example, the SR is greater than 1 when a PNIPAAm hydrogel swells and gets bigger than 

the printed dimension at low temperature, and the SR is less than 1 when it shrinks and 

becomes smaller than the printed dimension at high temperature.  

To observe the overall swelling behavior of PNIPAAm in response to temperature, 

disk-shaped samples with a diameter of 1.6 mm and a thickness of 300 m were printed 

using PSL. The NIPAAm and cross-linker concentrations of the polymer resin used in 

this study were 2.6 M and 139 mM in ethanol, respectively. As shown in Figure 4.5(a), 

swelling ratio at a low temperature of 10 °C is 1.42.  
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Figure 4.5. Reversible temperature dependent swelling/shrinkage of PNIPAAm hydrogel. 

(a) Equilibrium swelling of PNIPAAm depends on temperature. Swelling ratios of 

PNIPAAm during a heating cycle match well with those from a cooling cycles. Also, 

experimental results are in a good agreement with the equilibrium swelling simulation 

result. (b) Low temperature swelling and high temperature shrinkage of PNIPAAm 

occurred repeatedly when heated and cooled alternately between 10 °C and 50 °C. 

 

It shows a 42 % increase in length (or 186 % in volume) compared to the original 

dimensions of the printed disk sample. On the other hand, the swelling ratio is 0.73 at a 

high temperature of 50 °C, which indicates a 27 % decrease in length (or 61 % in volume) 

from the printed dimension of the sample. Furthermore, the swelling ratio was measured 

at every 5 °C while increasing temperature from 10 °C to 50 °C and subsequently 

decreasing temperature back to 10 °C. The temperature was changed by 5 °C every 3 hours 

to ensure swelling reaches an equilibrium state. The result shows that swelling ratios in the 

heating and cooling cycles are well-overlapped. Also, the maximum and minimum 

swelling ratios remain constant after multiple cycles of heating and cooling (Figure 4.5(b)), 
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showing that temperature dependent swelling of PNIPAAm is reversible and repeatable. 

Thermally responsive gel behavior is analyzed in the context of the theoretical model in 

the recent study [167], showing good agreement with experimental data (Figure 4.5(a)). 

Thermally responsive gel behavior is analyzed in the context of the theoretical 

model in the recent study [167], and for brevity, only the main points are repeated here. 

Since the experiment was performed over a very long time, equilibrium is assumed both 

mechanically and chemically, therefore inertia and diffusion are not considered. Further, 

since the body is not constrained, we consider stress free swelling, so that the deformation 

will be isotropic. Under these conditions, the model reduces to a nonlinear scalar equation 

for the swelling ratio 

𝑓(𝜑) = 𝑅𝜃(ln(1 − 𝜑) + 𝜑 + 𝜒𝜑2) + Ω𝐺(𝜑1/3 − 𝜑) = 0                        (4.1) 

Here,  is the polymer volume fraction (a measure of swelling ratio), R is the gas 

constant,  the absolute temperature,  the molar volume, G the shear modulus, and lastly 

the interaction parameter  characterizes the interaction between the polymer and solvent. 

In the model, the key to the thermally responsive swelling is , which is based on the 

mixing contribution to the behavior of the material. The specific form chosen for this work 

comes from a recent study [167], and has the form 

𝜒(𝜃) =
1

2
(𝜒𝐿 + 𝜒𝐻) −

1

2
(𝜒𝐿 − 𝜒𝐻) tanh (

𝜃−𝜃𝑇

Δ
)                              (4.2) 

Here, L is the value at a “low” temperature, H the value at a “high” temperature, 

T the transition temperature, and  the width of the transition. For calibration, we need to 

assume the shear modulus, and since we do not currently have reliable data, we have 
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assumed the shear modulus is 0.5 MPa. Further, since the data shows a swelling ratio less 

than one at high temperatures, the structure was fabricated with some initial amount of 

fluid inside. We have estimated that initial swelling at 0 = 0.3772 such that the polymer is 

95% dry in the high temperature condition.  Therefore, knowing  from analysis of the 

experimental data, we are able to solve the nonlinear equation for (), which is then 

calibrated as shown in the figure below, which fits very well.  

 

Figure 4.6. Analysis of the experimental data with 

 

Next, with () calibrated to the data for PNIPAAm, we are able to use a finite 

element procedure to simulate the behavior of various geometries and thermo-mechanical 

loading conditions. The full set of material parameters is given in below table. 
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Table 4.4. Material parameters for simulation 

Parameter Value 

Gas constant 𝑅 = 8.31457 J/(mol K) 

Shear modulus 𝐺 = 0.5MPa 

Molar volume Ω = 18.0695 cm3/mol 

Interaction parameter at low temperature 𝜒𝐿 = 0.112 

Interaction parameter at high temperature 𝜒𝐻 = 2.365 

Transition temperature 𝜃𝑇 = 307K 

Width of the transition Δ = 10.94K 

 

Thermodynamically, the equilibrium swelling ratio of a gel in a solvent is governed 

by the cross-linking density of the polymer network and its interaction with that solvent. 

Since we use photo-polymerization to cure PNIPAAm hydrogels using PSL, the 

temperature responsive swelling behavior of 3D printed PNIPAAm hydrogel may be 

tailored by controlling polymerization kinetics in the PSL process. In this chapter, some 

key parameters including polymer resin composition, curing light intensity, and layer 

thickness of 3D printed PNIPAAm are studied.  

 

4.3.2.1. Effect of polymer resin composition on temperature responsive swelling 

The swelling behavior of hydrogels is closely associated with the polymer chain length; 

for instance, a hydrogel comprised of long polymer chains exhibits a large degree of 

swelling [140].  Since the polymer network of a PNIPAAm hydrogel is formed by the 

cross-linkers that connect NIPAAm monomers, the polymer chain length is determined by 

molar ratio of cross-linker to NIPAAm monomer. In other words, a high ratio of cross-

linker to monomer results in more cross-linking sites and therefore a shorter polymer chain 
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length, leading to a low degree of swelling. The overall concentration of monomer also 

affects the swelling behavior because it determines the volume of a shrunken PNIPAAm 

hydrogel at high temperature. To confirm the effect of the molar ratio of cross-linker to 

monomer on swelling behavior, five different disk shaped samples were printed by PSL. 

All of the samples were created with the same monomer concentration, but different molar 

ratios, ranging from 0.01 to 0.05 (Table 4.1). Since the concentration of NIPAAm is 

significantly higher than that of cross-linker throughout the five samples, the sum of 

monomer and cross-linker molecules in all samples were approximately the same. 

As shown in Figure 4.7(a), samples with different molar ratios exhibit different 

swelling behavior at low temperature. It proves that a low molar ratio creates long polymer 

chains that can stretch further, leading to a high swelling ratio at low temperature (10 °C, 

blue solid squares in Figure 4.7(a)) as described in the earlier sections. By lowering the 

molar ratio from 0.05 to 0.01, approximately a 60 % increase in swelling ratio was achieved 

at 10 °C. On the contrary, the swelling ratio at high temperature (50 °C, red solid circles in 

Figure 4.7(a)) remained the same around 0.9 across all samples regardless of molar ratio. 

This is because the concentration of monomer molecules in the resin determines the 

polymer volume fraction of the cross-linked hydrogel. The swelling of the fully cross-

linked samples prepared by a UV oven with a significantly higher exposure dosage (6000 

mJ cm-2) showed the similar trend (open squares and circles in Figure 4.7(a)). Swelling 

differences between printed samples and UV cured fully cross-linked samples at low 

temperature is attributed to low reactivity of resins with low cross-linker concentration. 

When a sample was cured in a UV oven, we applied a high energy dose of 6000 mJ cm-2 

such that all cross-linker molecules in the resin can form cross-links regardless of the 
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reactivity of the resin. However, for 3D printed samples, an energy dose of 300 mJ cm-2 

was given to all five printed samples to ensure printing quality and to avoid over-curing 

(Table 4.3). Therefore, the crosslinking density of printed samples with low cross-linker 

concentrations is lower than that of UV cured fully cross-linked samples, leading to higher 

swelling in low temperature. This trend becomes more apparent for the samples with lower 

cross-linker concentrations. On the other hand, when the cross-linker concentration reaches 

a ratio of 0.05 to NIPAAm monomer, the reactivity of the resin is high enough that the 

cross-linking density of the printed sample reaches that of the UV oven cured counterpart. 

Therefore, we can conclude that swelling of 3D printed PNIPAAm at low temperature can 

be prescribed by controlling the ratio of cross-linker with respect to NIPAAm in the resin.  

To study the effect of the monomer concentration on the swelling behavior, we 

prepared five samples with different NIPAAm concentrations, 2.6, 4.4, 6.2, 8.0, and 9.7 M, 

respectively, while keeping the cross-linker to monomer ratio fixed at 0.05. Figure 4.7(b) 

shows that NIPAAm concentration causes significant change in shrinkage at high 

temperature, while its influence on low temperature swelling is negligible. By decreasing 

the NIPAAm concentration from 9.7 to 2.6 M, approximately a 20 % difference in the 

swelling ratio was achieved at 50 °C. It also showed very good agreement with the results 

obtained from similar fully cross-linked samples prepared using the UV oven (the open 

squares and circles). Since the rate of polymerization is strongly dependent on monomer 

concentration, a different curing time was used for a different NIPAAm concentration 

(Figure 4.8 and Table 4.3). 
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Figure 4.7. Effects of the chemical composition of photo-curable resin on temperature 

responsive swelling of PNIPAAm. (a) Low temperature swelling of PNIPAAm is 

determined by the molar ratio of cross-linker to NIPAAm monomer. (b) High temperature 

shrinkage of PNIPAAm is determined by the NIPAAm concentration. Solid and dashed 

lines are for the samples fabricated using PSL and a UV oven, respectively. Blue and red 

lines are for the swelling ratio at 10 °C and 50 °C, respectively. The photo images show 

the size of corresponding PNIPAAm disk samples at 10 °C and 50 °C. All scale bars 

indicate 1 mm. 
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Figure 4.8. Energy dose required to cure a 30 m thick layer for different NIPAAm 

concentrations. An excessive energy dose results in unwanted polymerization.  

 

4.3.2.2. Effect of curing light intensity of PSL on temperature responsive swelling 

A light exposure intensity determines the rate of photo-polymerization, which in turn 

determines the cross-linking density of the hydrogel [106-109, 165].  The cross-linking 

density is the most important factor that determines the physical properties of the polymer 

network, including the equilibrium swelling ratio [140]. Since the PSL system employs a 

digital image to generate a pattern, the projection light intensity can be easily tuned by 

controlling the grayscale value of the digital image [168, 169] (Figure 4.9). The grayscale 

value of a typical 8-bit digital image ranges from 0 to 255, with 0 being black and 255 

being white. 

  



105 
 

 

 

Figure 4.9. The light intensity of the PSL system for grayscales of a digital image and 

for different applied currents. 

 

To study the effect of curing light intensity on the degree of swelling, four different 

disk-shaped samples were fabricated by PSL using digital images with grayscale values 

of 100 (4.3 mW cm-2), 150 (7.3 mW cm-2), 200 (14.3 mW cm-2), and 255 (30.0 mW cm-2) 

(Table 4.3). Figure 4.10(a) shows that the swelling ratio of the 3D printed structures at low 

temperature (10 °C, blue solid square in Figure 4.10(a)) remains constant at 1.43, whereas 

the swelling ratio at high temperature (50 °C, red solid circle in Figure 4.10(a)) depends on 

the grayscale value. PNIPAAm samples printed using a grayscale value of 100 shrank to a 

swelling ratio of 0.66 at 50 °C while those printed using a white image resulted in a swelling 

ratio of 0.86 at the same temperature, showing an approximately 23 % difference in the 

swelling ratio.  
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Figure 4.10. Control of temperature dependent swelling of PNIPAAm using PSL process 

parameters. (a) As the grayscale level of a projected digital image decreases from white 

(gray scale of 255) to black (gray scale of 0), the swelling ratio at high temperature of 

PNIPAAm hydrogel is significantly reduced. Blue and red lines are for the swelling ratio 

at 10 °C and 50 °C, respectively. (b) Vertical swelling at low temperature increases with 

layer thickness, while lateral swelling is independent of layer thickness. Shrinkage at high 

temperature is relatively insensitive to layer thickness. Solid and dashed blue lines are for 

the swelling ratio at 10 °C in vertical and lateral directions, respectively. Solid and dashed 

red lines are for the swelling ratio at 50 °C in vertical and lateral directions, respectively. 

The photo images show the size of corresponding PNIPAAm disks (top view) and cylinders 

(side view) at 10 °C and 50 °C. All scale bars indicate 1 mm. 
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This trend is similar to the results from the study of monomer concentration 

presented in the previous section (Figure 4.7(b)), which implies that the amount of 

molecules cross-linked into a polymer network decreases with a decreasing light intensity 

modulated by a grayscale level of the digital image. This is because lower irradiation 

energy leaves more NIPAAm monomers in the resin uncross-linked, which are later rinsed 

out from the polymer network by the post-printing rinsing process. Similarly, the low 

temperature swelling ratio is the same throughout all samples because they were all printed 

using the same resin (Table 4.1). This result demonstrates that temperature dependent 

swelling can also be controlled using PSL even without changing the resin. Furthermore, 

non-uniform swelling may also be programmed within a layer simply by designing an 

appropriate distribution of grayscale in the projected digital image. 

 

4.3.2.3. Effect of layer thickness of PNIPAAm on temperature responsive swelling 

PSL, like other 3D printing techniques, builds a 3D object in a layer-by-layer fashion. 

When each layer is solidified, a UV light is focused on the surface of the resin from which 

photo-polymerization is initiated and gradually propagates into the resin. Hence, within a 

layer, a gradient of cross-linking density is created with the upper part being highly cross-

linked. Consequently, the swelling behavior throughout the thickness is not uniform 

because it strongly depends on the cross-linking density as studied on the previous sections 

(Figure 4.11(a)). As the difference in cross-linking density across the thickness of a layer 

increases with layer thickness, the bottom portion of a relatively thick layer tends to have 

a relatively lower cross-linking density and swell further as a consequence (Figure 4.11(b)).  
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Figure 4.11. The lateral and vertical swelling of 3D printed PNIPAAm layers. (a) A 

gradient of cross-linking density within a layer and corresponding swelling. (b) Since 

cross-linking density decreases with layer thickness, larger swelling is expected to occur 

at the bottom of the layer. (c) Bonding of successive layers constrains lateral swelling while 

swelling in a vertical direction occurs freely, resulting in overall swelling anisotropy.  
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When these layers are stacked to create a 3D PNIPAAm structure, the relatively 

lower cross-linked bottom portion of a layer is bonded to the highly cross-linked top 

portion of the layer underneath. Due to this physical constraint at the interface, the amount 

of lateral swelling is therefore dominated by the highly cross-linked upper portion of each 

layer. On the other hand, the layers can swell freely in the vertical direction without any 

constraint. (Figure 4.11(c)). As a result, it is possible to create anisotropy in temperature 

responsive swelling of 3D printed PNIPAAm hydrogel by controlling a layer thickness in 

the PSL process. 

To study the effect of layer thickness on the lateral and vertical swelling of 

PNIPAAm, cylindrical samples were printed with the same resin (Table 4.1) but different 

layer thicknesses (Table 4.3). As shown in Figure 4.10(b), the sample fabricated with a 30 

m layer thickness showed the same swelling ratios in both lateral and vertical directions 

at high and low temperatures. This implies that cross-linking density within these thin 

layers is relatively uniform. However, as the layer thickness increases, the amount of 

vertical swelling at low temperature increases significantly (blue solid circle in Figure 

4.10(b)) while lateral swelling remains almost identical regardless of layer thickness (blue 

open circle in Figure 4.10(b)). When the PNIPAAm hydrogel shrinks at high temperature, 

the deformation in both lateral (red open diamond in Figure 4.10(b)) and vertical (red solid 

diamond in Figure 4.10(b)) directions were similar regardless of layer thickness. This result 

demonstrates that PSL provides a unique capability to create anisotropy in thermo-

responsive swelling of PNIPAAm hydrogel.  
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4.3.2.4. Effect of ionic co-monomer on temperature responsive swelling 

The transition temperature of 3D printed PNIPAAm structures is the LCST of NIPAAm, 

32-35 °C. However, it can be shifted by adding positively charged ionic co-monomer, 

Methacrylamidopropyltrimethyl-ammonium Chloride (MAPTAC), to the polymer resin. 

The positively charged MAPTAC integrated in the cross-linked network increases 

hydrophilicity of a polymer chain because of the growing ratio of cationic site [170, 171]. 

As a result, the transition temperature shifts up from around 32 °C to a higher temperature. 

To confirm the effect of MAPTAC, three different PNIPAAm disks were printed with 

different concentrations of MAPTAC (Tables 4.1 and 4.3). As shown in Figure 4.12, the 

disk without MAPTAC dramatically changes in size between 20 and 30 °C (orange box 

and line in Figure 4.12), whereas adding 0.2 and 0.4 M of MAPTAC resulted in shift in 

transition temperature to 30 – 40 °C (green box and line in Figure 4.12) and 40 – 50 °C 

(blue box and line in Figure 4.12), respectively.  

The temperature at which more than 80 % of the entire swelling deformation was 

achieved shifts from 35 °C for original PNIPAAm to 50 °C and 65 °C for 0.2 M and 0.4 M 

of MAPTAC, respectively (Figure 4.13). Furthermore, adding MAPTAC to PNIPAAm 

allows for broadening and linearizing the swelling transition, which could potentially be 

utilized in various sensing applications.  
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Figure 4.12. The swelling transition temperature of PNIPAAm increases by adding ionic 

co-monomer. Green and blue lines show temperature responsive swelling of PNIPAAm 

with 0.2 M and 0.4 M of MAPTAC, respectively. The swelling ratio of the standard 

PNIPAAm without MAPTAC (orange line) was measured as a control. The photo images 

show the size of corresponding disk samples at different temperatures. All scale bars 

indicate 1 mm. 
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Figure 4.13. Swelling progress as a function of temperature for various concentrations of 

MAPTAC. More than 80 % of the entire swelling ratio change was achieved at 35 °C 

without MAPTAC, at 50 °C with 0.2 M of MAPTAC, and at 65 °C with 0.4 M of MAPTAC. 

 

4.3.3. 3D printed PNIPAAm micro-structures 

Based on the findings presented above, we 3D printed PNIPAAm structures using a variety 

of different process parameters. Figure 4.14 shows a gripper consisting of four beams 

fabricated using two different levels of grayscale. Due to the different levels of light 

intensity (4.3 mW cm-2 for gray (100) and 30 mW cm-2 for white (255)), a virtual bilayer 

beam having two different swelling characteristics was created. Different swelling ratios 

in different regions of the cross-section generated a strain mismatch between the two 

regions, causing a bending deformation of the beam as the temperature is cycled. At 

temperatures below the transition temperature, all beams are straight since both white and 
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gray regions have a similar swelling ratio. As temperature increases, the gray regions facing 

the center start to shrink more than white regions, causing the beams to bend inward to 

generate a gripping motion. When the temperature lowers, the beams become straight again.  

Also, a dumbbell-shaped structure in Figure 4.14(b) was fabricated using two 

different resins having different transition temperatures. The left half was made of pure 

PNIPAAm and the right half was made using a PNIPAAm resin with 0.4 M of MAPTAC. 

At low temperature (10 °C), both sides are fully swollen, so the dumbbell is symmetric. As 

the temperature increases, the left half begins to shrink while the right half remains in its 

fully swollen state, posing an asymmetric shape at a temperature near 35 °C. When 

temperature further increases beyond the transition temperature of the right half, shrinking 

starts to occur in the right half as well, and the dumbbell eventually becomes symmetric 

again, but in a smaller shrunken dimension. As demonstrated here, PSL provides a unique 

fabrication capability to easily program complex temperature responsive deformation in 

3D PNIPAAm micro-structures.  
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Figure 4.14. 3D printed PNIPAAm micro-structures and their programmed temperature 

dependent deformation. (a) A gripper consisting of four beams was fabricated using two 

different grayscale levels. The difference in the swelling ratio between the two regions 

caused the beams to bend towards the center at high temperature (scale bar: 500 m). (b) 

A dumbbell-shaped structure was printed with ionic monomer, MAPTAC. The left half is 

pure PNIPAAm while the right half contains 0.4 M of MAPTAC. When temperature 

increases, the left half with lower transition temperature begins to shrink first, and the right 

half shrinks later at higher temperature (scale bar: 3 mm). 
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4.4. Conclusion 

We presented the 3D fabrication of PNIPAAm micro-structures using high resolution 

PSL. The effects of various material and process parameters involved in the PSL process 

on the thermally responsive swelling of 3D printed PNIPAAm were investigated. We found 

that PNIPAAm swelling at low temperature and shrinking at high temperature can be 

independently controlled. The molar ratio of cross-linker to monomer determines the low 

temperature swelling of PNIPAAm, while high temperature shrinking of PNIPAAm is 

primarily determined by the monomer concentration. Furthermore, we demonstrated that 

grayscale of digital images can be utilized to control curing light intensity, which mainly 

affects the high temperature shrinkage of 3D printed PNIPAAm. This indicates that 

temperature dependent swelling behavior of PNIPAAm can be spatially encoded and 

distributed within a layer without the need for time- and material-consuming resin 

exchange. We have also shown that 3D printed PNIPAAm swelling in the lateral and 

vertical directions is dependent on the layer thickness, through which anisotropic thermo-

responsive swelling can be achieved by design. In addition, control of the swelling 

transition temperature of PNIPAAm was demonstrated by incorporating a hydrophilic 

ionic monomer. The transition temperature was increased with increasing ionic monomer 

concentration. Overall, we believe that the presented method of using PSL to three-

dimensionally fabricate PNIPAAm micro-structures, along with the understanding of the 

temperature responsive swelling characteristics of PNIPAAm, will significantly extend the 

potential of smart materials for various applications, such as soft robots, microfluidic 

devices, and drug delivery vehicles. 
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Chapter 5 

Multi-Material 4D Printing of 

Bio-Inspired Adaptive Camouflage Skin 
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5. Multi-Material 4D Printing of Bio-Inspired Adaptive Camouflage Skin 

 

5.1. Introduction 

Soft materials, including polymers, colloids, granular materials, liquid crystals, and a 

number of biological materials, are materials that can be easily deformed or structurally 

altered by thermal or mechanical stresses and fluctuations. The main physical behaviors of 

these materials occur at an energy scale comparable to room temperature thermal energy, 

which can be obtained relatively easily. Soft materials have been receiving a great deal of 

attention in a wide range of engineering fields, such as tissue engineering [2, 172], drug 

delivery [4], biomedical devices [173, 174], microfluidics [175, 176], optics [177-179], 

stretchable electronics [180-183], and soft robotics [108, 110, 111, 184, 185], because of 

their unique characteristics, such as, multi-functionality, adaptability, flexibility, 

lightweight, and biocompatibility.  

In nature, living creatures mostly made of soft materials are perpetual sources of 

inspiration for engineering functional materials. It is fascinating to observe how certain 

living creatures perform seemingly impossible tasks; for instance, binding of gecko's feet 

to various surfaces, manipulating of octopus’s arm with almost unlimited degree of 

freedom, color generating of butterfly’s wing without pigments, etc. Camouflage animals, 

which reversibly change their structural colors or textures in response to their surrounding 

environment, have been studied to understand their camouflage mechanisms. Camouflage 

animals can be classified into two groups according to their mechanisms: non-changeable 

skin coloration and changeable skin coloration. The former group of animals, such as owls 
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and leaf bugs, has non-changeable colors and textures that resemble to their surrounding 

environments. It makes it possible for them to successfully hide their bodies from their 

enemies. The latter group of animals exhibits more interesting and complex camouflage 

mechanisms, showing active color changes. The examples include seasonal molting of 

snowshoe hares, and color changes of chameleons and octopuses.  

Within the second group, we are particularly interested in octopuses, since these 

marine molluscs possess soft material bodies, diverse behaviors, elaborate skin patterning 

capabilities and a sophisticated visual system that controls body patterning for 

communication and camouflage. It is well-known that the camouflage mechanism of 

cephalopods, including octopuses, cuttlefishes, and squids, consists of contraction and 

expansion of pigments-containing chromatophores in the skin [186-188] (Figure 5.1).  

 

Figure 5.1. A single retracted (a) and expanded (b) chromatophore. Images are from [187]. 

 

The chromatophores consist of a central cytoelastic sac which contains pigment 

granules. This sac is surrounded by a series of radial muscles (Figure 5.2(a)). A typical size 

of the central sac is approximately 150 μm in diameter when it is retracted, and is 

approximately 450 μm (about three times) when it is expanded. Contraction of the radial 
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muscles results in planar expansion of the central sac. It is the expansion of the network of 

pigmented sac, relative to the unpigmented surrounding tissue, which generates the optical 

effect. The skin of cephalopods is composed of three different sacs with different pigment 

colors. These sacs contribute to their rapid and various color-changing ability (Figure 

5.2(b)). By contracting and releasing the radial muscles, the corresponding sacs can expand 

and shrink their areas, reversibly generating a variety of patterns with multiple colors 

within a few seconds [189, 190]. Therefore, implementing these outstanding features of the 

cephalopods on soft devices will enable the development of various applications, such as 

flexible display and electronics, bio-photonic devices, and dynamic camouflage interfaces.  

 

Figure 5.2. (a) Schematic illustration of chromatophore and its composition. (b) Skin of 

cephalopods with three different color chromatophores (black, brown, and yellow). 

 

Recently, color-changing devices inspired by cephalopods have been demonstrated 

using electrokinetic technology [191], on-demand fluorescent patterning with electro-

mechano-chemically responsive elastomers [192], and actuating of dielectric elastomers 
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[188]. However, these devices required a high voltage to activate the system and produced 

the color change using a method different from the actual color change mechanism (muscle 

contraction) of cephalopods. In order to realize the actual mechanism, development of new 

materials and manufacturing technology that can fabricate a complex device composed of 

multiple materials are essential. 

In this chapter, we report a cephalopod-inspired adaptive camouflage skin that 

shows the dynamic color modulation using the actual color change mechanism with light 

irradiation. The skin employs rectangular artificial chromatophores comprised of three 

components; photo-active muscles, a stretchable sac, and a rigid frame (Figure 5.3). Each 

component plays an important role in implementing the color change mechanism. First, 

photo-active muscle made of a photo-active hydrogel exhibits large volume shrinkage 

under light irradiation, which pulls out the stretchable sac. The photo-active hydrogel was 

made by adding poly-dopamine nanoparticles (PDA-NPs) to thermo-responsive hydrogel 

(PNIPAAm) that exhibits swelling at low temperatures and shrinkage at high temperatures 

(see details in Chapter 4). PDA-NP, one of the well-known photo-thermal agent, generates 

heat energy via photo-thermal effect associated with electromagnetic radiation  [193].  The 

generated thermal energy from PDA-NPs is transferred to a thermo-responsive hydrogel. 

The temperature of the hydrogel is then raised to trigger shrinkage of a thermo-responsive 

hydrogel. Second, the stretchable sac creates an optical effect using its large area changes 

generated by photo-active muscles. Lastly, a rigid rectangular frame anchors one end of 

the photo-active hydrogels, allowing the sac to stretch effectively.  

To successfully demonstrate the artificial chromatophore, there are some 

requirements for each component. Photo-active hydrogel for photo-active muscles should 
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generate enough heat energy to shrink the hydrogel under a given light energy, and the 

shrinkage force generated during the contraction of the hydrogel should be able to stretch 

the sac up to three times. The stretchable material for the sac should be able to stretch up 

to three times without fracture. Finally, the material for the rigid frame should exhibit 

strong bonding with the photo-active hydrogel and less deformation when the hydrogel 

shrinks. According to these requirements, we characterized the material for each 

component and successfully fabricated artificial chromatophores using these materials. As 

a manufacturing tool for the artificial chromatophore, we used a digital light processing 

(DLP)-based multi-material additive manufacturing technique, multi-material projection 

micro-stereolithography (MM-PSL). 

 

 

Figure 5.3. Schematic illustrations of rectangular artificial chromatophore unit cell (a) and 

cephalopod-inspired adaptive camouflage skin having multiple chromatophore cells (b) 
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5.2. Materials and Methods 

 

5.2.1. Materials 

Poly(ethylene glycol) diacrylate, Mn~250 (PEGDA 250), Poly(ethylene glycol) diacrylate, 

Mn~700 (PEGDA 700), Acrylic acid (AA), Phenylbis(2,4,6-trimethylbenzoyl) phosphine 

oxide (photo-initiator, PI), Iron(III) nitrate nonahydrate, Dopamine hydrochloride, and 

Ammonium hydroxide solution were purchased from Sigma-Aldrich. N-

Isopropylacrylamide (NIPAAm) was purchased from Fisher Scientific. All materials were 

used as received. Table 5.1 provides the chemical components of the solutions used in each 

study and their concentrations. 

 

5.2.2. Synthesis of PDA-NPs 

PDA-NPs were synthesized according to the procedure reported in the literature (oxidation 

and self-polymerization dispersion polymerization procedure) [193]. 2 mL of ammonium 

hydroxide solution (NH4OH) was mixed with 80 mL of ethanol and 180 mL of deionized 

water (DI water) and stirred at room temperature for 10 minutes. 1 g of dopamine 

hydrochloride was dissolved in 20 mL of deionized water and then added into the above 

mixture solution. The mixture was stirred in the dark at room temperature for 30 hours to 

allow dopamine polymerization. The PDA-NPs were then dried at 60 °C. 
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Table 5.1. Material composition of photo-curable precursor solutions 

Study 

Material composition 

Monomer 

(M) 

Cross-linker 

(PEGDA700) 

(M) 

PI 

(mM) 

PDA 

(g/L) 

Fe3+ 

(mM) 
Solvent 

Photo-active 

hydrogel 

(Sec.5.3.2) 

NIPAAm (2.6) 0.36 47.8 

- 

10 

20 

30 

- 

- 

- 

- 

Ethanol 

Cross-linker 

concentration 

study for AA 

hydrogel 

(Sec.5.3.3.1) 

AA 

(3.0) 

0.02 

0.05 

0.10 

0.20 

0.40 

0.80 

47.8 

- 

- 

- 

- 

- 

- 

15 Ethanol 

Fe3+ 

concentration 

study for AA 

hydrogel 

(Sec.5.3.3.2) 

AA 

(3.0) 
0.02 47.8 

- 

- 

- 

- 

- 

- 

- 

0 

5 

10 

15 

20 

25 

30 

Ethanol 

Mechanical 

properties for 

3 materials 

 (Sec.5.3.4) 

PEGDA250 

NIPAAm (2.6) 

AA (3.0) 

- 

0.36 

0.02 

47.8 

- 

30 

- 

- 

- 

15 

- 

Ethanol 

Ethanol 

 

 

5.2.3. Absorbance measurement of PDA-NPs solution 

Five solutions were prepared with predetermined PDA-NPs concentrations (0.0125, 0.025, 

0.05, 0.1, and 0.2 g/L). The PDA-NPs were dispersed in DI water and stirred in the dark at 

room temperature overnight. Then, absorption spectra (400 to 900 nm) of the PDA-NPs 

solutions were measured at room temperature with a UV-Vis spectrometer (FLAME-S, 

Ocean Optics) and a halogen lamp (HL-2000-HP-FHSA, Ocean Optics) as a light source 

(Figure 5.4). The cuvette (CVD-UV1S-SAM, Ocean Optics) used in this chapter has a 1 
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cm path length. Average of absorbance was calculated to study the light penetration depth 

and photo-thermal efficiency (Figure 5.5). 

 

Figure 5.4. Absorbance spectrum of PDA-NPs solutions 

 

 

Figure 5.5. Average absorbance of PDA-NPs solutions 
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5.2.4. Light penetration depth of PDA solutions 

PDA-NPs generate thermal energy via photo-thermal effect associated with 

electromagnetic radiation. Therefore, the light penetration depth of PDA solution is closely 

related to the amount of heat energy generated from PDA solution. The light penetration 

depth can be calculated based on Beer-Lambert law. 

A = 𝑙𝑜𝑔10 (
𝐼0

𝐼
) = 𝜀𝑐𝑙                                                  (5.1) 

where A is the absorbance of the solution, I0 is the incident intensity of the light, I is the 

transmitted intensity of the light,  is the molar absorptivity of PDA, c is the concentration 

of PDA, and l is the length of the light path. Based on the absorbance results (Figure 5.5), 

the molar absorptivity ( = 4.24 L/g cm) of PDA can be calculated. With the molar 

absorptivity of PDA, the light penetration depth according to the PDA concentration can 

be predicted based on Beer-Lambert law (Eq. 5.1). If we set the threshold light absorbance 

to be 90% (A=1), the light penetration depth for 10, 20, and 30 g/L are 236, 118, and 79 

m, respectively (Figure 5.6).   

 

 Figure 5.6. Calculated light penetration depth of PDA-NPs solutions 
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5.2.5. Photo-thermal effect of PDA-NPs solution 

Seven solutions were prepared with predetermined PDA-NPs concentrations (0, 0.31, 0.62, 

1.25, 10, 20, and 30 g/L). The PDA-NPs were dispersed in DI water and stirred in the dark 

at room temperature overnight. 34 L of each solution was added into the 96-well 

microplate (D: 0.654 cm), resulting in the height of the solution being 1 mm. A commercial 

beam projector (PJD6531w/DLP, ViewSonic) was used as a light source. The light 

intensity of the projector is 0.77 W/cm2 when a white image was projected. Temperature 

of the solutions was monitored using a thermocouple, and recorded with LabVIEW. 

 

5.2.6. Calculation of the photo-thermal conversion efficiency 

The photo-thermal conversion efficiency of PDA-NPs was determined according to the 

method described in the literature [193]. Briefly, the photo-thermal conversion efficiency 

was calculated based on the total energy balance of the system. 

∑ 𝑚𝑖𝐶𝑝,𝑖𝑖
𝑑𝑇

𝑑𝑡
= 𝑄𝑁𝑃𝑠 + 𝑄𝑠 − 𝑄𝑙𝑜𝑠𝑠                                           (5.2) 

Here, m is the mass of solvent (water), Cp is the heat capacity of solvent (4.184 

J/gK, water), T is the solution temperature. QNPs, Qs, and Qloss are the photo-thermal energy 

generated by PDA-NPs, the heat associated with the light absorbance of the solvent, and 

the heat energy lost to the surroundings.  

𝑄𝑁𝑃𝑠 = 𝐼(1 − 10−𝐴𝜆)𝜂                                                   (5.3) 

 Here, I is the projection light energy, Aλ is the absorbance of PDA, and  is the 

photo-thermal conversion efficiency from the absorbed light energy to heat energy. 
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𝑄𝑠 = 𝑚𝑤𝑎𝑡𝑒𝑟𝐶𝑝,𝑤𝑎𝑡𝑒𝑟∆𝑇                                                   (5.4) 

 In this chapter, Qs measured with deionized water without PDA-NPs is 5.38 J.     

𝑄𝑙𝑜𝑠𝑠 = ℎ𝐴Δ𝑇                                                           (5.5) 

 Here, h is the heat transfer coefficient, A is the surface area of the container, and 

ΔT is the temperature change, which is defined as Tsolution - Tsurroundings. 

 At the maximum steady-state temperature, the heat generated is equal to the heat 

lost to the surroundings. 

𝑄𝑁𝑃𝑠 + 𝑄𝑠 = 𝑄𝑙𝑜𝑠𝑠 =  ℎ𝐴Δ𝑇𝑚𝑎𝑥                                              (5.6) 

 According to the Eq. 5.3 and Eq. 5.6, the photo-thermal conversion efficiency () 

can be determined: 

𝜂 =
ℎ𝐴Δ𝑇𝑚𝑎𝑥−𝑄𝑠

𝐼(1−10−𝐴𝜆)
                                                      (5.7) 

 In Eq. 5.7, ΔTmax, Qs, I, and Aλ can be obtained experimentally, but hA is unknown 

values for solving the equation. To get the hA values, we introduced , which is defined as 

the ratio between ΔT and ΔTmax. 

𝜃 =
𝛥𝑇

Δ𝑇𝑚𝑎𝑥
                                                            (5.8) 

 

 According to the Eq. 5.2 and Eq. 5.8, the total energy balance of the system can be 

rearranged: 

𝑑𝜃

𝑑𝑡
=

ℎ𝐴

∑ 𝑚𝑖𝐶𝑝,𝑖𝑖
[

𝑄𝑁𝑃𝑠+𝑄𝑠

ℎ𝐴Δ𝑇𝑚𝑎𝑥
− 𝜃]                                               (5.9) 
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 When the projection light is off, QNPs and Qs are zero.  

𝑑𝑡 = −
∑ 𝑚𝑖𝐶𝑝,𝑖𝑖

ℎ𝐴

𝑑𝜃

𝜃
                                                         (5.10) 

 By integrating Eq. 5.10, we can obtain the relationship between t and ln. 

𝑡 = −
∑ 𝑚𝑖𝐶𝑝,𝑖𝑖

ℎ𝐴
𝑙𝑛𝜃                                                      (5.11) 

The hA value can be determined by plotting the cooling time (after shutting off the 

light) as a function of –lnθ (Figure 5.7(b)). The photo-thermal conversion efficiency of 

PDA-NPs can be calculated by substituting hA value into Eq. 5.7. 

Based on the above analysis, the photo-thermal efficiency of the PDA-NP solution 

of 30 g/L was 25%. 

 

Figure 5.7. Photo-thermal efficiency calculation of PDA-NP solution (30 g/L). (a) The 

photo-thermal response of the PDA-NP solution (30 g/L) for 500 s with a projection light 

(0.77 W/cm2) and then the projection was shut off. (b) Linear time data versus –ln(θ) 

obtained from the cooling period of Figure 5.7(a). 
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5.2.7. Fabrication of photo-active hydrogel with PDA-NPs 

To prepare the photo-curable precursor solution for photo-active hydrogel, 2.6 M of 

NIPAAm was dissolved in ethanol with 0.36 M of cross-linker (PEGDA 700), and 47.8 

mM of PI. Then, PDA-NPs was added to the precursor solution as a photo-thermal material. 

The solution was mixed in the dark at room temperature overnight. The prepared solution 

was filled into a film-shaped glass mold which has 300 m thickness, and cured with light 

energy (1320 mJ cm-2) using a UV oven (CL-1000L, UVP, 365 nm), yielding a fully cross-

linked hydrogel film. Disk samples were made from the film sample using a punch tool 

with a diameter of 4.8 mm. The rectangular samples for mechanical tests were created with 

a glass mold which has 150 m thickness. All samples were rinsed in DI water at room 

temperature overnight.  

 

5.2.8. Swelling ratio study for hydrogels 

The swelling ratio of hydrogel samples was obtained by optically measuring the diameter 

of the disk sample. The samples were put into a temperature-controlled chamber filled with 

DI water. The chamber has a transparent glass window through which temperature 

dependent deformation of samples were observed and measured. The temperature of water 

in the chamber was controlled within a range from 10 °C to 60 °C (temperature change 

rate: 0.4 °C/min). The swelling ratio of the sample was measured every 5 °C. When the 

water reached the target temperature, the temperature increase was temporarily stopped for 

one hour, allowing the sample to reach equilibrium swelling. Then, a photo image of the 
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sample was taken using a digital camera, and sample dimension was measured from the 

image using image analysis software, Image J. 

 

5.2.9. Photo-thermal effect of photo-active hydrogel 

A commercial beam projector (PJD6531w/DLP, ViewSonic) was used as a light source. 

The light intensity of the projector is 0.77 W/cm2 when a white image was projected. 

Temperature of the hydrogels was monitored using a thermal camera (TIM 640, 

Microepsilon), and the swelling ratio of hydrogels was calculated by optically measuring 

the diameter of the disk sample. 

 

5.2.10. Shrinkage force measurement for photo-active hydrogel 

To measure the shrinkage force of photo-active hydrogel at increasing temperatures, 

rectangular specimens (30 mm x 5 mm x 150 m) of PNIPAAm including PDA-NPs 

(concentration: 30 g/L) was prepared using UV oven with a glass mold. Then, dynamic 

mechanical analysis (DMA) was conducted on a dynamic mechanical analyzer (DMA 850, 

TA Instruments) using a submersion tension clamp. All samples were tested with isostrain 

mode and the temperature increased from room temperature to 50 oC at a ramp rate of 1 oC 

min-1. 
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5.2.11. Fabrication of stretchable acrylic acid (AA) hydrogel with Fe3+ ions 

To prepare the photo-curable precursor solution for stretchable AA hydrogel, 3 M of AA 

was mixed with 47.8 mM of PI. Then, cross-linker (PEGDA 700) and iron (III) nitrate 

nonahydrate were added to above solution. The solution was mixed in the dark at room 

temperature overnight. The prepared solution was filled into a film-shaped glass mold 

which has 1 mm thickness, and cured with light energy (1320 mJ cm-2) using a UV oven 

(CL-1000L, UVP, 365 nm), yielding a fully cross-linked hydrogel film. Disk samples for 

swelling ratio study were made from the film sample using a punch tool with a diameter of 

4.8 mm. All samples were rinsed in DI water at room temperature overnight. 

 

5.2.12. Mechanical properties of three materials 

To measure the mechanical properties of three materials (PNIPAAm with PDA, AA with 

Fe3+ ions, and PEGDA 250) rectangular specimens (25 mm x 4 mm x 1 mm (or 300 m)) 

were prepared using UV oven (light energy: 1320 mJ cm-2) with glass mold. Then, the 

samples were rinsed in DI water at room temperature overnight. Mechanical properties of 

the materials were measured on a dynamic mechanical analyzer (DMA 850, TA 

Instruments) using two clamps, film tension clamp for AA samples and submersion tension 

clamp for PNIPAAm and PEGDA samples. All samples were tested at room temperature 

with strain rate of 0.33 %/s and preload force of 0.001 N. 
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5.2.13. Bonding strength between materials 

To measure the bonding strength between two different materials, multi-material 

rectangular specimens (30 mm x 4 mm x 300 m) were prepared using UV oven with glass 

mold. For PNIPAAm/PEGDA samples, PNIPAAm hydrogel was fabricated first in the 

glass mold (15 mm x 4 mm x 300 m) using UV oven (light energy: 1320 mJ cm-2). Then, 

PEGDA solution was injected into the space next to the fabricated PNIPAAm hydrogel. 

The PEGDA solution was then cured using UV oven (light energy: 1320 mJ cm-2). The 

samples were rinsed in DI water at room temperature overnight. For AA/PNIPAAm 

samples, AA hydrogel was cured first in the glass mold, followed by the PNIPAAm 

hydrogel. Bonding strength between materials was measured on a dynamic mechanical 

analyzer (DMA 850, TA Instruments) using a film tension clamp. All samples were tested 

at room temperature with strain rate of 0.33 %/s and preload force of 0.001 N. 

 

5.2.14. Multi-material projection micro-stereolithograpy (MM-PSL) 

A MM-PSL system was built with the following major components: a UV LED (405 nm, 

Innovations in Optics), a digital micro-mirror device (DMD) (extracted from P1 projector, 

ASUS, Taipei, Taiwan), a projection lens (magnification of 0.2X, GCA Tropel, Fairport, 

NY), linear stages (Newport Corporation, Irvine, CA), a vacuum pump (Parker, Cleveland, 

OH), and 2-way pinch valves (Reet Corporation, Berlin, CT). All components of the system 

are controlled by a custom-written LabVIEW (National Instruments) script. 
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5.2.15. Curing depth study for photo-curable precursor solutions 

To create a 3D structure using MM-PSL, we studied the light energy dosage required to 

cure a certain depth of photo-curable precursor solutions in MM-PSL. The test structure 

consisted of two side supports and five suspended bridges between the supports (Figure 

5.8). Sufficient vertical distance was given between the bridges to prevent them from 

overlapping with each other when they grow in vertical direction. Since each successive 

bridge was created with an increased energy dosage, each bridge grew to an increasingly 

thicker depth. The photo images of the bridges were obtained using a microscope, and the 

curing depth of the bridges was measured using Image J. On the basis of curing depth study, 

a specific value of energy dosage required to create a layer with certain thickness (100 m 

in this study) can be determined. MM-PSL process parameters used in this study are 

shown in Table 5.2. 

 

Figure 5.8. Curing depth study for three different materials. Schematic illustration of test 

structure with five bridges. The curing depth as a function of light energy dosage was 

measured using a microscope. 
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Table 5.2. MM-PμSL process parameters for 3D printing of artificial chromatophore 

Component (Material) Light intensity (mW cm-2) Curing time (sec) Layer thickness (m) 

Rigid frame 

(PEGDA 250) 
29.5 2 100 

Photo-active muscle 

(PNIPAAm/PDA 3%) 
29.5 11 100 

Stretchable sac 

(AA/Fe3+) 
29.5 20 100 

 

 

5.2.16. Post-printing rinsing process 

After 3D printing, the samples were rinsed and stored in DI water at room temperature 

overnight in order to exchange the remaining uncross-linked polymers in the network with 

DI water. Typical volume of the DI water used in rinsing is 50 ml for the sample. With an 

abundant amount of rinsing water, remaining uncross-linked polymers in the printed 

structure is effectively diluted and replaced with water. 
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5.3. Results and Discussion 

 

5.3.1. Photo-thermal effect of PDA-NPs 

PDA-NPs have been receiving a great deal of attention as a photo-thermal agent with high 

photo-thermal conversion efficiency and good biological functions [193]. In addition, PDA, 

containing both catechol and amine groups, has a molecular structure similar to that of 

mussel-adhesive proteins, and exhibits high adhesion to a wide range of substrates through 

covalent bonds and noncovalent interactions with substrates [194]. Thus, incorporating 

PDA-NPs into hydrogel systems can lead to the development of numerous biomedical 

devices and bio-nanotechnologies that have not been explored and realized with existing 

technologies to date.  

We synthesized PDA-NPs via oxidation and self-polymerization dispersion 

polymerization procedure (see details in sec. 5.2.2) [193]. To study whether PDA-NPs can 

effectively convert light energy into thermal energy, various concentrations of PDA-NP 

solutions were prepared with deionized water (DI water), and their temperature changes 

were observed when light was illuminated. Commercial projector was used as a light 

source (light intensity: 0.77 W/cm2).  

As shown in Figure 5.9, when the concentration of PDA-NPs falls within the range 

of 0-10 g/L, the temperature of solutions increases with increasing concentration. However, 

highly concentrated solutions (20 and 30 g/L) show decrease in temperature. We attribute 

this to the fact that the light penetration is reduced due to the high concentration of PDA-

NPs, which prevents some of PDA-NPs from receiving light energy in the solution of 1 
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mm height (see details in sec. 5.2.4). Light penetration depths of 10, 20, and 30 g/L PDA-

NP solutions calculated by Beer-Lambert Law were 235, 117, and 78 m, respectively 

(Figure 5.6). We also calculated the photo-thermal efficiency of PDA-NP solution (30 g/L). 

With the commercial projector as a light source, the photo-thermal efficiency of the 

solution is ~25% (see details in sec. 5.2.6) that is comparable and even higher than those 

of previously reported photo-thermal agents, such as gold nanoparticles ( = 3.4 - 9.9%), 

gold nanorods ( = 17 - 22%) , and semiconductor nanoparticles ( = 27 – 30%) [195]. 

 

Figure 5.9. Photo-thermal effect of PDA-NPs 
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5.3.2. Characterization of photo-active hydrogel 

The chromatophore cell of cephalopods uses radial muscles to control the size of the sac 

according to light. To implement this principle, it is necessary to create muscles using 

materials that react to light. In this study, the photo-active hydrogel was selected as a 

muscle in the artificial chromatophore cell, and it was fabricated by simply adding PDA-

NPs into photo-curable precursor solution of thermo-responsive hydrogel, Poly(N-

isopropylacrylamide) (PNIPAAm) hydrogel. PNIPAAm hydrogel is one of the most 

widely used thermo-responsive hydrogels, which exhibit a large and reversible volume 

change in water at its Lower Critical Solution Temperature (LCST, typically 32–35 °C) 

due to a coil-globule transition of the polymer networks [122, 160]. At a temperature below 

its LCST, NIPAAm molecules in an aqueous environment show a hydrophilic behavior, 

resulting in water uptake and swelling. When the temperature increases above the LCST, 

however, hydrophobic groups become more active, causing the significant volume 

shrinkage. The key attribute of photo-active hydrogel is its ability to change its degree of 

swelling in response to light irradiation due to embedded PDA-NPs generating heat. To 

quantify the swelling change, we use the swelling ratio (SR) in this study defined as a ratio 

of swollen length to the original length (as fabricated). For example, the SR is greater than 

1 when the hydrogel swells and gets bigger than the fabrication dimension at low 

temperature, and the SR is less than 1 when it shrinks and becomes smaller than the 

fabrication dimension at high temperature.  

First, we observed the overall swelling behavior of photo-active hydrogels, which 

were located in a temperature-controlled water chamber, in response to temperature (Figure 

5.10). Disk-shaped samples with a diameter of 4.8 mm and a thickness of 300 μm were 
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fabricated using UV oven (see details in sec. 5.2.7). The NIPAAm and cross-linker 

(PEGDA 700) concentrations of the photo-curable precursor solution used in this study 

were 2.6 M and 0.36 M in ethanol, respectively. Four samples were prepared with different 

PDA-NP concentrations, 0, 10, 20, and 30 g/L. As shown in Figure 5.10, all the samples 

swell at low temperature and shrink at high temperature. Also, as the content of PDA in 

the hydrogel sample increases, the swelling ratio of the hydrogel decreases over the entire 

temperature range (10 - 60 oC). This is attributed to the fact that the PDA-NPs having 

abundant catechol functional groups on their surfaces confers multiple cross-linking to the 

hydrogels, including non-covalent and covalent cross-linking [196, 197]. 

 

Figure 5.10. Temperature dependent swelling/shrinkage of photo-active hydrogel 
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We also investigated the temperature change of photo-active hydrogels in response 

to light irradiation (Figure 5.11). Based on the findings in sec. 5.3.1, higher concentrations 

of PDA-NPs generate more heat energy, resulting in a higher temperature of the sample. 

To study the effects of PDA concentration on temperature change of photo-active hydrogel, 

four disk-shaped samples were prepared with different PDA-NP concentrations, 0, 10, 20, 

and 30 g/L. The samples were placed under the projection light in air after removing water 

from the sample surface with a Kimwipe. Then, sample temperature was monitored with a 

thermal camera. Overall, PDA-NPs generate enough heat to increase the temperature of 

the hydrogel sample, and the maximum temperature can be achieved within 500 seconds 

(Figure 5.11). Samples made with 30 g/L of PDA-NPs showed a high temperature rise 

above 100 oC. These high temperatures of the samples indicate that our photo-active 

hydrogels can respond well even in water, which has a high heat capacity (4.184 J/g K). 

 

Figure 5.11. Light-induced temperature changes of photo-active hydrogels 
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 The overall swelling behavior of photo-active hydrogels in response to light 

irradiation was investigated (Figure 5.12). Four disk-shaped samples were prepared with 

different PDA-NP concentrations, 0, 10, 20, and 30 g/L. The samples were placed under 

the projection light in air after removing water from the sample surface with a Kimwipe. 

Then, diameters of the samples were measured at every 1 minutes while light illuminating 

to calculate the swelling ratios. As shown in Figure 5.12, swelling ratio becomes smaller 

as light irradiates. This is because the thermal energy generated from PDA-NPs is 

transferred to PNIPAAm hydrogel, causing volume reduces of photo-active hydrogel. The 

degree of changes in swelling ratio of photo-active hydrogels is in good agreement with 

the results of swelling ratio study with a temperature-controlled water chamber (Figure 

5.10). Pure PNIPAAm, which does not contain a PDA, also reduces the swelling ratio when 

illuminated. This is due to the heat associated with the light absorbance of the PNIPAAm 

hydrogel itself. In this study, the photo-active hydrogel made with 30 g/L of PDA-NPs was 

chosen as the material for the artificial muscle since it showed the greatest volume 

shrinkage (~30%) for the same amount of light energy. 

 

Figure 5.12. Light-induced shrinkage of photo-active hydrogels 
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Since the stretching of the sac is driven by the shrinkage of photo-active muscles, 

it is essential to measure the shrinkage stress of the photo-active hydrogel in order to design 

the artificial chromatophore. A rectangular PNIPAAm sample (30 mm x 5 mm x 150 m) 

was prepared with 30 g/L of PDA-NPs. Then, the shrinkage stress generated as the 

temperature increased was obtained using a DMA with isostrain mode. Figure 5.13 shows 

that the hydrogel creates the maximum shrinkage stress of 176.1 kPa at 47 oC. It indicates 

that the dynamic color modulation of the artificial chromatophore can be effectively 

implemented when the stress required to stretch our artificial sac by three times, which is 

the size difference of the sac shown by the actual chromatophore, is less than 176.1 kPa. 

 

 

Figure 5.13. Shrinkage stress of photo-active hydrogel with increasing temperature 
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5.3.3. Characterization of stretchable AA hydrogel  

In the chromatophore cell of actual cephalopods, sac can be stretched up to about three 

times by radial muscles. To achieve this capability, it is necessary to create an artificial sac 

with stretchable material that will not fracture when the sac is pulled more than three times. 

Hydrogels are usually composed of hydrophilic polymer chains, which can therefore hold 

a large amount of water molecules in the polymer networks. Swelling of polymer networks 

in water usually decreases their mechanical strengths, resulting in relatively brittle 

hydrogels. Therefore, intensive research has been going on to improve mechanical 

strengths and stretchability of hydrogels due to tremendous demands for tough hydrogels 

in various applications.  

Double-network (DN) system, having two different polymer chain networks (long- 

and short-chain networks), exhibits a significant increase in the toughness of the hydrogels 

[198]. DN hydrogels usually rely on the fracture of a short-chain network for energy 

dissipation and the interpenetration of a long-chain network for maintaining high elasticity. 

However, the fracture of polymer chains usually induces irreversible permanent damage of 

polymer networks in hydrogels, resulting that the stress-strain hysteresis loops reduce over 

repeated deformation. Physical cross-linkers commonly used for the reversible cross-

linking mechanism include hydrogen bonding [199-201], lamellar bi-layer [202], or ionic 

interaction [203]. Since these physical cross-linkers can be recovered in repeated loadings, 

it is possible to maintain the stress–strain hysteresis the same over cyclic loadings. For 

example, Xie group demonstrated a large and recoverable deformation of acrylic acid (AA) 

hydrogel fabricated with Fe3+ ions [204]. A reversible ionic crosslinking among the PAA 

polymer chains is enabled by Fe3+ ion, and a covalent cross-linking is achieved by covalent 
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cross-linker. Under deformation, the covalently cross-linked AA polymer chains remain 

intact to maintain their original configuration, while the ionic cross-linking enabled by Fe3+ 

ions is broken to dissipate energy. It is well-known that the mechanical properties of the 

AA hydrogels are significantly influenced by the contents of covalent cross-linkers and 

ions. In this study, the effects of cross-linker concentration and Fe3+ ion concentration on 

the mechanical properties of AA hydrogel were studied. 

 

5.3.3.1. Effect of cross-linker concentration on mechanical properties of AA hydrogel 

First, the AA hydrogels prepared with different cross-linker (PEGDA 700) contents were 

tested to study the effect of cross-linker concentration on mechanical properties of AA 

hydrogel. Six rectangular samples (25 mm x 4 mm x 1 mm) were prepared with different 

cross-linker concentrations, 0.02, 0.05, 0.10, 0.20, 0.40, and 0.80 M, in which the Fe3+ 

contents was fixed at 15 mM. Figure 5.14 shows the stress-strain curves, measured on a 

DMA, for 6 samples. By increasing the concentration of the covalent cross-linker (PEGDA 

700), the elastic modulus of the hydrogel increased while the stretchability was reduced. 

The lower the cross-linker concentration, the lower the cross-linking density of the 

hydrogel, which results in a less brittle but relatively low elastic modulus. Specifically, the 

AA hydrogels fabricated with 0.02 M of cross-linker can be stretched up to three times 

(200 % strain) or more of its original length. 
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Figure 5.14. Effects of cross-linker concentration on mechanical properties of AA 

hydrogel 

 

5.3.3.2. Effect of Fe3+ ion concentration on mechanical properties of AA hydrogel 

We also studied the effect of Fe3+ ion concentration on mechanical properties of AA 

hydrogel. Seven rectangular AA hydrogel samples (25 mm x 4 mm x 1 mm) were 

fabricated with different Fe3+ ion contents, 0, 5, 10, 15, 20, 25, and 30 mM. The covalent 

cross-linker concentration was fixed at 0.02 M. As shown in Figure 5.15(a), introducing 

Fe3+ ions to the AA hydrogels can improve the mechanical properties significantly. The 

pure AA hydrogel fabricated without Fe3+ ion exhibits much weaker mechanical properties, 

with a strength of 4.42 kPa and a strain of 45.4%. When Fe3+ ion content is less than 10 

mM, the increase in mechanical properties is not significant. However, when Fe3+ ions are 

introduced over 15 mM, the mechanical properties of AA hydrogel is dramatically 

enhanced. This indicates that a certain level of ion concentration is required to form double-
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networks. Particularly, the strength was enhanced by more than 30 times (136.4 kPa), and 

strain was improved by more than 6 times (293.5%) from the pure AA hydrogel when the 

Fe3+ ion concentration was 20 mM. With higher concentration of Fe3+ ions, AA hydrogels, 

fabricated with 25 and 30 mM of Fe3+ ions, exhibit degraded strength and strain. It should 

be point out that Fe3+ ions have a negative influence on the free radical polymerization as 

well as initiate the polymerization [204]. Thus, high concentration of Fe3+ ions leads 

inhomogeneous cross-linking points in the networks, and less cross-linking density. In this 

study, an AA hydrogel made of 15 mM of Fe3+ ions, which can be stretched up to three 

times with lower stress (47.1 kPa), was chosen as the material for the artificial sac (Figure 

5.15(b)). It is important to note that the stress required to stretch the hydrogel by three times 

is lower than the maximum shrinkage stress (176.1 kPa) of our photo-active hydrogel. It 

indicates that the area of sac can be effectively expanded through the stretching of the sac 

with our photo-active hydrogel muscles. 

 

Figure 5.15. Mechanical properties of AA hydrogels according to Fe3+ ion concentration. 

(a) Stress-strain curves for seven AA hydrogel samples. (b) Strengths when AA hydrogels 

are stretched up to 200%.  
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5.3.4. Three components for artificial chromatophore and their materials 

Artificial chromatophore consists of three parts: photo-active artificial muscles, a 

stretchable artificial sac, and a rigid frame (Figure 5.3). As discussed earlier, PNIPAAm 

hydrogel with 30 g/L of PDA-NPs and AA hydrogel with 15 mM of Fe3+ ions were selected 

as materials for the artificial muscles and the artificial sac, respectively. In order to 

effectively implement the function of the chromatophore using the hydrogels, a rigid frame 

is essential as a fixed boundary. PEGDA 250 was chosen as a material for rigid frame since 

it shows low swelling in water (less than 0.1%) and low thermal expansion at high 

temperature (less than 3% at 60 oC) (Figure 5.16(a)), and high mechanical strength (~8 

MPa) (Figure 5.16(b)). 

 

Figure 5.16. (a) Swelling behaviors of three materials according to temperature change: 

PEGDA 250 (blue squares), PNIPAAm with PDA (30 g/L) (green circles), and AA with 

Fe3+ ions (15 mM) (orange triangles) samples. (b) Mechanical properties of three materials: 

PEGDA 250 for rigid frame (blue line), PNIPAAm with PDA (30 g/L) (photo-active 

hydrogel) for artificial muscle (green line), and AA with Fe3+ ions (15 mM) for artificial 

sac (orange line). 
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Although a large number of multi-material 3D structures have been demonstrated 

with various multi-material 3D printing techniques, the weak bonding strength between 

different materials in the structure remains a critical problem. In particular, large forces 

could be applied to devices when large deformation is involved. Therefore, the bonding 

between materials could be broken when the bonding strength is too low, causing 

dissociation of the structure. As discussed earlier, PDA contains both catechol and amine 

groups in the structure, leading to the high adhesion to a wide range of substrates by 

forming covalent and noncovalent interactions with substrates. Therefore, PDA-NPs in our 

artificial muscle enhance the bonding strength with both materials, PEGDA 250 and AA 

hydrogel. The bonding stress and fracture strength were measured on a DMA. As shown 

in left half of graph in Figure 5.17, the higher the PDA concentration in photo-active 

hydrogel, the higher the bonding strength between the photo-active hydrogel and PEGDA 

structure. With 30 g/L of PDA-NPs, the bonding strength can be improved to 131 kPa, 

which is more than five times higher than the bonding strength (25 kPa) of sample without 

PDA-NPs. It is also two times greater than the fracture strength (51 kPa) of AA hydrogel 

with 15 mM Fe3+ ions. It shows that the bonding strength between the photo-active 

hydrogel and PEGDA 250 is large enough for demonstrating the artificial chromatophore. 

Also, the bonding strength between photo-active hydrogels and AA hydrogel was 

investigated (right half of graph in Figure 5.17). Since the bonding strength between two 

materials is higher than the fracture strength of AA hydrogel, fracture of AA hydrogel was 

found in all samples without material separation. Although the exact bonding strength 

between the two materials was not measured, the result shows that the interfacial bonding 

is sufficiently large to operate the artificial chromatophore. 
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Figure 5.17. Bonding strengths between three materials, PNIPAAm with PDA-NPs, 

PEGDA 250, and AA with Fe3+ ions (15 mM) 
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5.3.5. 4D printing of bio-inspired adaptive camouflage skin 

 

5.3.5.1. 4D printing of artificial chromatophore 

An artificial chromatophore has been demonstrated using 4D printing approach, which is 

3D printing with a programmed shape transformation in response to external energy input 

[25, 33, 34]. As discussed in Section 5.3.4, PEGDA 250, PNIPAAm hydrogel with 30 g/L 

of PDA-NPs, and AA hydrogel with 15 mM of Fe3+ ions were used as materials for a 

rectangular rigid frame, two photo-active muscles, and a stretchable sac, respectively 

(Figure 5.18(a)). To print the artificial chromatophore with multiple materials using MM-

PSL, we studied the light energy dosage required to cure a certain depth of each material 

in MM-PSL to keep the layer thickness constant across materials (see details in sec. 5.2.15 

and Figure 5.8). Based on the results from above curing depth studies, 3D printing of the 

artificial chromatophore with three materials was successfully achieved using MM-PSL. 

First, the rigid frame was printed with length of 15 mm and width of 4.5 mm. Then, two 

separated photo-active muscles were created, length of 3 mm and width of 1.5 mm, to 

connect the muscles with the ends of the rigid frame. Finally, the stretchable sac was 

fabricated with the same dimension as the muscle between two separated muscles.  

 Since the muscles were fabricated by adding photo-thermal particles (PDA-NPs) to 

thermo-responsive hydrogel (PNIPAAm), the artificial chromatophore can be activated in 

response to two different external inputs, temperature changes and light irradiation. As 

discussed in Chapter 4, PNIPAAm hydrogel exhibits a large shrinkage at high temperatures. 

Thus, as the temperature increases, two muscle parts in the artificial chromatophore are 
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contracted and the sac connected with the muscles is stretched simultaneously. As shown 

in Figure 5.18(b), a 3D printed artificial chromatophore immersed in DI water exhibits a 

large shape deformation (or size changes of two parts) with changes in water temperature. 

When the temperature was raised to 50 oC, the area of the sac (white part in the artificial 

chromatophore) expanded to about 40% (orange square line in Figure 5.18(c)), and the area 

of the muscles (black parts in the artificial chromatphore) reduced to about 55% (green 

circle line in Figure 5.18(c)). This increase in white area and reduction in black area 

effectively generate the optical effect. 

  



151 
 

 

 

Figure 5.18. 4D printing of artificial chromatophore that respond to temperature changes. 

(a) Schematic illustration of the artificial chromatophore printed with three different 

materials. As the temperature increases, muscle contraction pulls the sac, causing an 

increase in the area of the sac. (b) Photo images of the artificial chromatophore at different 

temperatures. (c) Size changes of two different parts, sac (white area, orange square line) 

and muscles (black area, green circle line), at different temperatures. 
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5.3.5.2. Light-induced color change of artificial chromatophore 

The activation of the artificial chromatophore was also achieved with light irradiation 

(Figure 5.19(a)). The 3D printed chromatophore structure was placed between two cover 

glasses with 100 L of DI water. A white image (light intensity: 0.77 W/cm2) was projected 

on the structure using a commercial beam projector, and photo images were taken using a 

digital camera to study the deformation of the structure. Under the light irradiation, the 

muscles were contracted and successfully stretched the sac up to about 40% (after 10 

minutes) (Figure 5.19(b) and (c)). The figures shows that more than 95% of the total size 

change of the sac can be achieved with only two minutes of light irradiation. Also, we 

analyzed the optical effect generated by size changes of the sac using histogram of the 

photo images (Figure 5.20). As projection light was illuminated, the number of dark 

colored pixels in the photo image decreased and the number of bright colored pixels 

increased. It indicates that the color of the entire image is getting closer to the white image 

from the black-and-white blend image when light is irradiated. In consequence, our 

artificial chromatophores can effectively make optical effects, and be expected to create 

dynamic color changes using sacs of various colors. 
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Figure 5.19. 4D printing of artificial chromatophore that respond to light irradiation. (a) 

Schematic illustration of the light-driven artificial chromatophore. (b) Photo images of the 

artificial chromatophore after light irradiation. A black paper was used as a background. 

(c) The changes in the size of the sac (white area) during light irradiation. 
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Figure 5.20. Analysis of optical effect generated by artificial chromatophore using 

histogram of the photo images. The histogram of selected area (white dash box) in the 

photo images was obtained using Image J. 
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5.3.5.3. Customized color patterning of bio-inspired adaptive camouflage skin 

One of the amazing abilities of cephalopods is that chromatophores in their skin can be 

individually actuated without the brain control. Each chromatophore senses light and is 

quickly actuated to expand or contract its sac, allowing the creation of a variety of skin 

patterns according to surrounding. To demonstrate this remarkable ability, an array (3x1) 

of 3D artificial chromatophores was printed using MM-PSL (Figure 5.21(a) and (b)). 

Then, the printed array structure was placed between two cover glasses with 300 L of DI 

water. Four different light patterns (0-0-0, 0-0-1, 1-0-1, and 1-1-1) were projected on the 

array sample, where the first number, the second number, and the last number indicates top, 

middle, and bottom artificial chromatophore, respectively. Depending on the light pattern, 

the array sample showed different patterns of actuation. As shown in the Figure 5.21(c), 

only artificial chromatophores that is under light irradiation were fully stretched, indicating 

that the patterned projection light provides enough energy to increase the temperature of 

photo-active hydrogels. Artificial chromatophores next to the projection areas actuated 

with small degree (about 30% of fully stretched degree) because heat generated from the 

chromatophores under the light was transferred to the next chromatophores (Figure 

5.21(d)). Although it reduces the contrast between actuated chromatophores and 

unactuated chromatophores, there is still a significant difference between them. It also can 

be resolved by changing the material or the design of the frame to reduce heat transfer 

between the chromatophores. 
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Figure 5.21. Bio-inspired adaptive camouflage skin having array of artificial 

chromatophores. (a) Schematic drawing for actuation mechanism of the array. (b) A 3D 

printed 3x1 artificial chromatophore array. (c) Four different light patterns for creating 

customized patterning of the array. (d) Stretching degrees of each artificial chromatophore 

in the array after projecting the patterns for 10 minutes.  
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5.4. Conclusion 

In summary, we demonstrate a cephalopod-inspired adaptive camouflage skin with 

artificial chromatophores that can be modulated by light irradiation. The chromatophore 

consists of three parts: photo-active muscles, a stretchable sac, and a rigid frame. Photo-

active hydrogel fabricated with PNIPAAm hydrogel including PDA-NPs used as photo-

thermal effect materials. With 30 g/L of PDA-NPs, the photo-active hydrogel generated 

sufficient heat energy under light irradiation, resulting in volume shrinkage of the hydrogel 

(~30%). The stretchable AA hydrogel sac that can be stretched more than three times was 

achieved by forming a double network system with covalent cross-linker (PEGDA 700) 

and ionic cross-linker (Fe3+ ions). Bonding strengths between materials were enhanced by 

adding PDA-NPs. With these two hydrogels and PEGDA, artificial chromatophore was 

successfully printed using MM-PSL, and the optical effect caused by the large area 

change of sac was demonstrated with light irradiation. We believe that our soft adaptive 

camouflage skin may lead to various applications in flexible display and electronics, bio-

photonic devices, and dynamic camouflage interface. 
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6. Conclusions and Future Work 

 

6.1. Conclusions 

In this dissertation, we examined design and fabrication of multi-functional soft active 

devices based on an unconventional multi-material 3D printing system, multi-material 

projection micro-stereolithography (MM-PSL), and soft active materials (stimuli-

responsive hydrogels). 

In Chapter 1, brief introduction on soft materials, systematic and comprehensive 

reviews on multi-material 3D printing systems and their applications, and motivations for 

this dissertation have been provided. 

In Chapter 2, a novel multi-material 3D printing system, MM-PSL, which 

provides rapid material exchange through dynamic fluidic control has been introduced. 

More than 95 % of the material can be exchanged in a few seconds, which confirms an 

order of magnitude faster performance than previously reported multi-material 

stereolithography techniques. Based on the results of the system characterization obtained 

in this study, we successfully demonstrated high-resolution 3D printing of multi-material 

structures. 

Micro 3D printing of electroactive hydrogel (EAH) has been presented in Chapter 

3. We found that the 3D printed EAH shows the largest bending deformation in an 

electrolyte with specific ionic strength (0.05 M PBS). The deformation is proportional to 

the applied electric field strength. We also identified that actuation time scale is linearly 

proportional to the characteristic thickness. Based on our findings, soft robotic 
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manipulation and locomotion were successfully achieved with 3D printed EAH devices 

fabricated using MM-PSL. 

Micro 3D fabrication of thermo-responsive hydrogel, PNIPAAm, has been reported 

in Chapter 4. We investigated the effects of various material and process parameters 

involved in the MM-PSL process on the thermally responsive swelling of 3D printed 

PNIPAAm. We found that PNIPAAm swelling at low temperature and shrinking at high 

temperature can be independently controlled. We also revealed that 3D printed PNIPAAm 

swelling in the lateral and vertical directions is dependent on the layer thickness, through 

which anisotropic thermo-responsive swelling can be achieved by design. In addition, 

control of the swelling transition temperature of PNIPAAm was demonstrated by 

incorporating a hydrophilic ionic monomer. Consequently, soft thermo-responsive devices 

were successfully created using MM-PSL. 

Finally, a soft cephalopod-inspired adaptive camouflage skin, which employs 

multi-material artificial chromatophores, has been demonstrated in Chapter 5. To design 

the artificial chromatophore, we studied the photo-thermal effects of photo-active 

hydrogels, stretchability of AA hydrogels, and bonding strengths between three materials. 

We found that the photo-active hydrogel fabricated with 30 g/L of PDA-NPs generated 

sufficient thermal energy under light irradiation to make a contraction of photo-active 

muscle. We also found that the sac, made of AA hydrogel with two different cross-linkers, 

can be stretched more than three times without fracture. In addition, the enhanced bonding 

strengths between materials were demonstrated with PDA-NPs. Based on our findings, the 

adaptive camouflage skin that shows the dynamic color modulation using the actual color 

change mechanism of cephalopod was successfully printed using MM-PSL. 
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6.2. Future work 

The results of this work open a new avenue for development of multi-functional soft active 

devices and systems. Through the high resolution manufacturing capabilities of MM-PSL, 

a variety of classes of multi-functional soft active devices can be developed with multiple 

soft active materials, such as stimuli-responsive hydrogels and liquid crystal elastomers. 

Further research can be conducted with respect to the following aspects. 

 

6.2.1. MM-PSL of high viscous materials with low material consumption 

Our MM-PSL provides high resolution 3D printing, rapid material exchange, and a wide 

range of material selection, including polymers, ceramics, and metals [166]. However, a 

few limitations of the current system configurations include high material consumption and 

difficulty of printing with high viscous materials. As the fluidic cell of the current system 

has only one outlet, all used materials are collected in the same waste container, which 

leads to a mixture of waste materials. Thus, it ends up causing high material consumption 

because it is impossible to recycle used materials due to the difficulty in making the mixture 

back to the original materials. The material consumption can be effectively minimized by 

using air flow to remove existing material from the cell and adding as many outlets as the 

number of materials being used (Figure 6.1). With this configuration, study on fluid 

dynamics and design of the cell could be further needed for to achieve effective material 

exchange. Specifically, the cell should be designed to allow the existing material to be 

removed efficiently without residues by airflow and the next material to be filled the cell 

without bubbles. Also, high viscous materials (greater than 1000 cP) could be available in 
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MM-PSL by modifying the system using high power pumps and high-pressure tolerance 

fluidic cell and tubing to ensure adequate flow rates. 

 

Figure 6.1. MM-PSL with multiple outlets and separate pumps for material exchange 

with minimal material consumption 

   

6.2.2. Development of bio-inspired multi-functional devices    

In this dissertation, an adaptive camouflage skin has been demonstrated inspired by 

cephalopod. As seen, living creatures around us that show unique characteristics inspire us 

to develop new types of multi-functional devices, and our high resolution MM-PSL 

enables the realization of these devices. For instance, mosquitoes that have a unique 

feeding duct with stiff jagged shafts on the sides can be used to show high tissue adhesion 

during the feeding process [205]. Inspired by this unique shape and function, functional 

devices that require high tissue adhesion can be developed, such as microneedles, medical 

patches, and adhesive tapes. Also, stomata on the leaf surface has a pair of guard cells that 

regulate the pore size. The pore is opened for gas exchange and transpiration [206]. Since 

this control of pore size could be easily achieved using stimuli-responsive hydrogels, MM-
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PSL would be effectively used to create stomata-inspired functional devices that control 

fluid flows, such as valves and pumps.  

 

 

Figure 6.2. (a) The SEM image of a mosquito’s fascicle with stiff jagged shafts on the 

sides. (b) Morphology of stomata having a pair of guard cells. The images are from [205, 

206].  
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