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of 0.1, 0.2, 0.3, 0.4, and 0.5 mm. The loss of resolution in thickness 
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f) the processed grayscale slices. The comparison between the 3D 

model (g) and the printed object (h). Scale bars: 10 mm. 
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whole: the simulation result in ABAQUS, one of the output slices 

for printing and the printed object. (e-h) A wrench: the simulation 

result in ABAQUS, one of the output slices for printing and the 

printed object. Scale bars: 10 mm. 
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Figure 4.13  – Comparisons of printed objects with different grayscale ranges; 

Various ranges of GL were tested and finally the range (GL90, 

GL255) was selected for better contrast and richness in color for 

this case. Scale bar: 10 mm. 
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Figure 4.14  – (a)The general method of grayscale slicing for multi-color 

models.  (b) The design of the vase with artistic patterns and slices 

after optimization. (c) Normal slices before optimization. (d) 

Optimized slices with increased grayscale levels and reduced 

printing time. (e) The DoCC contour for optimization of printing 

parameters, according to which the printing parameters can be 

optimized. (f) The CAD design and the actual printed object. 

Complex patterns of the vines with flowers, “GT” characters, are 

well presented in the printing. (g, h) Slices and the printed objects 

with encryption. The yellow jacket pattern, and scannable QR code 

is embedded in the printing. Scale bars: 10 mm. 
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Figure 4.15  – Example of printing parameter optimizations and the appearance 

of two cubes with different insides. (a) Another example of 

optimization for the printing parameters. (b) Comparison between 

the opaque cube with the designed patterns and the blank control 

group. Scale bar: 10 mm. 
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Figure 4.16  – Multi-color structures by selective DLP post-curing. The post-

curing (a) Schematic figure of the selective post-curing method for 

changing the superficial color. (b) The projected patterns and 

processed lattices through selective post-curing. Scale bar: 10 mm. 
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Figure 4.17  – Stability of the color changing samples. The sample is 

sandwiched in glass slides and stored in a cabinet. The colors are 

well preserved even though there is a small amount of diffusion at 

the edges of different color checks. 

109 

Figure 5.1  – Upside-down additive manufacturing in the nature and the 

schematics of upside-down 3D printing by 6-axis robotic arms. 
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SUMMARY 

Driven by the growing demand of applications in robotics, electronics, biomedical 

devices and wearable devices, multi-material 3D printing has now become a trend to offer 

solutions with a wide choice of materials with various mechanical, chemical, thermal-

mechanical, or electrical properties. However, it remains a challenge to find an approach, 

with a wide choice of materials, to realize high-resolution multi-material 3D printing 

efficiently. In this study, an innovative hybrid multi-material 3D printing system is 

developed, which integrates digital light processing (DLP), and direct ink writing (DIW). 

Here, DLP can efficiently provide a high-resolution matrix, with complex geometry and 

multicolor appearance, while DIW can add functionality to the component due to the wide 

choice of functional materials, such as shape memory photopolymers, conductive inks, and 

liquid crystal elastomers (LCE). With this hybrid 3D printing system, multicolor functional 

devices, circuit-embedding architectures, soft sensors, hybrid active lattices, active 

tensegrities, functionally graded actuators, and pure LCE lattices were successfully 

fabricated, showing a great prospect in the area of electronics, smart wearable devices, soft 

robots and actuators. 
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CHAPTER 1. INTRODUCTION 

1.1 Additive Manufacturing and 3D Printing 

Additive manufacturing (AM), or 3D printing, enables direct fabrication of complex 3D 

structures according to computer-aided design. Back in 1986, Charles W. Hull pioneered and 

patented the apparatus for the production of three-dimensional objects by stereolithography 

(SLA)[1]. Later on, Steven Scott Crump patented the fused deposition modeling (FDM) 

technology for creating three-dimensional objects. Since then, various 3D printing methods have 

sprung up[2]. Nowadays, AM has been recognized as a powerful technique for future advanced 

manufacturing[3-5], which can find applications including prototyping, metamaterials[6-8], 

electronics[9-11], and biomedical devices[12, 13]. 

According to “ISO/ASTM 52900 Standard Terminology for Additive Manufacturing – 

General Principles – Terminology”, seven terms are used for the classification of current 3D 

printing technologies (Figure 1.1): (A) Binder jetting, (B) directed energy deposition, (C) material 

extrusion, (D) material jetting, (E) powder bed fusion, (F) sheet lamination, and (G) vat 

photopolymerization. 
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Figure 1.1 – Classification of additive manufacturing technologies according to ISO/ASTM 

52900. (A) Binder jetting, (B) directed energy deposition, (C) material extrusion, (D) material 

jetting, (E) powder bed fusion, (F) sheet lamination and (G) vat photopolymerization[14]. 
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1.1.1 Digital Light Processing 

One of the most promising 3D printing techniques is digital light processing (DLP), which 

can be classified as a vat-photopolymerization-method. DLP uses a ultraviolet (UV) projector to 

selectively cure photopolymerizable resins in a vat with 2D patterns (Figure 1.2A). After the light 

exposure, the liquid resin solidifies to a layer of the polymer. By repeating this process, 3D parts 

can be formed by the accumulation of a series of 2D layers. DLP has advantages of high printing 

resolution and speed. First, the resolution of DLP 3D printing is determined by the pixel size of 

the projector for in-plane and the minimum step of the Z-stage motor in the z-direction, both of 

which typically range from 20 to 100 microns. Second, since an entire layer is formed at a time 

(typically a few seconds), DLP prints much faster than extrusion-based methods that employ a 

‘line-by-line then layer-by-layer’ approach. Recently, the continuous liquid interface production 

(CLIP)[15], a DLP-based method, has reached a higher speed up to 500 mm/h by using an oxygen-

permeable film that creates a dead zone between the transparent bottom and liquid resin, which 

enables continuous layerless fabrication. Moreover, the high-area rapid printing (HARP)[16] 

breaks the thermal limitations on the printed size with a mobile liquid interface (flowing 

immiscible fluorinated oil), which can dissipate heat and minimize interfacial adhesion at the build 

region, and achieved a volumetric throughput of 100 liters per hour. 
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Figure 1.2 – Schematics of the (A) top-down digital light processing (DLP) 3D printing and 

(B) direct ink writing (DIW) 3D printing. 

1.1.2 Direct Ink Writing 

Another promising 3D printing method, direct ink writing (DIW), is a versatile extrusion-

based printing method (Figure 1.2B). Various inks and functional materials, such as shape memory 

polymers[17, 18], magnetoactive soft materials[19, 20], liquid crystal elastomer (LCE)[21-24], 

and conductive ink [25-29] have been used to print functional structures and devices. As shown in 

Figure 1.2B, the functional ink is stored in the ink syringe. Through mechanical or pneumatic 

extrusion, the ink can be extruded out through the nozzle, and deposited on the printing substrate 

or the printed layers. Many DIW inks are designed with shear thinning properties, so that the 

filament can maintain the extruded shape before further solidification by photocuring or thermal 

curing. 

 

1.2 Multimaterial and Hybrid 3D Printing 
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Conventional 3D printing technologies usually fabricate one material at one time. As 

technologies evolve, it also becomes highly desirable to fabricate functional structures and devices 

composed of multi-materials in the same part. Multi-material 3D printing has attracted increasing 

attention to bridge the gap between visual prototyping and functional devices due to the capability 

to use functional materials (such as shape programmable materials)[30, 31] and integrate tunable 

mechanical[32, 33], chemical[34, 35], or electrical[29, 36] properties into one part, which find 

broad applications in 4D printing[37-41], soft robotics[42, 43], flexible electronics[44-46], 

programmable metamaterial[47, 48], and biomedical devices[49, 50]. 

1.2.1 Single-method Multimaterial 3D Printing 

There are several successful attempts to achieve multi-material 3D printing by using multiple 

nozzle extruders or switchable resin vat systems. For instance, fused filament fabrication  (FFF) 

enables the deposition of different thermoplastics using multiple extruders[51, 52], but it is often 

limited by the relatively poor interfacial bonding. On the other hand, multi-material DIW printing 

has also been achieved by using multiple nozzles (as shown in Figure 1.3A) [53, 54] or a coaxial 

nozzle[45, 55], as well as using a two-stage curing resin[11, 56]. However, the drawback of DIW-

based method is the relatively slow printing speed. PolyJet multi-material inkjet 3D printing by 

Stratasys uses multiple inkjet print heads to jet liquid resin droplets on a build tray followed by 

UV curing to manufacture digital multimaterial components with a high-resolution[37, 57-60]. 

However, one drawback of this approach is the stringent ink requirement (low-viscosity 

photopolymer resins)[61]. Recently, DLP-based 3D printing has emerged as a low-cost, high-

speed, and high-definition printing method[16, 62, 63]. DLP uses digital micromirror devices 

(DMDs) to precisely control the light pattern to selectively cure an entire layer of resin at one time. 

To achieve multi-material DLP printing, researchers have used multiple switchable resin vats[64, 
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65] (as shown in Figure 1.3B), selective wavelength photocuring[66, 67], and grayscale curing[68-

72]. However, DLP printing is limited to photopolymers, and the use of other functional materials 

for printing is difficult. 

 

Figure 1.3 – Multimaterial 3D printing methods. (A) Multimaterial DIW using multiple 

nozzles[54]; (B) Multimaterial DLP with multiple switchable resin vats/puddles[73]. 
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1.2.2 Multicolor 3D Printing 

In addition to multiple functionalities brought by the combination of multiple materials, 

printing colorful articles are also important in 3D printing, since colors not only provide visual 

effects that delight people but also serve as the media to store and convey information[74]. Thus, 

driven by the aesthetic and informative significance, post-processing steps, such as coating, 

painting, and functionalization, are typically adopted to impart colors to the printed parts[75-79]. 

Alternatively, multi-material 3D printing[54, 80-82] or materials with tunable colors[83] can be 

utilized to directly print multi-color articles. This is relatively easier for extrusion-based and inkjet 

3D printers, as multiple nozzles can dispense multiple materials with different colors. By 

comparison, multi-material DLP printing is intrinsically more difficult owing to the single-batch, 

single-material characteristic of the vat polymerization mechanism. To overcome this limitation, 

different strategies have been employed, including selectively initiating independent photo-

crosslinking systems[66, 84], tuning the grayscale of the light patterns[68, 85], and replacing the 

resin by customized devices, such as removable vat equipped with pump[86], rotating vat carousel 

(as shown in Figure 1.4A)[87], or dynamic fluidic control with integrated fluidic cells(as shown 

in Figure 1.4B)[88]. However, these methods either use a single vat with resins of unchangeable 

color or require sophisticated devices that involve complicated manipulation and cleaning, which 

severely restrict the efficient fabrication of multi-color 3D prints by DLP. 
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Figure 1.4 – DLP-based multimaterial 3D printers with (A) rotating vat carousel[87], or with 

(B) dynamic fluidic control with integrated fluidic cells[88]. 
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1.2.3 Multi-method Multimaterial 3D Printing 

Hybrid 3D printing approaches that combine multiple printing methods have also been 

developed to achieve multi-material 3D printing. By integrating two or more 3D printing methods 

in a single platform, complex 3D objects with a wide array of material can be fabricated. In 

addition, complementary processes or manipulations, such as robotic placement, can also be 

utilized in multi-method 3D printing. For instance, Wicker and coworkers developed a hybrid 

system to dispense conductive inks into solid polymer structures printed with stereolithography, 

and functional 3D electronic devices were demonstrated [89, 90]. Mu et al. combined the Polyjet 

technology with DIW to fabricate printed stretchable sensors[29]. The above methods require 

multi-step manual manipulations that a part is not in-situ printed in a single print job. By contrast, 

Valentine et al. demonstrated an approach for producing soft electronics by combining DIW with 

automated pick-and-place[91]. More recently, Roach et al. developed a multi-material multi-

method (m4) additive manufacturing platform for 3D printed structures and devices. The m4 

platform integrated four printing modules (inkjet printing, FFF, DIW, and aerosol jetting), as well 

as robotic arms for pick-and-place (PnP), and photonic curing elements for intense pulsed light 

(IPL) sintering. Rapid fabrication of complex devices, including soft robotics and flexible 

electronics, has been achieved. However, the customized m4 printer is expensive, and the printing 

speed is relatively low due to the major use of extrusion-based printing and inkjet printing. 

1.3 3D Printed Active Materials and 4D Printing 

The recent decades have witnessed the booming of AM not only in conventional areas, such 

as aviation [92, 93], automobile [94, 95], and construction [96, 97], but also in various emerging 

fields, such as electronics [91, 98], biomedical engineering [99, 100], and soft robotics [101, 102]. 
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The reason is the growing capability of AM to fabricate complex structures, which are challenging 

to be realized by traditional machining methods. In this advancement, the material library of 3D 

printing is no longer limited to static materials for structural construction but has expanded to 

active materials or stimuli-responsive materials, such as shape memory polymers [37, 103-105], 

hydrogels [106-108], magnetic soft materials[109, 110], and liquid crystal elastomers [24, 43, 111-

117], driven by the growing need for soft robots [117, 118], biomedical devices [99, 100, 106], 

smart wearable devices [119-121], etc. The active nature of stimuli-responsive materials adds the 

dimension of time to 3D printing and leads to the emerging 4D printing [106, 122-125]. 

1.3.1 Liquid Crystal Elastomers 

Among active materials for 4D printing, LCEs are appealing candidates due to their large, 

reversible, and rapid actuation through a nematic-isotropic phase transition upon external stimuli, 

such as heat [126, 127], light [43, 111, 128], humidity [129], and electric fields [130]. LCEs are a 

class of soft active materials that inherit both the entropic elasticity of elastomers and the molecular 

anisotropy of liquid crystals (or mesogens). The actuation relies on the mesogen alignment [131], 

which can be achieved by mechanical stretching [132], surface shearing [116], or external fields 

[133-135]. 

3D/4D printing methods have been developed to fabricate LCE-based structures and align 

the mesogens. Direct ink writing (DIW) has been explored for printing LCEs [118, 128, 136-142]. 

In DIW, mesogens are aligned along the printing path when the LCE ink is extruded out of the 

syringe through the nozzle. Different inks have been developed for both high-temperature printing 

[112, 136, 138] and room-temperature printing [139, 143]. In addition, functionally graded LCEs 

were also achieved by varying printing parameters [113, 138, 142, 144], such as printing 
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temperature, printing speed, and nozzle size. Although 3D structures, such as pinecone and saddle-

shaped structures [138], can be achieved by 2D structures via different actuation strains between 

layers, the layer-by-layer manner of material deposition in DIW makes LCEs to be printed on the 

build platform or the previous layers. As a result, the actuation of the printed LCE structures is 

limited to planar shrinkage, simple bending, or twisting. 

Recent progress has also been made in digital light processing printing of LCEs, where LCE 

inks are selectively cured by the light patterns from DLP projectors. A great advantage of this 

method is that the high resolution of selective photocuring enables the fabrication of fine lattices 

or structures with a higher level of complexity. Despite this advantage, aligning mesogens becomes 

a challenge. DLP-printed LCE lattices have been reported to show high energy-dissipation [145, 

146], but the absence of actuation causes the method to fall short of the common expectations of 

using LCEs. More recently, the alignment of LCE mesogens was realized by the built-in shear 

separation mechanism of the DLP printer, and bending actuators were demonstrated [116]. Still, 

this approach only aligns mesogens in one direction; hence, applications are limited to thin films 

and simple bending actuation. 
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Figure 1.5 – DLP printed LCE. (A)Normal DLP printed LCE with energy dissipation but 

without actuation[145]. (B) The alignment of LCE mesogens was realized by the built-in 

shear separation mechanism of the DLP printer[116]. 

1.4 Summary 

Many single-method 3D printing approaches were developed to realize multi-material 3D 

printing by simply adding extra extruders or ink tanks. However, these single-method approaches 

are still limited by the shortcomings of the printing method itself and are also limited with the 
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choice of materials, causing drawbacks in terms of resolution, architecture complexity and 

functionality. 

Some other hybrid approaches or multi-process approaches were also developed, combining 

different methods. Nevertheless, a lot of manipulations are required by these hybrid approaches 

and the efficiency is relatively low. Furthermore, the cost of building such multi-method 

multimaterial 3D printer is too hight and therefore is not widely available to different users. 

Therefore, it remains to a challenge to find a low-cost approach, with a wide choice of 

materials, to realize high resolution multi-material 3D printing efficiently. 
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CHAPTER 2. HYBRID 3D PRINTING SYSTEM INTEGRATING 

DIGITAL LIGHT PROCESSING AND DIRECT INK WRITING 

2.1 Introduction 

As an emerging branch of additive manufacturing, multi-material 3D printing has drawn 

tremendous attention as it offers more design flexibility that can combine materials with various 

mechanical, chemical, thermal-mechanical or electrical properties. However, low-cost, high-

speed, high-resolution, and versatile multi-material 3D printing methods are still lacking. 

In this Chapter, we present a low-cost, high-resolution, and high-speed hybrid multi-material 

3D printing system that consists of a top-down digital light processing printing and a direct ink 

writing printing to fabricate composite structures and unique devices in a single printing job. The 

vat photopolymerization-based DLP printing allows for high-speed and high-resolution printing 

of a material matrix with complex geometry. The material extrusion-based DIW printing enables 

the printing of functional material, including liquid crystal elastomers and conductive silver inks. 

With this hybrid 3D printing system, a wide choice of inks and resins can be used to print 

functional composites with tunable mechanical properties, enhanced interfacial bonding, and 

multifunctionality. We demonstrate that composites prototype, active soft robots, circuit-

embedding architectures, and strain sensors can be successfully printed. This chapter provides a 

new and robust approach for 3D printing of multi-functional devices for broad applications in soft 

robotics, electronics, active metamaterials, and biomedical devices. 

2.2 Experimental Sections 

2.2.1 Photopolymers for DLP printing 
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DLP elastomer: 50 wt% of aliphatic urethane diacrylate (Ebecryl 8807; Allnex, Alpharetta, 

GA, USA), 25 wt% of glycidyl methacrylate (GMA; Sigma-Aldrich, St. Louis, MO, USA) 

monomer, and 24 wt% of isodecyl acrylate (I.A.; Sigma-Aldrich) monomer were first mixed. 0.9 

wt% of phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (Irgacure 819, Sigma-Aldrich) and 

0.1 wt% of Sudan I (Sigma-Aldrich) was added into the mixture as photoinitiator and photo 

absorber, respectively. The viscosity of the elastomer ink is low enough for DLP printing, and it 

could be cured within 15 seconds for a layer of 50 µm. The properties of the printed material can 

be found in the literature[147].  

DLP plastic: commercially available photocurable resin (ToughPointTM, Adaptive3D, 

Dallas, TX) was used. This is an acrylate-thiol photopolymer with high toughness of 130 J/m 

(notched Izod impact) and a strain of 66%. This tough DLP plastic ink could be cured in 1.8 

seconds using a printing layer thickness of 50 µm. 

2.2.2 Inks for DIW 

Photocurable ink: The viscous ink was made by mixing three parts of GMA and one part 

of Ebecryl 8804. Then, 1 wt% of Irgacure 819 was added as the photoinitiator, 2 wt% of blue dye 

(Estudio Rit., Nakoma Products LLC., Bridgeview, IL, USA), and 6 wt% of fumed silica 

nanoparticles (Sigma-Aldrich) was added as the rheology modifier. After thorough stirring and 

mixing, the ink was loaded into a 10 cc syringe (Nordson EFD, East Providence, RI, USA). 

Bubbles were removed through centrifuging at 4000 rpm for 15 minutes before usage. The ink was 

printed at 15 mm/s with a 22 Ga (410 µm inner diameter) nozzle using a pressure of 12 psi and 

was photocured within 20 s. 
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Liquid crystal elastomer (LCE) ink: A temperature-driven and ambient condition printable 

LCE ink based on the previous work [24] was optimized to ensure better printability and higher 

actuation strains. Briefly, 5 g of a diacrylate mesogen (1,4-Bis-[4-(3-acryloyloxypropyloxy) 

benzoyloxy]-2-methylbenzene) (RM257, Wilshire Technologies, Princeton, NJ, USA) and the 

dithiol flexible spacer 2,2’-(ethylenedioxy) diethanethiol (EDDET, Sigma-Aldrich) in a ratio of 

1.13:1 were dissolved in 20 ml of acetone. Then, 2 wt% of the catalyst triethylamine (TEA, Sigma-

Aldrich) and 1 wt% of Irgacure 819 was added to the solution. The above mixture was heated at 

70℃ for 1.5 hours with magnetic stirring to slightly polymerize the resin to form oligomers so that 

chain alignment can be formed during extrusion. Finally, the ink was transferred into a 10cc 

syringe for solvent evaporation at 70oC for 30 minutes in a vacuum oven. The LCE ink exhibited 

shear thinning behavior with an apparent viscosity at around 73 Pa·s (25°C, shear rate 10 s−1, 

measure by a rotational rheometer, Discovery HR-2, TA Instruments, New Castle, DE, USA). 

After printing the LCE ink with the 20 Ga nozzle (610 µm inner diameter) at 2 mm/s using 30 psi, 

the mesogen can be aligned by high shearing during extrusion and further fixed by photocuring 

for 25 s. The characterizations of the LCE ink and the cured LCE are provided in the 

Characterization session (Figure 2.1). 

Conductive silver ink: The conductive ink was a silver nanoparticle ink DuPont ME603 

(DuPont Inc., Wilmington, DE, USA)[25], solid content of 50-53%, and an apparent viscosity 

around 13 Pa·s (25°C, shear rate 10 s−1). It could be printed at 3 mm/s with a 25 Ga nozzle (250 

µm inner diameter) using 10 psi. After printing each conductive ink layer, the conductive ink was 

sintered by a heat gun for 5 min at around 120°C , resulting in a sheet resistance of 25.7 mΩ/sq 

before stretching. 
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Table 2.1 - All the ink used and parameters of printing and curing conditions 

DIW inks Pressure 
Printing 

speed 

Nozzle 

size 
Curing method 

Layer 

Curing 

time 

Photocurable resin 12 psi 15 mm/s 22 Ga Photo-cure 20s 

Liquid crystal elastomer 30 psi 2 mm/s 20 Ga Photo-cure 25s 

Conductive ink 10 psi 3 mm/s 25 Ga 
Heating gun 

(~120oC) 
5min 

      

DLP inks Layer thickness 

Layer 

Curing 

time 

 

 

Elastomer Matrix 50 μm 20 s 
 

 

Tough plastics 50 μm 1.8 s 
 

 

 

  



 

18 

2.2.3 Characterizations 

 

Figure 2.1 – Characterization of LCE. a) Apparent viscosity of the LCE ink, showing shear 

thinning. b) Shear storage and loss moduli of the LCE ink. c-d) Dynamic mechanical analysis 

test results showing the storage modulus and the actuation of cured LCE. 

Characterization of LCE: Rheological responses of the LCE ink were characterized using a 

rotational rheometer (Discovery HR-2, TA Instruments, New Castle, DE, USA) with a 20-mm-

diameter cross-hatched plate geometry at 25 °C with a gap height of 0.5 mm. Apparent viscosities 

were measured via steady-state flow experiments with a sweep of shear rates (0.1–1000 s−1). Shear 

storage moduli were measured as a function of shear strain via oscillation experiments at a fixed 

frequency of 1 Hz with a sweep of the strain of (0.02%–5000%). In order to characterize the 

thermomechanical properties of DIW printed and cured LCE, dynamic mechanical analysis 
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(DMA) was performed using a DMA tester (Model Q800, TA Instruments, New Castle, DE, USA). 

Samples (cut to 10 mm×3 mm×0.5 mm) were first heated to 125 oC and stabilized for10 min to 

reach thermal equilibrium. A preload of 10 mN was applied and the strain was oscillated at a 

frequency of 1 Hz with a peak-to-peak amplitude of 0.1%. The temperature was decreased from 

120 oC to 50 oC at a rate of 5 oC min-1. 

Light intensity: The projector light intensity was measured by an ILT1400-A Radiometer 

Photometer (International Light Technologies Inc., Peabody, MA, USA). The light intensity of the 

DLP projector was about 11 mW/cm2. 

Material interfaces: The material interfaces were characterized by scanning electronic 

microscopy (SEM, SU8010 Ultra-High Resolution Scanning Electron Microscope FE-SEM, 

Tokyo, Japan) at 5 kV acceleration voltage. The cross-section of the samples was obtained through 

cryofracture using liquid N2. The samples were attached to the holder and coated with gold for 60 

seconds at 20 mA current using a sputter coater (Quorum Q-150T ES Sputter Coater, Quorum 

Technologies Ltd, Lewes, UK). Besides, wild stereoscope was also used to image the cross-section 

of the samples, which were prepared by the cryo-ultramicrotome method (Leica EMFCS, Leica 

Microsystems, Wetzlar, Germany) at -140oC. 

Strain sensor characterization: To test the performance of the printed strain sensor, a 

universal material testing machine (MTS Criterion® Series 40, Eden Prairie, MN, USA) was used 

to apply a strain cycle. The resistance was monitored by a digital multimeter (2100 6½-digit USB 

Digital Multimeter, Keithley, Solon, OH, USA). 

2.3 Results and Discussion 
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2.3.1 Design and printing procedure of the hybrid 3D printer 

The hybrid 3D printing system consists of two sub-systems, i.e., a top-down DLP system 

and a DIW system. Figure 2.2a shows the schematics of the hybrid printer with the marked main 

components. A photograph of the printer is shown in Figure 2.2b. The printing platform stage (a 

50.5 mm×75.5 mm glass affixed with an opaque film) is mounted on a linear stage (PBCLinear, 

Roscoe, IL, USA), which moves vertically (z-axis). The DLP projector (D912HD, Vivitek, 

Hoofddorp, Netherlands) with optics modified by B9Creator (Rapid City, SD, USA) is fixed on 

an adjustable frame above the printing platform, while the DLP resin tank is located below the 

printing platform. The resolution of the DLP projector ranges from 30 μm to 100 μm in XY 

direction (depending on the focal length that we used, and the frame is adjustable).  The syringe 

used for DIW printing is mounted on a three-axis motion stage. The pneumatic-driven extrusion 

of inks in the syringe is controlled by a high-precision dispenser (Ultimus V Nordson EFD, East 

Providence, RI, USA). For the DIW part, the resolution ranges from 100 μm to 1.54 mm, 

depending on the nozzle size that we used. 



 

21 

 

Figure 2.2 – The design of the hybrid 3D printing system and the printing process. 

Schematics (a) and picture (b) of the hybrid 3D printing system with integrated DLP and 

DIW 3D printing techniques. (c) Schematic figures showing the hybrid printing process. Step 

1: print the first DIW layer; Step 2: print the first DLP layer; Step 3: print the other DLP 

layers to match the layer height of previous DIW printing layers; Step 4: lift the substrate to 

print the second DIW layer; Step 5: switch back to print the new DLP layers; Step 6: 

continue to print the DLP layers to finalize the printing. 
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Figure 2.3 – The schematics of the control system of the hybrid printing system. 

As shown in Figure 2.3, the printing is controlled by a computer using a customized 

MATLAB (MathWorks, Natick, MA, USA) code with a graphical user interface (GUI). CAD 

assembly models, including the DLP part and the DIW part, were designed in SOLIDWORKS 

2017 (Dassault Systèmes, Velizy-Villacoublay, France) and exported as STL files. The DLP and 

DIW printing objects were sliced into 2D images and g-code using CreationWorkshop software 

(DaraTree3D, Dallas, TX, USA) and Slic3r (an open-source G-code generator), respectively. A 

critical issue typically encountered during hybrid 3D printing is the layer height mismatch between 

the two printing methods due to different printing layer thickness. Usually, DLP has a lower layer 

thickness, denoted as TL, and DIW has a higher layer thickness TW.  The ratio between the layer 

thickness for DIW printing and DLP printing a=Tw/TL indicates the number of DLP printing layers 

required to compensate for one DIW printing layer. As it can be seen below, we typically chose 

an integer; in case of the actual ratio is not an integer, the DLP printing can compensate the 

difference.  
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Figure 2.4 – Flow chart of the general printing procedures. 
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Figure 2.5  – Schematic of the coordinates and the calibration procedures of the system. 

A flow chart of the general printing process is provided in Figure 2.4. To put it simply, here 

we consider the situation in which a is an integer, 2, for example. Before printing, the height of 

the resin vat is calibrated, and the initial z-offset (hDIW) between DIW and DLP (also called writing 

distance) is determined.  

Before printing, we needed to calibrate the whole system, which is depicted in Figure 2.5. 

First, in step 1, the linear stage was set to the zero position on the global vertical axis H, where the 

DLP projector light pattern was focused on the substrate with a focal distance hf. Then, we adjusted 

the lift table under the resin tank to level the resin surface with the upper surface of the substrate. 

This allowed us to print with either a full tank of resin or just a half. In step 2, we moved the 

syringe horizontally over the center of the substrate after homing, and lifted the substrate up to the 

position where the end of the nozzle tip just touched the substrate, noting the linear stage position 

as the writing position hDIW. Now in this position, where DIW codes were executed, the local 

coordinate frame, O (x, y, z), on the substrate coincided with the local coordinate frame, G (u, v, 
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w), on which the DIW g-codes were executed. Finally, after homing back the syringe and the 

substrate, the system was ready to run.  

The general printing procedures follow the alternating printing approach. For convenience, 

we denoted the DLP layer number as Li and denote the DIW layer number as Mj. Since DIW and 

top-down DLP were both AM methods building objects from the bottom to the top, we could map 

the manufacturing timeline to the steadily growing printing height of the DLP process, P, a 

measurement on zo. When printing the DLP layers, the substrate moved down gradually in the 

resin with an increment of the layer thickness, TL, to have the resin cured layer by layer. For layer 

Ln, the linear stage would be at the position where 𝐻 = −𝑃 = −𝑛 × 𝑇𝐿. The DIW procedures 

could be triggered when the printing height P achieved the designated printing height of the next 

DIW layer, Ri. The linear stage would always move up to the DIW writing position where 𝐻 =

ℎ𝐷𝐼𝑊.  

In the example as described in Figure 2.2c, R1 and R2 equal 0, 2TL, respectively. R3 ,which 

is not presented in the figures, equals 7 TL. Upon starting, in Step 1, the printing height P was 0, 

equaling to R1, which means that the first DIW layer M1 was supposed to be printed on the substrate 

directly. Consequently, the substrate was lifted to the writing position for printing and curing M1. 

Once it finished printing a DIW layer Mn, the height information, Rn+1, and g-codes for the next 

DIW layer Mn+1 would be read and stand by. Then the substrate went down into the DLP resin. 

Right after that, it went up to -TL on H to cure the first DLP layer L1 by the light pattern projected 

on the resin, as illustrated in Step 2. Before P achieved R2, another DLP layer, L2, should be cured 

after the substrate moved down towards -2TL, to prepare the base support for M2, as shown in Step 

3. Once L2 was cured, P reached R2, and the substrate went up to the writing position again, so that 

another layer of DIW ink, M2, could be distributed on the architecture in Step 4. Similarly, in Step 
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5, the substrate dipped down into the resin again and went up to -3TL, in order to print L3. The last 

DIW layer M3 would not be printed until the height of the DLP part P fulfilled the requirement of 

R3, the process of which was omitted in the figure. Finally, in Step 6, the discrete layer M3 was 

printed and cured as a top layer. 

The 2D images are projected to cure the photocurable resin selectively during DLP printing, 

and the g-code is sent to the microcontroller (Arduino Mega 2560, Arduino, Ivrea, Italy) in a proper 

sequence and timing for DIW printing. The general printing procedure is to alternate between DLP 

and DIW. As shown in Figure 2.2c, the linear stage goes between DIW position and DLP position 

so as to match the difference in thickness between the DIW layers and DLP layers. 

2.3.2 The interface of hybrid printed materials 
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Figure 2.6 – Characterizations of the interfaces of hybrid printed materials. (a) Actual length 

of the DIW filaments printed on dry glass and on DLP printed wet surface, respectively, 

versus printing speed. (b-c) SEM images of the interfaces between the DLP elastomer matrix 

and the DIW printed conductive silver ink. (d) Image of a sample containing both DLP and 

DIW printed parts. (e) The schematic figure showing the layer structure of the cross-section 

of the sample cut along the read dash-dotted line in Figure 2.6d. (f-g) SEM images of the 

cross-section of the interfaces between DLP elastomer matrix and DIW printed photocurable 

ink. (h) Image of the sample before and after the tensile test showing that the fracture path 

occurred away from the interface. (i-k) The sample containing two DIW photopolymer layers, 

which were printed following the alternating process: (i) the top view, (j) the schematic figure 

showing the cross-section layer structure, and (k) the wild stereoscope image of the cross-

section of the sample in Figure 2.6i. (l-m) The sample with 3 LCE fibers, which were 

distributed at the bottom, in the middle, and on the top surface of the DLP matrix, 

respectively: (l) the top view, (m) the cross-section schematic, and (n) the cross-section image 

under a wild stereoscope. 
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There are two types of photopolymers used for DLP printing in this study, including an 

acrylate-based elastomer (DLP elastomer) and an acrylate-thiol based photocurable tough plastics 

(DLP plastics). In addition, three types of DIW inks are used, including a photocurable ink, a 

conductive silver ink, and an LCE ink. Due to the polymerization inhibition by oxygen[148, 149], 

a thin layer of liquid resin on the top surface of the DLP printed part remains uncured. This tacky 

surface shows poor adhesion to the liquid film, making it difficult for DIW printing using 

viscoelastic inks. This is different from conventional DIW printing on a dry substrate. The quality 

of DIW printing can be influenced by both the ink viscosity and printing parameters.  

To achieve high-quality printing, the effect of DIW printing speed and ink type on the DLP 

printed elastomer film surface was first investigated. Two kinds of viscous inks, the LCE ink and 

the conductive silver ink, were used for DIW printing of 50 mm lines. The conductive silver ink 

(viscosity: 13 Pa·s, 25°C, shear rate 10 s−1) can be extruded using a pressure of 10 psi. The LCE 

ink with a higher viscosity (73 Pa·s, 25°C, shear rate 10 s−1) was printed using an extruding 

pressure of 30 psi. Figure 2.6a shows the variation of the actual printed length with speed for 

different conditions on DLP printed wet surface and dry glass surface, respectively. And the wet 

surface means the tacky DLP printed surface with a thin layer of liquid resins due to the oxygen 

inhibition. For both the LCE and the silver inks, the printed filament lengths are similar to those 

on a dry glass at a slow printing speed of 2 mm/s, indicating the ink can be well deposited on the 

DLP printed substrate. As the printing speed increases, however, the filament length gradually 

decreases. For the printed silver ink on the DLP printed substrate, the printed length is slightly 

shorter than that on the dry substrate.  This is attributed to the relatively low viscosity of the silver 

ink, which makes it easier to settle after exiting the nozzle. For the LCE ink with a higher viscosity, 

the printed length decreases sharply with increasing printing speed. Because, at high printing 
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speed, the highly viscoelastic LCE ink (due to the existence of oligomers) imparts the ink a 

temporary elasticity that drags the ink along the surface. Therefore, for the highly viscous ink, 

slow printing speed is essential to achieve targeting printing length.  

The SEM was used to study the interface morphology between the DIW and DLP printed 

materials. Figure 2.6b shows a bow-shaped cross-section of the DIW printed and thermally cured 

conductive ink in the DLP printed elastomer matrix. The width of the silver trace of 785 µm is 

significantly larger than the nozzle diameter (250 µm), indicating a large ink spreading during and 

after printing due to relatively low viscosity. In Figure 2.6c, the magnified image of the interface 

manifests that DLP matrix material and silver layer and partially interpenetrated, indicating a 

strong interfacial bonding between these two materials. For the DIW printed photocurable ink and 

DLP printed photopolymer, the interface bonding is also strong. Figure 2.6d is the top view of a 

30 mm×30mm composite sheet consisted of DLP printed elastomer and DIW printed 

photopolymer. The layer thickness of the DIW printed layers (TW) was set to 200 µm, and the DLP 

layer thickness (TL) was 50 µm, as shown schematically in Figure 2.6e. In the printing process, 

two DIW layers were first printed, and then eight DLP layers were printed to match the layer 

thickness. Figure 2.6f and Figure 2.6g show the SEM images of the cross-section morphology. It 

can be seen that the DLP resin filled the gaps and edges of the DIW printed filament layers. Since 

both the DLP elastomer and the DIW printed photocurable ink are acrylate-based inks, the 

copolymerization at the interface can form chemical bonding enabling strong adhesion. This strong 

bonding was further supported by the fracture behavior of the hybrid sample. Figure 2.6h shows 

the images of the sample by DLP printed elastomer and DIW printed photopolymer before and 

after the tensile test. The fracture path occurred in the DLP elastomer matrix instead of the material 

interface, suggesting excellent interfacial bonding. A similar interface was observed between DIW 
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printed LCE and DLP printed photopolymer after the photocuring process. The SEM figures of 

the interface between DIW printed LCE fiber and DLP printed matrix are provided in Figure 2.7.  

 

Figure 2.7 – SEM/EDX and wild stereoscope images of the interfaces. (a-b) SEM figures of 

the interface between DIW printed LCE fiber and DLP printed matrix. (c-d) Supplemental 

wild stereoscope images of figure 2k and figure 2n with different lighting conditions. (e-f) 

SEM/EDX maps of the samples in figure 2n, figure 2k, and its magnified part, respectively. 

SEM (SU8010 Ultra-High Resolution Scanning Electron Microscope FE-SEM, Tokyo, 

Japan)) images were taken to investigate the interface between DLP elastomer and DIW printed 

LCE (Figure 2.7a-b). To prepare the sample, LCE was first written on a glass slide, and then DLP 

layers were printed to cover the LCE fiber. After peeled off from the glass slide, the sample was 

broken through cryofracture using liquid N2 to obtain the cross-section. The sample was attached 
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to the holder by the carbon tape. Using 1kV accelerating voltage, the interface between the DLP 

elastomer and LCE, marked with red dotted lines, can be observed, which shows good bonding. 

Figure 2.7c-d shows the wild stereoscope images of Figure 2.6k and Figure 2.6n with 

different lighting conditions. These two samples, prepared by the cryo-ultramicrotome method 

(Leica EMFCS, Leica Microsystems, Wetzlar, Germany) at -140oC, were also used for energy-

dispersive X-ray analysis (EDX) (LEO 1530 FESEM, Oxford Instruments, Oxford, UK). In Figure 

2.7e, the cross-section of the LCE fibers can be recognized through the Sulfur map due to the 

existence of its spacer EDDT. In Figure 2.7f and Figure 2.7g, the DIW photocurable ink stands 

out in the Silicon maps for silica particles were added as the rheology modifier. 

In addition to SEM, wild stereoscope was also used to study the interface morphology between 

DIW and DLP printed materials. The samples were prepared by the cryo-ultramicrotome method 

so as to obtain a neat and flat cross-section surface for a clear view. Figure 2.6i is the top view of 

a 30 mm×10 mm composite sheet consisted of the DLP printed elastomer and the DIW printed 

photopolymer. Here, the layer thickness of the DIW printed layers (TW) was set to 300 µm, and 

the DLP layer thickness (TL) was 50 µm. In the printing process, the first DIW layer was printed 

on the DLP printed substrate, and then six layers of DLP layers were printed to match the height. 

Afterward, another layer of DIW photopolymer was printed on top of the just printed DLP layers, 

and then the DLP layers were printed to finish the structure as shown in Figure 2.6j. From Figure 

2.6k, we can observe the morphology of the actually printed layers. The alternating layer structure 

is very clear, showing good material bonding. Due to the surface tension of the DLP ink, the first 

DLP layer after DIW printing shows a larger thickness. However, this difference in thickness could 

be self-corrected in the following printings, because the distance between the ink surface and the 

substrate is strictly controlled by the linear motion stage. For the sample shown in Figure 2.6k, the 
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increased thickness is measured to be around 214 μm after the second DIW layer being printed. 

Then it drops quickly to around 70 μm, 64 μm, 61 μm, and then 51 μm in the consequential DLP 

layers, while the desired thickness is 50 μm. It should be noted that this phenomenon is also directly 

related to the specific viscosity of the resin being printed, the wettability and the shape of the 

surface to be covered (i.e., the cross-section of each individual slice)[150, 151], and the recovering 

time of the liquid after dipping into the resin.  Similarly, a 30 mm×5 mm sample with 3 layers of 

DIW printed LCE fibers was also fabricated and presented in Figure 2.6l. These three layers were 

printed at the bottom, in the middle, and on the top of the structure, respectively, as shown in 

Figure 2.6m. Using a 20 Ga nozzle (610 µm inner diameter), the layer thickness of the LCE layers 

was set to 700 µm, which is a little larger than then nozzle size to maintain the circular shape of 

the filament and avoid slipping during printing. With tunned lighting under the wild stereoscope, 

Figure 2.6n shows clearly how the DLP layers merged with such thick LCE fibers. More details, 

including the maps of SEM with energy dispersive X-Ray analysis (EDX), are also provided in 

Figure 2.7. 

2.3.3 Hybrid printing of multi-color prototypes 
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Figure 2.8 – Hybrid printed multi-color prototypes. (a) The original model of a Buzz. (b) The 

g-code printing path was obtained by slicing the outlined Buzz model. (c) Photo of the DIW 

layer written on the DLP-printed surface. (d) The final structure, a hexagonal ‘Amber’ with 

a Buzz embedded. (e) CAD model and the printed structure of a cylindrical lattice with 3 DIW 

printed rings embedded. (f) CAD model and the printed structure of a wheel consists of a soft 

porous tire and rigid spokes. (Scale bar = 10 mm) 

The hybrid 3D printing system enables us to printed complicated DIW patterns inside the 

DLP printed matrix. As a demonstration, multi-color prototypes were fabricated with good printing 

accuracy. We first printed a multi-color prototype using a single layer of DIW pattern of the 

photocurable ink and the DLP printed elastomer matrix. As an example, a Buzz yellow jacket 

(Figure 2.8a) was outlined and sliced into the g-code path (Figure 2.8b) for DIW printing of a 

photopolymer on a DLP printed hexagonal matrix base (Figure 2.8c). The thickness of the DLP 

layer TL was set to 50 µm, and the DIW layer thickness TW, was set to 400 µm, which was slightly 

smaller than the inner diameter of the nozzle. Therefore, eight DLP layers were printed to match 
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a DIW layer height. After printing and photocuring the DIW ink, more DLP layers were printed 

to encapsulate the DIW pattern. Finally, a hexagonal ‘Buzz Amber’ was obtained through hybrid 

3D printing. By comparing the printing path in Figure 2.8b and the actually printed filaments in 

Figure 2.8d, it can be seen that the delicate shape of the Buzz was well maintained. 

We also show more complex geometries, such as multi-layer DIW structures embedded in a 

DLP printed matrix, printed with the same materials above-mentioned. Figure 2.8e shows the CAD 

model and the printed structure of a cylindrical lattice with 3 DIW printed rings embedded. The 

DLP part, which is featured with delicate honeycomb patterns, can be printed without any 

additional support, providing the platforms for the DIW part. And the CAD model of the DIW 

component was sliced into three discrete layers, which are precisely distributed at the bottom, in 

the middle, and to the top of the cylindrical lattice, respectively. In this case, TL and TW were also 

set to 50 μm and 400 μm, respectively, which are the same as those used for Figures c-d. Using 

the same parameters, a multimaterial wheel was designed and fabricated, as shown in Figure 2.8f. 

The wheel consists of a DLP printed soft porous “tire” and DIW printed rigid spokes using the 

photocurable ink. The above results highlight the advantage of this hybrid printing technique 

toward geometric-complex multimaterial-based structures. 

2.3.4 Hybrid printing of soft robots using LCE fibers 

Besides the complex shape control, hybrid printing also allows the direct printing of functional 

devices when smart/functional materials are used. LCEs are soft-active materials, which show a 

substantial, reversible shape changes upon the application of an external stimulus, such as heat. In 

recent years, LCEs have been developed for DIW printing [21-24]. Upon heating to a certain 

temperature (nematic-to-isotropic transition temperature, TNI), mesogens will lose their alignment 
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and transform into an isotropic state, resulting in a macroscopic shrinkage. When cooling down, 

the mesogens will form the anisotropic monodomain again and the LCE will elongate. By using 

printed LCE fiber as an active component, we show the hybrid printing system can be used for 

printed active composites (PAC). Figure 2.9a shows the working principle of the bilayer PAC, 

where the DIW printed LCE fibers are asymmetrically embedded in the soft elastomer matrix 

printed by DLP. The structure can bend upon heating due to the shrinkage of LCE and recover 

upon cooling. This PAC with large and reversible actuation can be used as actuators and soft 

robots. 

 

Figure 2.9 – Hybrid printed soft robots and using LCE fibers as active layers. (a) Schematic 

of the working principle behind the soft robot actuated by LCE fibers. (b) CAD model and 
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the actuation of a flower with a single layer of petals actuated by embedded LCE fibers. (c) 

CAD model and the actuation of a flower with two layers of petals actuated by embedded 

LCE fibers. (d) CAD model and the actuation of a crawler driven by LCE. (e) CAD model 

and the actuation of a bi-stable lattice driven by LCE. (Scale bar = 10 mm) 

Figure 2.9b shows a flower-shaped actuator with a single layer of petals and a layer of LCE 

fibers. In the design model, LCE is in white, and the DLP printed matrix is in pink. To fabricate 

the flower, a layer of LCE fibers was printed in the top part DLP printed elastomer substrate 

(thickness 700 µm, TL set to 50 µm) along the contour of the flower.  The LCE fibers were 

photocured for 25 s before the encapsulation by DLP elastomer. The detailed design dimensions 

can be found in Figure 2.10. As the active LCE fibers were biasedly distributed close to the top 

surface, upon heating, upward bending of the petals occurred due to the shrinkage of the LCE 

fiber, as shown in the third panel in Figure 2.9b. The structure would recover to the flat shape 

when cooled down in Figure 2.9b. Similarly, a more complicated flower with two layers of petals 

was realized, as shown in Figure 2.9c. The first LCE layer was written on the printing substrate. 

Then the first (lower) petal layer was printed by DLP to encapsulate the first LCE layer. The DLP 

process then continued to print the second (upper) petal layer before the second LCE layer was 

printed on the surface of the upper petal layer.  Upon heating, the upper layer of the petals bent 

upwards (by the LCE fibers close to the top surface), and the bottom layer of the petals bent 

downwards. This reversible actuation can also be repeated for many cycles. Figure 2.9c shows the 

flexibility in design and fabrication in arranging active components in 3D structures offered by the 

new DLP/DIW hybrid system.  
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Figure 2.10 – Dimensions of the soft robots and actuators in Figure 2.9. 

We further demonstrated a soft crawler using the reversible actuation of the LCE-based 

bilayer. As shown in Figure 2.9d, there are three LCE fibers embedded in the bottom of the thick 

body part. In addition, there are two LCE fibers distributed on the top of the rear feet, of which the 

thickness is smaller than the body. To fabricate the crawler, the same printing parameters for the 

flower were used. It should be noted that the volume ratio of the active LCE in rear feet is larger 

than that of the body, because the rear feet are narrower and thinner than the body. Therefore, upon 

heating, the rear feet bend upwards first, and then the body bends upwards. At this point, the front 

feet have a larger contact area than the rear feet, so the rear feet move forward due to the bending 

of the body. Upon cooling, the rear feet drop back to the ground before the body and having a 

larger contact area with the ground than the front feet. Therefore, the front feet moved forward 

once the body recovered. When this process was repeated, the crawler could crawl forward at a 

speed around 3.2 mm/min, depending on the heating and cooling speed (See Figure 2.11). 

Compared with the LCE based crawler in our previous work[43], the current crawler is printed by 
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a single printing process without transferring between different platforms, which thus enables 

much faster overall production speed.  

 

Figure 2.11 – Details of the actuation of the soft robots driven by LCE. (a) Movement of the 

crawler. (b) Different statuses of the bi-stable lattice. The scale bars are 10 mm. 

Furthermore, a bi-stable lattice by LCE based PAC was realized. As shown in Figure 2.9e, the 

LCE fibers were first printed on the glass slides while the lattice pillars were printed on the top of 

LCE fiber. This design exploited the advantages of DLP printing for lattice structures (high 

printing resolution and using fewer support materials) and DIW printing of functional materials, 

which is very challenging for state-of-the-art printing techniques. The active lattice can change the 

configuration by tuning the temperature. When the structure was heated, the LEC fibers would 

first shrink and bent the lattice. At critical deformation, the entire lattice would bend to a metastable 

state, as shown in the third panel in Figure 2.9e. Upon cooling, the lattice can recover due to the 

elongation of LCE fibers (See Figure 2.11). 
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2.3.5 Hybrid printing of electronics 

 

Figure 2.12 – Hybrid printing of electronics. (a) Schematics showing the procedures for 

fabricating a light tower with conductive ink printed inside. (b) Photo of the second step: 

DIW printing the conductive ink (c) From left to right: The model design, printed structure, 

inserted LED bulb with light OFF, and LED light ON. (d) Schematics showing the procedure 

for fabricating an out-of-plane DIW electronic. (e) Photo of the second step: DIW printing a 

3D helix on a hollow dome. (f-g) The bottom-view and the overview of the structure with 3D 

helix embedded. (Scale bar = 10 mm) 

The DLP/DIW hybrid 3D printing also enables us to print electronics directly. To illustrate 

this, a light tower was designed and fabricated. The printing of the tower was carried out in a laid-

down manner, providing a horizontal surface for DIW. Schematics of the printing procedure is 
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shown in Figure 2.12a. The first step is to print the backside of the tower with the DLP plastics 

resin, and two channels for the conductive ink were preserved. In Step 2, two conductive silver 

wires were precisely deposited in the prescribed channels, as shown in Figure 2.12b. The 

conductive ink was cured at around 120℃ for 5 mins by a heat gun at the DIW position. Finally, 

in Step 3, the remained part was printed by DLP, leaving two sockets on the top and bottom of the 

tower, respectively. Figure 2.12c shows the 3D model of the light tower, the photo of the actual 

printed object after washing and drying. After printing, an LED light was inserted into the top of 

the tower, and power was supplied from the bottom to illuminate the LED. 

Out-of-plane DIW printing in the DLP matrix was also achieved. As an example, we show the 

DIW printing of conductive silver ink on a non-planar surface printed by DLP, followed by further 

encapsulation with the DLP elastomer. Figure 2.12d shows a schematic of the out-of-plane DIW 

procedure. In Step 1, a hollow dome was created by DLP. In Step 2, a 3D helix of conductive silver 

ink was written along the dome (half sphere) surface using the printing speed of 3 mm/s, as shown 

in Figure 2.12e. A MATLAB code was used to generate custom g-codes to conduct the non-planar 

nozzle motion on the dome surface. After curing the conductive ink, in Step 3, the whole structure 

was further encapsulated from the bottom to the top by DLP printed materials. The bottom-view 

and the overview of the printed structure are shown in Figure 2.12f and Figure 2.12g, respectively. 

Similarly, structures with multi-non-planar layers can be directly printed, offering tremendous 

design freedom for complex 3D electronic devices. 
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Figure 2.13 – Hybrid printed strain sensor and characterization. (a) A strain sensor printed 

by the hybrid printer, with a conductive gauge wire printed by DIW and the soft elastomer 

matrix printed by DLP. (b) Schematic figure showing the testing procedure of the printed 

strain sensor.  (c) The plot of ΔR/R0 over time during a triangular strain cycle. (d) The plot 

of ΔR/R0 versus strain during loading 

To further demonstrate the capability of soft electronics fabrication using the hybrid 3D printer, 

a strain sensor was fabricated. As shown in Figure 2.13a, the conductive wire was printed on the 

DLP printed elastomer. After curing the conductive ink, the majority of the wire was encapsulated, 

leaving two electrodes uncovered. To test the strain sensor, a triangular strain cycle was applied to 

the sensor by a universal material testing machine, while a digital multimeter was connected to 

monitor the change in resistance (Figure 2.13b). Figure 2.13c shows the change in the normalized 

resistance (ΔR/R0) and the applied strain as a function of testing time in four cycles.  We also plot 

the result of normalized resistance as a function of applied strain in Figure 2.13d.  The normalized 

resistance changes linearly with the strain within 2%. The gauge factor of this strain sensor, the 
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slope of ΔR/R0 to strain, was calculated to be 251. This result indicates the excellent sensitivity of 

the sensor.[152] 

2.4 Summary 

In this chapter, we present a new approach to realize multi-material 3D printing of multi-

functional structures and devices by the DLP/DIW hybrid method. The effect of DIW printing 

speed and ink types on the printing resolution and interface between the DLP print was found to 

be important for writing viscous ink on the DLP printed substrate. By optimizing the printing 

parameters, high printing accuracy and strong interfacial bonding were achieved using a variety of 

inks. We demonstrated multiple applications of the hybrid printing technique, including multi-

color printing of prototypes, LCE-based actuators/crawlers, and printed electronic devices/sensors. 

We also showed that the out-of-plane DIW printing method could be used to further expand the 

potential of the hybrid 3D printing system for more complicated printing of functional materials. 

This work opens a new avenue to fabricate multi-functional structures and devices by a single 

printing process showing great application potentials in the area of soft robotics, flexible 

electronics, active metamaterials, and biomedical devices. 
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CHAPTER 3. 4D PRINTING OF FREESTANDING LIQUID CRYSTAL 

ELASTOMERS 

3.1 Introduction 

Liquid crystal elastomers are appealing candidates among active materials for 4D printing, due 

to their reversible, programmable, and rapid actuation capabilities. Recent progress has been made 

on direct ink writing or digital light processing to print LCEs with certain actuation. However, it 

remains a challenge to achieve complicated structures, such as spatial lattices with large actuation, 

due to the limitation of printing LCEs on the build platform or the previous layer.  

In this chapter, we develop a novel method to 4D print freestanding LCEs on-the-fly by using 

laser-assisted DIW with an actuation strain up to -40%. This process is further hybridized with the 

DLP method for optional structural or removable supports to create active 3D architectures in a 

one-step additive process. This hybrid system consists of a top-down DLP and a DIW with an in-

situ laser-curing module. The laser curing module cures the LCE ink as it is extruded and stretched 

by the moving nozzle, while the DLP provides optional structural or removable supports. Unlike 

freestanding rigid materials such as metals [153], rigid plastics [154], fiber-reinforced thermoset 

composites [155], or glasses [156], soft and flexible LCEs are difficult to print in the air while still 

retaining their shapes. Additionally, printing becomes more challenging when actuation capability 

is required to be kept for LCEs. To address this challenge, we rationally design the LCE ink and 

enable rapid curing upon extrusion to fix the shape and mesogen alignment. The stretching due to 

nozzle movement is further utilized to enhance mesogen alignment and thus actuation (up to 40% 
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actuation strain). We also carefully choose the photoinitiator and laser wavelength for LCE to 

avoid interference with DLP inks. 

To the best of our knowledge, this is the first report of DIW printing of freestanding active 

materials on-the-fly. We further demonstrate that with this new capability, LCE-based active 

structures, such as hybrid lattices, active tensegrity, an actuator with tunable stability, and 3D 

spatial lattices can be additively fabricated. The combination of DIW-printed functionally 

freestanding LCEs with the DLP-printed supporting structures thus provides new design freedom 

and fabrication capability for applications including soft robotics, smart structures, active 

metamaterials, and smart wearable devices. 
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Figure 3.1 – 4D printing of freestanding LCEs on-the-fly. (A) Chemical structures of the 

LCE ink components and the components of optional DLP resin systems. The LCE ink 

consists of the mesogens (RM82 and RM257), dithiol spacer (EDDET), crosslinker (PETA), 

and photoinitiator (PI 784). Three resin systems are optional for DLP printing, including the 

rigid structural ink, the flexible structural ink, and the soluble ink. All these three resins 

contain the photoinitiator (PI 819) and photo-absorber (Sudan I). (B) Schematics of the laser-

assisted hybrid DIW and DLP system. (C) Evolution of the LCE ink during printing and 

actuation. Mesogens are aligned as extruded, and the aligned chains are crosslinked by 450 

nm lasers. A reversible nematic-isotropic phase transition will occur upon heating, resulting 

in macroscopic shrinkage in the printing direction. 

3.2 Results and Discussion 

3.2.1 4D Printing via DIW and DLP 

To enable freestanding DIW printing of LCEs on-the-fly with DLP printing of optional 

structures, two challenges need to be overcome. First, the LCE ink should be cured rapidly upon 

extrusion. Second, the light used for curing LCEs should not polymerize the DLP inks. To address 
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the first challenge, a laser-curable and room-temperature-printable LCE ink (Figure 3.1A) is 

formulated. In addition to the typical LCE inks that contain the diacrylate mesogens RM257 ((1,4-

Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene) and RM82 (1,4-Bis-[4-(6-

acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene) and the dithiol flexible spacer EDDET 

((2,2’-(ethylenedioxy) diethanethiol), a trifunctional acrylate-based crosslinker (Pentaerythritol 

triacrylate (PETA)) is added for self-supporting and fast free-radical polymerization. To address 

the second challenge, we use a visible-light photoinitiator PI 784 ((bis(2,6-difluoro-3-(1-

hydropyrrol-1-yl)phenyl)titanocene) to cure the LCE ink by lasers with a wavelength of 450 nm. 

As shown by the UV-Vis characterization in Figure 3.2, such specially selected photoinitiator and 

laser wavelength can effectively avoid unexpected curing of DLP inks, which use a UV-light 

photoinitiator PI 819 ((phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide) for 

photopolymerization, whose absorption ends near 450 nm. Also, the addition of the photo-absorber 

Sudan I into the DLP resins can further avoid unexpected curing by the laser, as this orange-red 

dye shows great light absorbance at 450 nm (Figure 3.2). This rational design strategy is applied 

to all the optional DLP resins, including the rigid structural ink, the flexible structural ink, and the 

soluble supporting ink.  
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Figure 3.2 – UV-Vis characterizations of different photoinitiators and photo-absorbers. The 

concentration of PI 819, PI 784, and SUDAN I in IPA are 0.05 wt%, 0.05 wt%, and  

0.0018wt%, respectively. 

As schematically depicted in Figure 3.1B, the optimized custom-built hybrid printing 

system [143] consists of two parts, namely, a laser-assisted DIW system and a DLP system (see 

Experimental Section for details). The build platform is mounted on a shared linear stage in the z-

direction of the two systems. When the platform travels downward along the z-direction to the 

resin vat, the DLP projector irradiates the light pattern and selectively cure the resin layer-by-layer. 

When the platform is in the DIW position above the resin vat, the planar movement of the printing 

head in x- and y-directions can be coordinated with the z stage. The printing procedures are 

conducted by alternating the DIW and the DLP printing on demand. The LCE fibers are not limited 

to be printed in the xy-plane and can be inserted into DLP printing procedures as needed. For 

normal top-down DLP printing, there is always a thin layer of liquid resin on the top surface that 

remains uncured due to oxygen in the air, which inhibits free-radical polymerization [149, 157]. 

This tacky surface shows poor adhesion to the LCE filaments [143] and makes the bonding 

extremely challenging when stretching is needed during LCE extrusion for better actuation. To 
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overcome this issue, we purge oxygen by importing a protective gas (CO2) to the resin vat so that 

the DLP printed parts can be fully cured and dried for better bonding with LCE filaments. 

In preparation of the LCE ink, the acrylate-terminated LC chains (mesogens) (Figure 3.1C) 

are first formed by a thiol-acrylate Michael addition reaction (Figure 3.3). At this point, the 

oligomers exhibit a printable viscosity (Figure 3.4). The mesogens can be aligned by shearing as 

being extruded through the nozzle and also by stretching due to the mismatch between the 

extrusion speed and the printing speed. Upon extrusion, the ink is immediately crosslinked by a 

laser module to fix the mesogen alignment. The laser module has four 450 nm lasers (Qiaoba 450 

nm 5 mW blue dot laser diode, purchased from Amazon (Seattle, US)) to ensure unblocked 

irradiation of the extruded LCE ink. Because the laser is irradiated from the side with a tilted angle 

(~ 45°), the effective irradiation area on the printing plane has an elliptical shape (Figure 3.5). The 

four laser beams have an overlapping area of 4 mm diameter and provide a light intensity of ~112 

mW/cm2. The printed LCE filament can be actuated to exhibit shrinkage along the printing 

direction upon heating. 
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Figure 3.3 – Two-step reaction of LCE ink. (A) The functional groups in the LCE 

components. The (B) reactions and (C) the schematics of the two-step reaction of LCE ink. 
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Figure 3.4 – Characterizations of the LCE ink rheology. (A) Apparent viscosity of the LCE 

ink, showing shear thinning. (B) Shear storage and loss moduli of the LCE ink. 

 

Figure 3.5 – Schematic figure of the laser-beam pattern. The beams of four dot laser diodes 

(5 mW, 450 nm) are projected on the xy-plane, and the orientations of the semi-major axis 

of the elliptical areas are 0°, 30°, 60°, and 120° to the x-axis. The light intensity of the central 

area is ~112 mW/cm2. 
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Figure 3.6 – Characterizations of the LCE ink and printing parameters. (A) Schematic 

illustration showing the effect of the mismatch between the extrusion speed (ve) and the 

printing speed (vp) during freestanding DIW printing of the LCE ink. (B) LCE fibers 

extruded by nozzles of different sizes in the static condition at 60 psi. (C) The relationship 

between the nozzle cross-section area and the extrusion speed under a constant pressure (60 

psi, n = 4). (D) The extrusion speed as a function of the pressure (with a nozzle of 20 Ga, n = 

4). (E) Freestanding LCE fibers printed at different speeds. The LCEs are printed on a frame 

with a span of 50 mm (top). For actuation, one end of each fiber is cut, and a mass of 0.3 g is 

attached. The fibers show graded actuation upon heating to 120 ℃ (bottom). (F) The 

relationship between the printing speed and the fiber diameter d (20 Ga, 60 psi, error bars 

represent the diametral standard deviation of the fibers). (G) The actuation test results of 

the freestanding LCE fibers with different printing speeds. Scale bars: 10 mm. 

3.2.2 Dependence of LCE properties on printing parameters 



 

52 

For freestanding LCE structures, the alignment of the mesogens is one of the most 

important properties concerning thermo-mechanical behaviors. As shown in Figure 3.6A, during 

printing, the alignment can be considered as a two-step procedure: first, the alignment is induced 

by shearing [118, 128, 136-142] as the ink is extruded out of the nozzle; and second, the alignment 

is further strengthened by stretching [132] due to the mismatch between the extrusion speed (ve, 

determined by the printing pressure and the nozzle size) and nozzle moving speed (vp, the printing 

speed). It should be noted that the selection of printing parameters concerning the speeds is also 

affecting the properties of the LCE, such as the filament diameter d, and curing status due to 

different effective curing time under different speeds. These properties of the LCE are important 

as they are related to the ability to stand freely against gravity, while the DLP materials are of less 

concern due to their greater stiffness. 

To optimize the performance of the freestanding LCE, we study the relationship between 

the printing parameters and the properties of the printed LCE filaments, including the filament 

diameter, gel fraction, and actuation. First, as an important physical dimension related to the 

stiffness of the freestanding structure, the diameter of the filaments printed by different nozzles is 

studied. As shown in Figure 3.6B, the static extrusion test (by keeping the nozzle static and 

extruding without stretching the filament) is conducted at 60 psi with different nozzles, namely, 

22 Ga, 20 Ga, 18 Ga, and 17 Ga, of which the inner diameters are 0.46 mm, 0.64 mm, 0.99 mm, 

and 1.2 mm, respectively. All the nozzles are 12.7 mm in length. The measured diameters of the 

printed filaments are 0.59 mm, 0.76 mm, 1.34 mm, and 1.42 mm, which are larger than the inner 

diameters of the nozzles because of the non-Newtonian-fluid nature of the ink. The viscosity of 

the ink is tested and shown in Figure 3.4, showing shear thinning with the increasing shear rate. 

We then study the parameters related to the extrusion speed ve. The ink is viscous but still printable 
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at room temperature with a pressure booster (all pressure values are those supplied to the pressure 

booster, resulting in an intensified effective pressure to the syringe, which is four times the reported 

value). Figure 3.6C shows the effect of the nozzle size on the extrusion speed under a constant 

pressure applied (60 psi), demonstrating an inverse square relationship. Similarly, the extrusion 

speed can also be approximated as a linear function of the pressure (Figure 3.6D). In general, the 

selection of the above parameters can be guided by the Hagen–Poiseuille law for an optimized 

extrusion speed [158, 159]. 

 

Figure 3.7 – Polarized optical microscope (POM) images of LCE fibers with different 

printing speeds. 
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Figure 3.8  – Comparison of the actuation strain of the LCE fibers printed with different 

speeds (60 psi, 20 Ga). 

The effect of printing speed vp to the actuation of the freestanding LCE fibers is then studied. 

As shown in Figure 3.6E, seven freestanding LCE fibers are printed along a horizontal path on a 

frame with a span of 50 mm using the same nozzle (20 Ga) under the same pressure (60 psi) but 

at different printing speeds. Therefore, the degree of stretching during the printing is different. 

This difference in stretching not only causes the different filament diameters (as plotted with 

respect to the printing speed in Figure 3.6F) but also results in different alignment and thus 

actuation. The assumption described above is further validated by the polarized optical microscope 

images (Figure 3.7), which shows the increase of alignment with the increase of printing speed. 

To visually present the variation of actuation by the graded printing speed, the fibers are cut at the 

edge of the frame and attached with a nut (0.3 g). Upon heating to 120 ℃ in an oven, the fibers 

demonstrate different actuation strains corresponding to different printing speeds. Another group 

of fibers is printed to further quantify the actuation strain as a function of temperature, as shown 

in Figure 3.6G (more details of the actuation strain test can be found in the Experimental Section). 

Here, the actuation strain is defined as ratio between the length change and the original length at 
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20 ℃. The maximum actuation strain of different fibers increases with the printing speed from -

14.2% at 20mm/min and saturates at -40.1% strain at 80 mm/min (Figure 3.8), indicating stretching 

can significantly enhance actuation. As demonstrated in the actuation cycles as plotted in Figure 

3.9, the actuation of the freestanding LCE fibers are stably repeatable. Although faster printing 

speed generally results in better actuation, there is a trade-off in fiber strength as not only does the 

diameter decrease but also the effective curing time decreases. Therefore, the photocuring speed 

of the acrylate groups in the LCE ink sets the upper limit of the printing speed if the light intensity 

of the lasers is not increased. The side view (Figure 3.10) of the as-printed fibers in Figure 3.6E 

shows that the fibers are strong enough to maintain the shape as the printing speed is below 120 

mm/min, and the deflections of the freestanding fibers are small (< 2.2 mm over a 50 mm span). 

The diametral variation along the printed fibers is also characterized and plotted in Figure 3.10. 

To quantify the photocuring of the freestanding fibers under different speeds (20 Ga, 60 psi), the 

gel fraction (GF) of the fibers without further post-curing is tested and plotted in Figure 3.11. At 

20 mm/min, the GF measures 74%, and it decreases to 45% as the printing speed increases to 120 

mm/min. For the fibers fully cured after post-curing, the GF measures 89%. In the rest of the paper 

(except for the graded lattice printing), to ensure good printing quality and curing, the DIW 

printing is set at 60 mm/min (vp) using 20Ga nozzle at 60 psi pressure, which gives a GF of 55% 

and an actuation strain of -34.4%. The DLP printing is conducted at 5 s curing time per 50 m 

layer for all the inks. 
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Figure 3.9 – Actuation strain of the LCE fiber (vp 120 mm/min) upon cycling temperature. 

The temperature ramp rate is 5 ℃/min. 
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Figure 3.10 – The side view, top view, and diameter variation of the LCE fibers printed at 

different speeds. The maximum central deflection of the fiber (20 mm/min, 50 mm span) is 

2.11 mm. The standard deviation of the fibers’ diameter ranges from 0.048 mm to 0.105 mm 

at different speeds. Thinning in fiber diameter is observed from fibers with higher printing 

speeds. Periodic fluctuations (e.g. fiber vp 40 at length 35-55 mm) may occur due to the 

imperfections in printing condition. Scale bar: 10 mm. 
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Figure 3.11 – Gel fraction test of the fibers printed at different speeds without further post-

curing. 
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Figure 3.12 – Hybrid printing of LCE-embedded active lattices. (A) Schematic figures 

showing the printing procedure of a hybrid cuboid lattice with three independent 

freestanding LCE layers. Step 1: printing LCEs on the platform by DIW; Step 2: printing 

the first part of the pillars by DLP; before moving to the next step, CO2-assisted surface 

curing is performed to obtain fully cured dry standing points for LCE fibers; Step 3: 

bridging the DLP printed pillars with freestanding LCEs by DIW; Step 4: continuing to 

finish the DLP pillars and cure the top surface with CO2. Step 5: finishing DIW printing of 

freestanding LCEs. (B) The design, finite element analysis (FEA) simulation result, printed 
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part, and the experimental actuation of the hybrid cuboid lattice with the LCE embedded as 

shown in (A). (C) The design, FEA simulation result, printed part, and the experimental 

actuation of the circular lattice. Scale bars: 10 mm. 

3.2.3 Active lattices with embedded LCE 

The integration of freestanding LCEs with passive materials grants a new design space for 

creating active structures, as the unbounded LCE fibers enable various modes of actuation, which 

can greatly expand the functionalities of the printed active composites. To demonstrate this 

capability, we start with LCE-embedded lattices. Figure 3.12A shows the design of a cuboid lattice 

with three embedded LCE layers and the schematic illustrations of the printing procedure. In Step 

1, the first LCE layer is printed on the platform, which becomes freestanding when removed from 

the platform after printing. In Step 2, the first section of the pillars is printed by DLP, using the 

rigid structural ink (see Experimental Section for details of the ink). When the last DLP layer is 

cured before Step 3, CO2 is imported to the resin vat (regulated at 1 psi), and the top surfaces of 

the pillars are fully cured and dried in 1 min (the same for all cases), providing strong adhesion to 

the LCE filaments. In Step 3, the LCE filaments are printed to connect the DLP pillars. For each 

LCE fiber, pre-extrusion with laser on is performed for 2 s to fix the LCE filament on the DLP 

pillar before the nozzle movement, and then the nozzle moves towards the ending point. The 

extrusion and laser curing are continued for 2 s upon arrival at the ending point. To finish, the 

nozzle moves quickly (150 mm/s) along the fiber orientation to break the filament. In Step 4, 

another half of the DLP pillars is printed, and the CO2-assisted surface curing is conducted before 

Step 5. Finally, in Step 5, another layer of LCE filaments is printed in the same way as in Step 3. 

The printed lattice is washed with isopropyl alcohol (IPA) and post-cured for 15 min under 380 

nm UV light (all materials with either PI 819 or PI 784 can be further crosslinked by 380 nm UV 

light, see Figure 3.2). To predict the actuation behaviors of the printed active composites, the finite 
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element analysis (FEA) simulation is conducted (More details about FEA model can be found in 

the supplementary methods. See Figure 3.14 for the nominal strain contour). As shown in Figure 

3.12B, the experimental results match the simulation results well. The overall actuation strain of 

the lattice, measured in the x- and y- directions (as indicated in Figure 3.12B), is 23% and 29%, 

respectively. We can also replace part of the LCE filaments with DLP printed bridges, so that the 

actuation of the lattice in each direction can be tunable. Similarly, we design and print a circular 

lattice with two layers of LCE filaments (Figure 3.12C). In each LCE layer, two concentric LCE 

circles are connected by the DLP bridges. Therefore, when the structure is heated, the distance 

between the LCE circles is not changing, but an obvious change in the total diameter (from 40 mm 

to 30.4 mm) of the lattice is demonstrated, which is well predicted by the FEA simulation. 

 

 



 

62 

 

Figure 3.13 – Hybrid printed active tensegrity and actuator. (A) A hybrid printed active 

tensegrity with rigid DLP-printed rods and freestanding LCE strings. From left to right, 

shown are the design, FEA prediction of the collapsed status released from the printing 

platform under gravity, the actuated state with a dramatically increased height upon heating, 

and the relaxed state after cooling down. The printed structure and the experimental 

actuating process are shown below for comparison. (B) A hybrid printed actuator with 

tunable structural stability. The redundant freestanding LCE fibers on the structure 

(printed by flexible structural ink) will not increase the stability of the structure until heated. 

The design and FEA prediction of the actuation are compared with the as-printed part and 

the experiment. Scale bars: 10 mm. 
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Figure 3.14 – Finite element simulation of LCE-embedded active lattices. The design and 

LCE fiber nominal strain of (A) the hybrid cuboid lattice and (B) circular lattice at the initial 

and deformed configurations. 

 

3.2.4 Active tensegrity and actuator with tunable stability 

In addition to the lattices with controllable shrinkage, we further demonstrate more 

functionalities that can be achieved by this novel hybrid 3D printing method. Tensegrity is a class 

of structures consisting of compressive stiff struts and tensional strings. Although active tensegrity 

has been developed [160-162], such structures need to be assembled due to the complexity of 

combining rigid and soft materials and the isolation of rigid struts with different orientations; it 

still remains a significant challenge to directly fabricate them by an AM approach. Enabled by the 

freestanding LCE printing capability, we can directly print active tensegrity with rigid rods and 
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LCE strings without post-printing assembly. As shown in Figure 3.13A, a layer of LCE strings is 

first printed on the platform. Then, the inclined rods are printed by the DLP rigid ink with Young’s 

modulus of 1.8 GPa. This high stiffness helps the printing of the challenging unsupported inclining 

rod, which has a small slope (8 mm/40 mm). To ensure good bonding between the DLP rods and 

the glass platform, the ends of the rods are slightly enlarged, and the first three layers are cured for 

25 s. At the end of the DLP printing process (the top surface of the rod), the CO2 gas is imported 

to cover the resin vat so that a fully cured dry surface is ready for printing LCEs. Finally, the 

freestanding LCE strings are printed with 2 s of excessive extrusion time at the bonding points. 

This active tensegrity is relaxed under gravity when released from the printing platform. When it 

is heated, dramatic change in height (from 5.8 mm to 28 mm) is exhibited (Figure 3.13A). The 

experimental procedures, including the relaxation under gravity, the actuation upon heating, and 

the recovery at cooling, are predicted by FEA simulation, and the results show a good match 

(Figure 3.15 shows the nominal strain contour plots from simulations). 
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Figure 3.15 – Finite element simulation of active tensegrity and actuator. The design and 

LCE fiber nominal strain of (A) the active tensegrity and (B) the actuator with tunable 

structural stability. 

 

Furthermore, we create a hybrid printed actuator with tunable structural stability, as shown 

in Figure 3.13B. The actuator consists of a square main body with flexible hinges at the corners. 

Two groups of LCE fibers with excessive length are designed to connect the bottom corners to the 

top center of the main body. To print the relaxed LCE fibers with excessive length, we take the 

advantage of printing on-the-fly and write LCE fibers in 3D space. As shown in Figure 3.16, in 

DIW printing, the first point of the LCE is fixed on the platform through an excessive extrusion of 

2 s. The DIW module then moves upwards above the ending point with the pressure and laser on, 

so that the extruded filament length is longer than the distance between the starting and ending 

points. When the extrusion is finished, the DIW module stops extruding and laser curing and 

moves down in a detour to manipulate the orientation of the fiber on the platform. Finally, an 

excessive extrusion is conducted at the ending point to fix the other end of the fiber on the glass 
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slide. The main body of the actuator is printed in a square shape by the DLP system with the 

flexible ink, and the top surface is also processed by CO2-assisted curing before the last group of 

redundant LCE fibers are printed. Because of the soft corners used in the main body, it is not stable. 

The LCEs fibers, due to their excessive length, do not provide any force and thus the support to 

the structure at room temperature. Therefore, when the loads are placed on the top surface, the 

main body falls into a parallelogram shape. However, once the structure is heated, the LCE fibers 

are actuated and become short, thus imposing a tensile force to the structure and changing its 

stability. As shown in Figure 3.13B, the main body recovers to the square configuration upon 

heating and lifts the loads. The angle change is measured at 72°, while the height change is 14.6 

mm (13.4 mm to 28 mm) during the actuation. It is worth noting that the weight of the structure is 

2.359g and the load is 6.733 g, while the LCE fibers only weigh 73.72 mg, giving a high load-to-

weight ratio of 123. Similarly, FEA simulation is also conducted to predict the behavior of the 

actuator (nominal strain contour plots are provided in Figure 3.15). More details of the FEA 

prediction can be found in the Supporting Information. As shown in these demonstrations, the 

integration of freestanding LCE printing with DLP opens a new way to fabricate architectures for 

applications such as soft robots and smart structures. 
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Figure 3.16 – Printing procedures of relaxed LCE fibers with extra length. Step 1: Extrude 

with laser on and move towards a certain height above the destination point. Step 2: Stop 

extrusion and move the nozzle with a detour to manipulate the position of the LCE fiber. 

Step 3: Extrude with laser on to fix the endpoint of LCE fiber on the supporting structure. 

Step 4: Move the nozzle quickly to break the LCE filament and lift up the nozzle. 
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Figure 3.17 – 3D spatial LCE lattices. (A) The design and the printed structure of an LCE 

pyramid after dissolving the DLP-printed soluble supports, and the FEA prediction (color 

represents nominal strain along fiber direction) compared with experimental actuation of 

the LCE pyramid. (B) A cellular LCE lattice with graded actuation enabled by different 

printing speeds (50, 40, and 30 mm/min from the left to the right column, respectively). 

Shown are the design, the printed architecture after dissolving the DLP printed supports, 

and the FEA simulation (color represents nominal strain along fiber direction) compared 
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with the experimental actuation of the lattice. (C) The application of the graded LCE lattice 

to launch the roller with a tilted surface upon heating. Scale bars: 10 mm. 

3.2.5 3D spatial LCE lattices 

The hybrid printing method also enables the fabrication of the LCE lattice with soluble 

DLP-printed supports. The actuation of LCE filaments is hence no longer limited to planar 

shrinkage but can be programmed in 3D space. To demonstrate this capability, an LCE pyramid is 

designed and printed, as shown in Figure 3.17A. Here, all the turning points of the LCE filaments 

are supported by the DLP printed pillars. First, the supporting pillars with different heights are 

printed using the removable supporting ink by DLP. Then, the LCE filaments are knitted by DIW 

on the top of the pillars. To fix the LCE filaments on the platform, excessive extrusion with laser 

on is performed for 2 s at the beginning and ending points. After printing, the whole architecture 

is washed by IPA and post-cured for 5 min under UV light (380 nm) to ensure that the LCE is fully 

crosslinked. Afterwards, the supporting pillars are removed after being dissolved in water for 4 h, 

leaving the LCE pyramid only. The freestanding LCE pyramid can well support itself against 

gravity. Upon heating at 120 ℃, the LCE pyramid collapses and the total height decreases from 

23 mm to 6.83 mm (70.3% decrease in height). This collapsing actuation is successfully predicted 

by FEA simulation, as shown in Figure 3.17A. More details of the FEA prediction can be found 

in the Supporting Information.  

As shown in Figure 3.6E and Figure 3.6G, the printing speed can affect the actuation strain. 

We further harness this extra design space to fabricate the functionally graded LCEs. As shown in 

Figure 3.17B, a 3-by-3 cellular LCE lattice is designed and printed. In this cellular lattice, three 

columns of LCE cells are printed on the DLP supporting pillars with different printing speeds, 

namely, 50 mm/min, 40 mm/min, and 30 mm/min, from left to right, respectively. Excessive 
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extrusion with laser on is also conducted for 2 s at the joints with the platform. All other printing 

parameters are kept the same as those with the pyramid. The supporting pillars are removed by 

dissolving them in water for 4 h. Upon heating at 120℃, the lattice demonstrates graded actuation 

with respect to the printing speed, and the column on the left (50 mm/min) collapses the most 

(42.1% in height), while the column on the right shows the least deformation (17.1% in height). 

The graded actuation is successfully predicted by FEA, where three material models with different 

thermal expansion coefficient profiles are used. More details of FEA can be found in Supporting 

Information. As an application of this functionally graded LCE lattice, a roller launcher is 

demonstrated in Figure 3.17C. A 50 mm × 75 mm × 1 mm glass slide is placed on top of the lattice, 

and the slide is horizontally leveled to hold a cylindrical roller at room temperature. However, 

once the LCE lattice is heated, the glass slide begins to incline. The angle of incline increases as 

the temperature increases. At 9 s from the beginning of heating, the roller rolls away. After 36 s of 

cooling in the air, the slide recovers to the horizontal position. The capability to print 3D spatial 

LCE lattices offer new opportunities for applications in active metamaterials and smart wearable 

devices. 

3.3 Experimental Section 

3.3.1 Materials 

2-Methyl-1,4-phenylene bis(4-(3-(acryloyloxy)propoxy)benzoate) (RM257) and 2-Methyl-

1,4-phenylene bis(4-(6-(acryloyloxy)propoxy)benzoate) (RM82) are purchased from Wilshire 

Technologies (Princeton, NJ, USA). Bis(2,6-difluoro-3-(1-hydropyrrol-1-yl)phenyl)titanocene (PI 

784) is purchased from Gelest Inc (Morrisville, PA, USA). 2,2’-(Ethylenedioxy)diethanethiol 

(EDDET), Pentaerythritol triacrylate (PETA), Isobornyl acrylate (IBOA), Tricyclodecane 



 

71 

Dimethanol Diacrylate, Catalyst triethylamine (TEA), radical inhibitor butylated hydroxytoluene 

(BHT), Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (PI 819), and Sudan I are purchased 

from Sigma-Aldrich (St. Louis, MO, USA). The fluorescent dye Solvent Green 5 is purchased 

from Orichem International Ltd. (Hangzhou, China). 4-Acryloylmorpholine (ACMO) is purchased 

from TCI American (Portland, OR, USA). ToughPointTM (clear resin) is purchased from 

Adaptive3D (Dallas, TX, USA). All chemicals and materials are used as received without further 

purification. 

3.3.2 Preparation of LCE ink 

To prepare the LCE ink, the method reported by Saed et al. [112] is modified and optimized 

for preventing the ink from being cured by the ambient light during the ink-making procedures, 

and for assuring a proper room-temperature-printable ink viscosity can be yield before usage. First, 

the LC diacrylates, RM82 and RM257 (RM82:RM257 weight ratio = 75:25) are mixed with the 

dithiol spacer EDDET and the crosslinker PETA. The molar ratio is 1.16:1:0.18 for thiol: LC 

acrylate: crosslinker acrylate. For better visualization, 0.01 wt% of fluorescent dye Solvent Green 

5 is also added. The mixture is melted at 80 ℃, and mixed with 0.6 wt% of PI 784, 2.5 wt% of 

BHT, and 0.6 wt% of TEA. Finally, the mixture is transferred to a 10 cc UV-blocking syringe and 

put in the oven at 65 ℃ for 3 h for oligomerization. The ink is stored at -18 ℃ before usage, and 

is recovered to room temperature (20~25°C) during printing. The Differential scanning 

calorimetry characterizations of the LCE ink and cured LCE is shown in Figure 3.18, and the DMA 

characterization of the cured LCE is plotted in Figure 3.19.  
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Figure 3.18 – Differential scanning calorimetry (DSC) characterizations of the LCE ink and 

cured LCE. 

 

Figure 3.19 – DMA characterizations. (A) Fully cured LCE; (B) The flexible structural 

material ToughPoint. 

 

3.3.3 Preparation of DLP inks 

Rigid structural ink: a previously reported resin [163] is used as the rigid structural ink. 

IBOA and tricyclodecane dimethanol diacrylate are mixed with a weight ratio of 80:20. 0.8 wt% 
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of the PI 819 and 0.04 wt% of Sudan I are also added. A 50 μm layer is cured for 5 s. The cured 

resin shows a good linear elastic behavior with a high Young’s modulus of 1.8 GPa [163].  

Flexible structural ink: commercially available acrylate-thiol photopolymer resin 

ToughPointTM is adopted. In addition, 0.07 wt% of Sudan I and 0.8 wt% of PI 819 are also added 

for optimal DLP printability. A 50 μm layer is also cured for 5 s. The cured material is tough at 

room temperature but becomes flexible when it is heated up (Tg = 44 ℃, DMA characterization 

plotted in Figure 3.19).  

Soluble supporting ink: a single-monomer ink with ACMO is used as the soluble supporting 

ink. 0.5 wt% of PI 819 and 0.07 wt% of Sudan I are added as the photoinitiator and photo absorber, 

respectively. The low viscosity of the ink ensures the ease of DLP printing. A 50 µm layer of ink 

can be photopolymerized (Figure 3.20) in 5 s. 

 

Figure 3.20 – Polymerization of the soluble supporting ink (ACMO). 

 

3.3.4 Actuation Measurement 

The actuation of the LCE samples is measured on the dynamic mechanical analyzer using the 

controlled force (1 mN preload) method. Sample fibers (20 mm in length) are first heated to 120 
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oC and stabilized for 10 min. Then, a temperature ramp of -5 oC min-1 is applied to cool the sample 

down to -20 oC. More details can be found in Supporting Information. 

3.3.5 Supplementary methods  

UV-Vis characterizations The photoinitiators and dye are dissolved by IPA, and the 

solution is contained in cuvettes with a path length of 10 mm. The UV-vis absorption spectroscopy 

is obtained by a UV/Visible spectrophotometer (Ultrospec 2100 pro, GE Healthcare, Chicago, IL, 

USA) with an interval of 1 nm over the spectral region of interest. 

Rheological property measurements The rheological properties of the LCE ink are 

measured using a rotational rheometer (Discovery HR-2, TA Instruments, New Castle, DE, USA) 

at 25 °C (using a 20-mm-diameter cross-hatched plate, gap height of 0.5 mm). Apparent viscosities 

are tested via steady-state flow experiments with a sweep of shear rates (0.1 - 400 s−1). Shear 

storage moduli as a function of shear strain are measured by oscillation experiments at a fixed 

frequency of 1 Hz with a sweep of the strain of (0.02% - 5000%). 

Measurement of the filament diameters The density of the bulky LCE ink is first measured 

by weighting a fine syringe before and after extruding a certain volume amount of LCE ink, which 

measured 1.215 g/cm3. Then we assume that the density of the ink is constant with different 

printing parameters, and we assume that the LCE filaments are perfectly cylindrical. Then the 

diameter of the filament is calculated by 

 

𝑑 = √
4𝑤

𝜋𝐿𝜌
 (3.1) 



 

75 

where w is the weight of the filament, ρ the density, and L is the length of the filament. 

Diameter variation To quantify the variation of the fiber diameters, we measured the 

diameter change along the fiber-direction directly through the photo of the fibers (Figure 3.6E) by 

Matlab. The original photo was cropped and transferred into grayscale, then the edges were 

detected using the Sobel method in MATLAB. Figure 3.10 shows the variation of the diameter 

along the fiber (printing) direction. 

Gel fraction measurement LCE fibers are extracted in acetone for 10 days to characterize 

the GF of the networks. LCE fibers (40 mm in length) are printed at different speeds (four samples 

for each speed group). The weights of the fibers are measured before a week of extraction in 

acetone in 20 mL vials. After extraction, the samples are dried for 24 h in an oven at 80°C, and the 

weights are measured again. The GF is calculated by the following equation: 

 𝐺𝐹 =
𝑤𝑓

𝑤𝑖
× 100% (3.2) 

where wi is the initial weight and wf is the dry weight after extraction. 

Polarized optical microscope Leitz polarizing microscope by Martin Microscope Co. 

(Easley, South Carolina, USA) is used to observe the alignment of mesogens in the printed LCE. 

Images are taken by a Canon EOS6D camera with an LED light source. The light beam from the 

LED light source is polarized by a rotatable linear polarizer, and another linear polarizer is placed 

in front of the camera for parallel or cross polarization. As shown in Figure 3.7, three groups of 

images are presented, including the group with the analyzer parallel to polarizer, and two groups 

under cross polarization, with fiber direction oriented at 0° and 45° to the polarizer, respectively. 
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By comparing the brightness of two groups under cross polarization, we can examine the 

mesogens’ alignment in the fibers. In fibers printed by a low speed, the difference in brightness is 

small when the fiber is rotated, this indicates a small order parameter. With the increasing of the 

printing speed, the brightness change upon rotation is more obvious, indicating the increase of 

order parameter with the increase of printing speed. 

Differential scanning calorimetry (DSC) DSC measurements are carried out using TA 

Instruments Q200 (New Castle, DE, USA). Samples are The samples sealed in the aluminum pans 

are equilibrated at −30 °C and heated to 120 °C to erase thermal history, cooled to −30 °C, and 

then heated to 120 °C. The heating and cooling rate is 10 °C min−1. 

Dynamic mechanical analysis (DMA) DMA is performed using a dynamic mechanical 

analyzer (Model Q800, TA Instruments, New Castle, DE, USA). Samples (LCE fibers size: length 

20 mm, diameter about 0.8 mm; Toughpoint sample size: 20mm × 3 mm × 0.2 mm) are first cooled 

to -50 °C and stabilized for 10 min to reach thermal equilibrium. A preload of 1 mN is applied, 

and the strain oscillates at a frequency of 1 Hz with a peak-to-peak amplitude of 0.1%. The 

temperature is increased from – 50 ℃ to 125 ℃ at a rate of 3℃ min-1. 

3.3.6 Hybrid Printing System  
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Figure 3.21 – The design and actual photo of the hybrid printer. 

As shown in Figure 3.21, the hybrid printing system integrates the DIW system and the 

DLP system. The DLP projector (D912HD, Vivitek, Hoofddorp, Netherlands) with modified 

optics by B9Creator (Rapid City, SD, USA) is fixed above the printer frame with 3D motion stages, 

which is adapted from a commercial fused filament fabrication 3D printer (Ender 5, Shenzhen 

Creality 3D Technology Co., Ltd., Shenzhen, China). The printing substrate (50.5 mm × 75.5 mm 

glass slide with a black opaque film) is mounted on the z-motion stage, which is shared by both 

the DIW and the DLP systems. As the printing substrate travels down to the resin vat, light from 

the projector selectively cures the liquid resin. A lab jack is placed under the resin vat, and the 

height is calibrated, so that the ink surface in the vat is leveled at the zero position of the DLP 

system, at which the projector is focused. As the printing substrate travels to the upper range, all 

three motion stages work coordinately for freestanding DIW printing. The extrusion of inks in the 

syringe is pneumatically controlled by a dispenser (Ultimus I Nordson EFD, East Providence, RI, 
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USA), and a pressure booster (HP10cc, Nordson EFD) is used to increase the pressure applied to 

the syringe. The laser curing module and the pressure booster (HP10cc, Nordson EFD) are 

mounted on the x-y-motion stage.  

The light intensity of the projector is measured by a Radiometer Photometer (ILT1400-A, 

International Light Technologies Inc., Peabody, MA, USA). The light intensity of the DLP 

projector is about 10.5 mW/cm2. 

3.3.7 Finite element analysis models 

Finite element analysis is performed to guide the structural designs for laser-assisted hybrid using 

the commercial software ABAQUS 2020 (Dassault Systemes, Vélizy-Villacoublay, France). 

Model dimensions, moduli and densities of LCE and inactive structures, orthotropic thermal 

expansion coefficients of the LCE fibers, and the applied temperature are the inputs to predict the 

thermal actuation of each design. For LCE fibers, a linear elastic model is used with Young’s 

modulus of 1.4 MPa, Poisson’s ratio of 0.49, and density of 1215 kg/m3. Graded LCE fibers printed 

with different printing speeds (vp = 30, 40, 50, 60 mm/min) show -19.1%, -23.3%, -29.3%, and -

34.4% strain at 120 °C (reference temperature 20 °C) based on experimental measurements, and 

are modeled with four sets of orthotropic thermal expansion coefficients (See   
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Table 3.1 for details of the coefficients). For DLP printed rigid structures, a linear elastic model 

with Young’s modulus of 1800 MPa, Poisson’s ratio of 0.3, and density of 1215 kg/m3 is adopted. 

The DLP printed flexible structures are modeled with a simplified linear elastic material with 

Young’s modulus of 10 MPa, Poisson’s ratio of 0.49, and density of 1215 kg/m3. For simulations 

of LCE-embedded active lattices and pure LCE latices, element C3D8H is used. Three static steps 

are created, including applying the gravity, ramping up the structure temperature from 20 °C to 

120 °C, and cooling the structure from 120 °C to 20 °C. For LCE active tensegrity and LCE 

actuator with tunable stability simulations, element C3D8R is used. Similarly, three steps of 

applying the gravity, heating the structure from 20 °C to 120 °C, and cooling the structure back to 

20°C are simulated. Surface-to-surface contact (explicit) is used with conditions of finite sliding, 

frictionless, and hard contact. For the simulation of the LCE actuator with tunable stability, a half 

model is adopted to save the computational time, and two concentrated forces of 0.02 N and 0.013 

N are applied to the top right and top left edges of the half model to represent the loading weights. 

For the LCE pyramid, a quarter model is adopted to save the computational time for the three-step 

simulation, including applying the gravity, heating the structure from 20 °C to 120 °C, and cooling 

the structure back to 20 °C. For the graded LCE lattice printed under different printing speeds (vp 

= 30, 40, 50 mm/min), three material models with different orthotropic thermal expansion 

coefficients (  
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Table 3.1) are assigned to the model. The BCs of the standing feet are set as encastre, and the 

three-step simulation is also adopted. 
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Table 3.1 – S1 - Table of coefficients of expansion used in FEA.  

Printing speed 60 mm/min 
 

Printing speed 50 mm/min 

alpha11 alpha22 alpha33 Temp 
 

alpha11 alpha22 alpha33 Temp 

0 0 0 0 
 

0 0 0 0 

-0.00247 0.001237 0.001237 20 
 

-0.00211 0.001054 0.001054 20 

-0.0035 0.001749 0.001749 40 
 

-0.00298 0.00149 0.00149 40 

-0.00487 0.002434 0.002434 60 
 

-0.00415 0.002073 0.002073 60 

-0.00424 0.00212 0.00212 80 
 

-0.00361 0.001806 0.001806 80 

-0.00344 0.001722 0.001722 100 
 

-0.00293 0.001467 0.001467 100 
         

Printing speed 40 mm/min 
 

Printing speed 30 mm/min 

alpha11 alpha22 alpha33 Temp 
 

alpha11 alpha22 alpha33 Temp 

0 0 0 0 
 

0 0 0 0 

-0.00168 0.000838 0.000838 20 
 

-0.00137 0.000687 0.000687 20 

-0.00237 0.001185 0.001185 40 
 

-0.00194 0.000971 0.000971 40 

-0.0033 0.001648 0.001648 60 
 

-0.0027 0.001351 0.001351 60 

-0.00287 0.001436 0.001436 80 
 

-0.00235 0.001177 0.001177 80 

-0.00233 0.001167 0.001167 100 
 

-0.00191 0.000956 0.000956 100 

The temperature in the table takes 20℃ as the reference 0 temperature. 

3.3.8 Statistical Analysis 

Error bars in the plots indicate the standard deviation over at least four tests on the 

specimens. All data were processed using MATLAB. 
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3.4 Summary 

In this chapter, we present a new approach for realizing 4D printing of freestanding LCE on-

the-fly by the integration of laser-assisted DIW and DLP. To enable freestanding printing, an LCE 

ink is rationally developed for rapid curing. The actuation performance of printed LCE is further 

enhanced by stretching the ink by the movement of the printing nozzle to afford the actuation strain 

up to -40%. With three optional DLP resin systems, we further demonstrate various functionalities, 

including LCE-embedded active lattices, tensegrity, actuators with tunable stability, and 3D spatial 

LCE. These demonstrations show that the combination of DIW-printed freestanding LCEs with 

the DLP-printed materials can provide new design freedom and fabrication capability for 

applications including soft robotics, smart structures, active metamaterials, and smart wearable 

devices. 
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CHAPTER 4. MULTI-COLOR 3D PRINTING VIA SINGLE-VAT 

GRAYSCALE DIGITAL LIGHT PROCESSING 

4.1 Introduction 

3D printing, or additive manufacturing, has elicited extensive attention and numerous 

research efforts in recent years[3, 164, 165]. Compared to the traditional manufacturing method, 

3D printing builds parts layer-by-layer, lending itself the capability to create complicated 

structures and customizable articles. With the development of 3D printing techniques and printable 

materials, more advanced applications have been demonstrated in a variety of areas, including 4D 

printing[37, 57, 103, 166-168], metamaterials[169-171], biomedicine[172-174], and electronics[9, 

175, 176], etc.  

One of the most promising 3D printing techniques is digital light processing, which uses a 

UV projector to selectively cure photopolymerizable resins in a vat with 2D patterns (Figure 4.1a). 

After the light exposure, the liquid resin solidifies to a layer of the polymer. By repeating this 

process, 3D parts can be formed by the accumulation of a series of 2D layers. DLP has advantages 

of high printing resolution and speed.  

However, despite the advantages in printing resolution and speed, the direct incorporation 

of multiple colors into DLP printed parts is still a challenge. Printing colorful articles are important 

in 3D printing, since colors not only provide visual effects that delight people but also serve as the 

media to store and convey information[74]. Thus, driven by the aesthetic and informative 

significance, post-processing steps, such as coating, painting, and functionalization, are typically 

adopted to impart colors to the printed parts[75-79]. Alternatively, multi-material 3D printing[54, 
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80-82] or materials with tunable colors[83] can be utilized to directly print multi-color articles. 

This is relatively easier for extrusion-based and inkjet 3D printers, as multiple nozzles can dispense 

multiple materials with different colors. By comparison, multi-material DLP printing is 

intrinsically more difficult owing to the single-batch, single-material characteristic of the vat 

polymerization mechanism. To overcome this limitation, different strategies have been employed, 

including selectively initiating independent photo-crosslinking systems[66, 84], tuning the 

grayscale of the light patterns[68, 85], and replacing the resin by customized devices, such as 

removable vat equipped with pump[86], rotating vat carousel[87], or dynamic fluidic control with 

integrated fluidic cells[88]. However, these methods either use a single vat with resins of 

unchangeable color or require sophisticated devices that involve complicated manipulation and 

cleaning, which severely restrict the efficient fabrication of multi-color 3D prints by DLP.  

In this chapter, we develop a practical and efficient approach for multi-color DLP printing. We 

successfully print multi-color parts in a single-vat, single-batch manner without post-processing 

through the combination of a diamino-substitute anthraquinone-based dye (Solvent Blue 104, or 

SB104) and precise control over the light exposure. Different from other functional dyes used in 

3D printing[177], SB104 exhibits color change in the presence of free radicals. Under UV 

exposure, the dye can be oxidized by the free radicals released from photoinitiators (Figure 4.1b), 

concomitant with a color change from blue to yellow (Figure 4.1c). The color change shows a 

strong dependence on the light dose, thus enabling a wide spectrum of colors by controlling the 

grayscale (or light intensity) of the light pattern or the exposure time in the printing process, 

needless of extra vats or devices. To precisely encode the color distribution of the samples, we 

establish the relationship between the light dose and the color of the printed samples. This 

controllable color change between inverted colors (blue and yellow) provides an informative 
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viridis-style colormap[74, 178, 179] for various applications. To demonstrate the versatility and 

efficiency of our multi-color DLP, multi-color demonstrations, such as engineering stress 

simulation results in 3D, and multi-color vases, are successfully fabricated. This novel strategy 

can be extended to anthraquinone-based dyes (Figure 4.2) with different colors (including red, 

green, and violet) to further expand the range of colors and find potential applications in the 3D 

printing industry. 

4.2 Results and Discussion 

4.2.1 Digital Light Process and Materials 

 

Figure 4.1 – The printing method and mechanism. (a) Schematics of the top-down DLP 

printer. (b)  Schematics showing the structures and reactions applied in the colored-DLP 

method. The anthraquinone-based dye (Solvent blue 104) can be oxidized by the free radicals 

released from photoinitiators (Irgacure 819) under UV light and change the color from blue 

to yellow, so that the color of the object can be locally controlled by the grayscale level in the 
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projecting slices during DLP printing. (c) The projected grayscale slice and the 

corresponding printed object with different colors ranging from blue to yellow. Scale bar: 

10mm. 

A top-down DLP 3D printer is used in this study. As shown in Figure 4.1a, it consists of 

an ultraviolet (UV) light projector (PRO4500, 385nm, Wintech, San Marcos, CA, USA), a liquid 

resin vat, and a linear motion stage (LTS150, Thorlabs, Newton, NJ, USA), on which the printing 

platform is mounted. In the printing process, slices of part cross-section images are projected by 

the projector to selectively cure the liquid resin on the top surface in the resin vat. Once a layer is 

cured, the platform goes down and is immersed by the liquid resin again so that another layer can 

be printed. In this way, the 3D object can be fabricated layer-by-layer. The entire printing 

procedure is controlled by a Python program with a graphical user interface (GUI).  

Anthraquinone derivatives are extensively used in dyeing and the textile industry, 

providing a full range of colors covering the visible wavelength band. Anthraquinone is almost 

colorless with very weak absorption in the visible wavelength range[180]. In the presence of 

additional electron-donating groups, the bathochromic shift causes significant visible wavelength 

absorptions due to the charge transfer transitions with the carbonyl groups[181]. The bathochromic 

shift increases with the electron-donating abilities of substituents and brings deeper color. 

However, decolorization happens when the stable charge-transfer state of an anthraquinone-based 

dye changes. Most dye decolorization is due to oxidation[182, 183]. The color of the 

anthraquinone-based dye changes with the level of oxidation. In DLP printing, the free radical 

concentration can be locally controlled by modulating the UV light intensity at pixel level. 

Therefore, it provides a feasible method to locally control the level of the dye oxidation by free 

radical thus results in the color change of the dye. To demonstrate this approach, a commercial 

diamino-substitute anthraquinone-based dye solvent Blue 104 (SB 104) is selected in this work. 
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The strong amino substituents attribute to the long-wavelength absorption and yield a brilliant blue 

color. It also possesses a wilder color transition in decolorization. In addition to SB 104, various 

anthraquinone-based dyes (Figure 4.2), such as Disperse Red 9 (red color), Solvent Green 3 (green 

color), Solvent Violet 13 (violet color), and Solvent Blue 35 (blue color),  also exhibit similar 

yellowing color change with the presence of free radicals, which provide a wide range of colors 

for various applications. 

 

Figure 4.2 – Various anthraquinone-based dyes with different colors also exhibit color 

change in the presence of free radicals. (a) Molecular structures of various anthraquinone-

based dyes with different colors. (b) Photos of the color change of various anthraquinone-

based dyes. Dyes are dissolved in isopropyl alcohol with 4 wt% of photoinitiator Irgacure 

819 and exposed to UV light (385 nm, 50 mW/cm2) for 2 min and 5 min, as shown in the 

second and the third row, respectively. Scale bar: 10 mm. 

 

4.2.2 Characterizations of the color change and photopolymerization 
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Figure 4.3 – Characterizations of the color change. (a) The color change of the solution 

containing SB104 dye (0.025wt%) with Irgacure 819 (0.165wt%) after different time of UV 

light exposure. (b) The UV-Vis absorption spectra of the samples shown in (a). (c) The color 

change matrix of the DLP resin under different grayscale levels (GL45-GL255) and time of 

exposure (3s-45s) to the DLP projector. (d) The grayscale figures used in (c). (e) Normalized 

degree of color change obtained from (c). 

To characterize the change of color of SB 104, UV-vis absorption spectroscopic analysis 

is performed. The samples containing the same ingredients (Irgacure 819 0.165wt% and SB104 

0.025wt%, dissolved in isopropyl alcohol) are exposed to a UV light (385 nm, 55 mW/cm2) for 0s, 

4s, 7s, 10s, 14s, 19s, and 25s, respectively. As shown in Figure 4.3a, the samples display a color 

gradient ranging from blue to yellow. It is noted that oxidation decolorization displays a 

bathochromic shift from long wavelength to short wavelength (blue (430~500 nm) – cyan 

(500~520 nm) – green (520~560 nm) – yellow (~560~580 nm))[184, 185]. This agrees with the 
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experimental results shown in Figure 4.3a. From the absorption spectra in Figure 4.3b, we can see 

that with the increase of the time of UV light exposure, the absorptional peaks at about 585 nm 

and 635 nm, which show a blue color, diminish gradually. While the absorbance between about 

430 nm to 500 nm, which shows yellow, increases. It is noted that the color change can be realized 

by free radicals released by other photoinitiators. As an example, another photoinitiator, Irgacure 

651, is also characterized. As shown in Figure 4.4, the increase of the absorption between about 

430 nm to 500 nm is more obvious. A wide choice of photoinitiators allows this method to be 

efficiently applied on a wide range of DLP printers with different UV light sources and different 

wavelengths. As tested in experiments, both Irgacure 819 and Irgavure 651 can intrigue the color 

change, while Irgacure 819 works more efficiently in the case of 385 nm UV light. 
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Figure 4.4 – UV-Vis characterizations of the color change with different photoinitiators. (a) 

The color change of the solution containing SB104 dye (0.025wt%) with Irgacure 651 

(0.165wt%) after different time of UV light exposure. (b) The UV-Vis absorption spectra of 

the samples in (a). Absorption spectra of (c) the Irgacure 819 (0.00625wt%) and (d) the 

Irgacure 651 (0.055wt%) solution before and after UV exposure. 

To utilize this color-changing mechanism in DLP 3D printing, we further characterize the 

color change within the DLP resin system. An ink system containing two acrylate-based monomers 

(2-hydroxyethyl acrylate and isodecyl acrylate), a diacrylate crosslinker (Ebecryl 8807), the 

photoinitiator (Irgacure 819), and the blue dye SB104 is made as a demonstration. In this study, 8-

bit grayscale images are used for the DLP projection, in which there are 256 grayscale levels (GL) 

indicating different light intensities. A thin layer of resin is sandwiched between two glass slides 

by a space (50 µm). Here, we control two variables, i.e., the grayscale and the exposure time. 
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Figure 4.3c shows the results in a 15 by 15 matrix, where the columns vary in exposure time and 

the rows vary in grayscale value. The grayscale figure projected is shown in Figure 4.3d with the 

grayscale levels of GL 45, GL 60, GL 75, …, GL 240, and GL 255. We can observe that with the 

increase of either time of exposure or light intensity, the color changes gradually from blue to 

yellow. To quantify the color change shown in the matrix, the CIELAB color space (International 

Commission on Illumination, CIE, 1976), also referred to as L*a*b* color space, is adopted[180-

183]. Herein, the b* values of the sample matrix represent the blue-yellow opponents, and are 

utilized to calculate the color change. We can normalize the degree of color change (DoCC) with 

the following equation: 

 
𝐷𝑜𝐶𝐶 =

𝑏∗ − 𝑏𝑚𝑖𝑛
∗

𝑏𝑚𝑎𝑥
∗ − 𝑏𝑚𝑖𝑛

∗ × 100% (4.1) 

where b*
min denotes the b* value of the sample point with the least light dose, and b*

max denotes the 

b* value with the highest light dose, assuming that the color does not change with the least light 

dose (DoCC = 0) and fully changes with the highest (DoCC = 1). The DoCC of the sample matrix 

is plotted in Figure 4.3e. Similarly, DoCCs are characterized for different printing conditions with 

different resins and layer thicknesses; the details are provided in Figure 4.5.  
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Figure 4.5 – DoCCs characterized for different printing conditions with different resins and 

layer thicknesses. The sample layer thickness and the ink type (with or without 1.5 wt% TiO2 

nanopowder, rutile phase, average size 200 nm, see Materials section) are entitled on the plot. 

The characterization method is the same as the one described in Figure 4.3c-e. 
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Figure 4.6 – Characterizations of photopolymerization and the color change under grayscale 

UV light. (a) The photopolymerization reactions in the resin system with the presence of 

photoinitiator. (b-c) Characterization of degree of conversion of photopolymerization by 

FTIR. (b) The FTIR spectrum is normalized at 850 cm-1 (vCH, aromatic), showing the decrease 

of the alkene C-H bend at 810 cm-1 (vCH, alkene), from acrylate groups. The resin samples were 

sandwiched in glass slides with spacers (50 μm) and cured for different time (as shown in 

legend) under GL 120 (7.59 mW/cm2). (c) The normalized degree of conversion in 

polymerization obtained from (b). (d) The comparison between normalized degree of 

conversion and the degree of color change both as a function of time with the same light 

intensity GL 255 (37.2 mW/cm2). The resin samples were sandwiched in glass slides with 

spacers (50 μm). (e)The light intensity measured under different GL levels. 
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In addition, according to the degree of conversion (DoC) characterized by Fourier 

transform infrared spectra (FTIR), the color-changing process takes place in a phase later than the 

photopolymerization process. Therefore, the change of color does not cause obvious inconsistency 

in modulus or any loss in tensile strength (Figure 4.7).  

 

 

Figure 4.7 – Comparison of tensile strength of the material before and after color change. 

Four samples (35mm × 6mm × 1mm) are tested for each group of the blue (GL 100) and 

yellow (GL 255) samples. The results show that there is no significant difference between the 

two groups, where the significance is calculated via two-sample t-test (P = 0.072 for modulus, 

and P = 0.5414 for tensile strength). 

 

In addition to color presenting, the dye is also playing another important role in this 3D 

printing resin system as the photo-absorber, which could help increase the printing resolution in z 

direction and obtain fine structures[85, 186, 187].  
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Figure 4.8 – Characterizations of the light transmittance into the ink and the curing depth 

with different light doses. (a) The initial light transmittance at different depths of the ink at 

the beginning of UV exposure. (b) The change of light transmittance of the resin with 

increasing light dose at different depths, as a result of the decomposition of photoinitiator 

and the color changing of the dye. As a comparison, the change of light transmittance of a 

photoinitiator only (4 wt% Irgacure 819) sample with the thickness of 44 μm is also included 

in the plot. (c) The curing depth with different curing time and grayscale levels. (d) The 

curing depth as a function of curing time. By fitting the curing depth curve, K and μe were 

determined to be 0.1163 cm2·mW-1 ·s-1 and 16.46 mm-1, respectively. 

The UV light transmittance through the ink and the change of the UV light transmittance 

during photopolymerization and color change is measured (Figure 4.8). From the characterization 

results as shown in Figure 4.8, we can see that the light transmittance first increases as the light 

dose increases. This is caused by both the decomposition of the photoinitiator and the changing of 

color. In the control group, where there is only the same amount of photoinitiator dissolved in IPA, 
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there is also a growing light transmittance with the increasing light dose, which shows the effect 

of photoinitiator on the light transmittance. In the resin, with the presence of dyes as the 

photoabsorber, the increase of light transmittance is slower than that of the control groups. 

Although the light transmittance is gradually changing and the reaction kinetics is complex, we 

can use an existing model [188-190] to approximate the curing depth or the position of the curing 

front. As shown in Figure 4.8, the model fits the curing depth data obtained under different 

grayscale levels very well within the normal light dose range for printing and color change. As the 

light dose increases, the curing depth first grows fast and then slows down under the limit of the 

light transmittance in the resin. Therefore, the loss of resolution is limited even though a high light 

dose might be needed for color change. 



 

97 

 

Figure 4.9 – Characterizations of overcuring and over-color-changing. (a) The unsupported 

thin yellow bridges with the designed thickness of 0.1, 0.2, 0.3, 0.4, and 0.5 mm. The loss of 

resolution in thickness is not expanding with the increasing of designed thickness with the 

growing number of exposures. (b-e) The check-patterned printing for investigating the effect 

of multiple curing on color. (b) The slices and printing parameters used in the printing. (c) 

The printed sample with (d-e) magnified parts. As shown in the photos, the effect of yellow 

layers over blue layers are generally constrained within two layers (100 μm) due to the 

limited light transmittance and high light dose needed for color changing. 

In the layer-by-layer printing process, each layer may experience multiple light exposures 

as a result of the light penetration from the new layers. In extreme cases, in need of yellow 

unsupported structures like a beam or bridge, over curing may cause a loss of resolution. To 

investigate this extreme case, yellow bridges with various thicknesses (0.1 mm – 0.5 mm) are 

printed and measured (Figure 4.9a).  
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The results show that the loss of resolution in thickness is around 0.224 mm for 

unsupported thin features, not expanding with the increasing of designed thickness with a growing 

number of exposures. Due to light penetration, the DoCC is also subject to change with multiple 

light exposures in the printing process. To investigate the effect of yellow layers over blue layers, 

we design a wall structure with blue and yellow check patterns embedded.  However, even in this 

extreme case, as shown in Figure 4.9b-e, the effect of yellow layers over blue layers is constrained 

within two layers (100 μm) due to the limited light transmittance (Figure 4.8a-b) and high light 

dose needed for color changing (Figure 4.6d). 

The dye is not directly involved in the photopolymerization reactions, so it is also generally 

compatible with other commonly used photopolymer resins. For example, the dye performs very 

well with polyethylene (glycol) diacrylate (PEGDA) (Mn = 700 g/mol), which is widely used in 

3D printing and biomedical applications[191]. In addition, it is worth noticing that the color 

changing rate varies with different polymer networks structures, because the color changing takes 

place in a phase later than polymerization, and the degree of freedom of radicals in the polymer 

network is different.  In general, longer molecular chains will give more freedom to the color 

changing process and allow a higher color changing speed. To illustrate this, we show the color 

change of dye within PEGDA with different Mn (250, 575, and 700 g/mol). The details are 

provided in the supporting information (Figure 4.10), and the results show that the dye in the 

network formed by PEGDA 700 already changed the color most obviously with the provided light 

dose, while the color change in that of PEGDA 575 is less obvious, and the color change in that of 

PEGDA 250 can hardly stand out. 
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Figure 4.10 – Color change of the dye within PEGDA with different Mn (250, 575, and 700 

g/mol). (a) The polymerization reaction of PEGDA with the presence of free radicals. (b) The 

slices used for activating the color change. The grayscale levels of the blocks in each row 

range from GL 45 to GL 255, and the curing time of each row is 15 s, 30 s, 45 s, and 60 s, 

respectively. (c) The PEGDA samples with different Mn (250, 575, and 700 g/mol) are mixed 

with 4 wt% of Irgacure 819 and sandwiched into glass slides with 86 μm spacers. The 

projection area onto the samples are marked out by the red frame. Scale bars: 5 mm. 

 

4.2.3 Colored 3D terrain printing 

With the relationship of color change as a function of grayscale, we first print the 3D terrain 

of an island. Herein, the color is utilized as an index of the altitude, and the places of the same 

altitude are shown by the same color. Figure 4.11a-c shows the strategy to map the altitude to 

different colors and grayscale levels. The highest part of the landscape is designated to the fully 

changed color, yellow, which corresponds to the brightest part in the slice (GL 255). The lowest 



 

100 

part is designated to the unchanged color, corresponding to the dimmest grayscale level (GL 120). 

To ensure that the color can be correctly presented from different viewpoints, even with transparent 

resins, we project the color from upper layers to lower layers, making the inside color identical in 

the z-direction. The procedures of generating the printing slices are shown in Figure 4.11d-f. The 

3D model of the island (in STL format) is first sliced into white slices and then processed with 

MATLAB to generate the grayscale slices following the above-described strategy. In this demo, 

the layer thickness is 50 µm, and the curing time for each layer is 24 s. From the printed result 

(Figure 4.11h), we can easily recognize the altitude of the landscape through the color presented 

on the 3D object. 
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Figure 4.11 – Colored 3D terrain printing. (a-c) Schematics showing how to map the altitude 

to colors and grayscale levels. The target colors are associated with the altitude of the 3D 

model, and the local grayscale levels in the slices are determined by the computed altitude of 

the model.  (d-f) The generation of printing slices: d) The 3D model, e) the white slices 

generated from the model, and f) the processed grayscale slices. The comparison between the 

3D model (g) and the printed object (h). Scale bars: 10 mm. 

4.2.4 3D visualization of the engineering stress simulation results 
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Figure 4.12 – 3D visualization of the simulation results. (a-d) A sheet with a whole: the 

simulation result in ABAQUS, one of the output slices for printing and the printed object. 

(e-h) A wrench: the simulation result in ABAQUS, one of the output slices for printing and 

the printed object. Scale bars: 10 mm. 

To further demonstrate the ability to spatially distribute the colors as carriers of information, 

we developed the method to directly print the finite element analysis simulation results with our 

multi-color DLP system. A python script was developed to slice the ODB files in ABAQUS 

(Dassault System, Providence, RI, USA), one of the most widely used FEA software. As shown 

in Figure 4.12a-d, we first ran the FEA simulation of a uniaxial tensile test of a sheet with a hole 

in ABAQUS. In the contour plot of the engineering strain (Figure 4.12a), we can observe the strain 

concentration on the edge of the hole. Then we used the Python script to output the grayscale 

contours of engineering strain in all of the cross-sections in z-direction. These cross-sections were 

cut with a fixed interval, 50 µm, which is the layer thickness in the DLP printing. The output 

contours were mapped to a suitable range of grayscale level for the DLP printing. Figure 4.12c-d 
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shows the printed result, which visualizes the stress concentration effect very well in a 3D manner. 

It is worth noting that the range of grayscale should be optimized for a more gradual change in 

color, instead of using the full range. Here the grayscale value ranges from GL 90 to GL 255. 

Comparisons can be found in Figure 4.13.  Similarly, we also visualize the 3D engineering strain 

contour in a wrench. In this design, the wrench head is slightly thicker than the shaft. Figure 4.12e 

shows the engineering strain contour, and Figure 4.12f shows the printing slice at the middle plane 

of the wrench. As shown in Figure 4.12g, the wrench displays more delicate 3D features than the 

planar sheet. From the top view in Figure 4.12h, it can be seen that the contour of the engineering 

strain is accurately visualized. Unlike traditional methods[192, 193] for colored 3D printing of 

simulation results, this method allows direct printing of simulation results without the need for 

intermediary files such as VRML or STL files. 

 

Figure 4.13 – Comparisons of printed objects with different grayscale ranges; Various ranges 

of GL were tested and finally the range (GL90, GL255) was selected for better contrast and 

richness in color for this case. Scale bar: 10 mm. 
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4.2.5 Complex artistic printings and encrypted printings 

 

Figure 4.14 – (a)The general method of grayscale slicing for multi-color models.  (b) The 

design of the vase with artistic patterns and slices after optimization. (c) Normal slices before 

optimization. (d) Optimized slices with increased grayscale levels and reduced printing time. 

(e) The DoCC contour for optimization of printing parameters, according to which the 

printing parameters can be optimized. (f) The CAD design and the actual printed object. 
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Complex patterns of the vines with flowers, “GT” characters, are well presented in the 

printing. (g, h) Slices and the printed objects with encryption. The yellow jacket pattern, and 

scannable QR code is embedded in the printing. Scale bars: 10 mm. 

To further explore the capabilities of fabricating 3D objects with complex geometries and 

multiple colors, we design and fabricate a vase with complex artistic multi-color patterns, 

following a general method for slicing and printing multi-color designs, as shown in Figure 4.14a. 

In this method, STL parts for different colors are exported from the CAD assembly. Then these 

parts are sliced individually under the fixed coordination. Finally, the slices are combined to 

generate the grayscale slices in MATLAB. In this complex patterned vase (Figure 4.14b), the 

grayscale level for the blue part and the yellow part is set as GL 120 and GL 255, respectively. For 

each 50 µm layer, the curing time is 24 s. In order to further increase the printing efficiency, we 

propose a novel strategy to reduce the printing time: we conduct a non-linear histogram 

equalization on the slices to make the brightest part of each slice equal GL 255, so that we can use 

the full power of the DLP projector to change the color as desired within the shortest time of 

exposure for a certain layer. As an example, sample slices of the vase before and after optimization 

are shown in Figure 4.14c and Figure 4.14d, respectively. The non-linear histogram equalization 

is conducted following the DoCC contour, as shown in Figure 4.14e. The contour is plotted with 

the information derived from Figure 4.3e, and each line in the contour represents a set of printing 

parameters yielding the same DoCC. In the optimization process, we shift the grayscale levels 

along the lines in the contour of DoCC from a longer time of exposure (24 s) to a shorter time of 

exposure (3 s). In this way, we obtain a set of new grayscales yielding the same DoCC but using 

a shorter time of exposure (3 s). As a simple example of this strategy, all slices consisting of only 

GL 120 (printed as blue), such as slice A, D, and E in Figure 4.14c, are replaced by figures with 

the same patterns but a full brightness (GL 255), as shown in Figure 4.14d. The total time of 
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printing is reduced by 30% for this print. Figure 4.14f shows the CAD design and the actual printed 

object, demonstrating a great capability of distributing different colors in a complex geometry in 

an efficient and voxelated manner. 

To further highlight the capabilities of spatially designating different parts of the entire 

structure to different colors, we fabricate an opaque cube with the opaque resin (see experimental 

session). As shown in Figure 4.14g, multiple groups of information, including a figure of a yellow 

jacket and a quick response (QR) code, are embedded into the slices in grayscale. When printed 

out (time of exposure/layer thickness = 24s/50µm), it is hard to tell the difference between the one 

with the designed patterns and the blank controlled one (Figure 4.15b), which has no pattern inside. 

For a grayscale slice whose brightest part is not GL255 (for example, slice A, D, and E in Figure 

4.14c), we can conduct the non-linear histogram equalization to make use of the full power of the 

DLP projector to change the color as desired. For a set of multiple GL values in a single slice, the 

principle is that the printing time should be consistent. Therefore, the optimized time of exposure 

is determined by the brightest part of the slice. As shown in Figure 4.15a, another example of 

optimization of the printing parameters is given. Before optimization, GL 180 is the brightest part 

in the slice, and the time of exposure can be reduced from 33 s to 19 s as they yield the same DoCC. 

So the printing parameters for other colors in this slice need to be shifted to 19 s for consistency. 

Due to the same material constituents and high DoC for both blue and yellow parts, one cannot 

read the information encrypted inside with non-destructive methods, such as computerized 

tomography (CT) or ultrasonic testing (UT). In order to read the information embedded, the cube 

is cut, as shown in Figure 4.14h, and the QR code is scannable. As an addition to the previous DLP 

encrypting methods[194], this unique way of information reading ensures that the information is 
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not divulged or accessed before destructive reading, which works like the envelope seal as proof 

of the privacy of the information. 

 

Figure 4.15 – Example of printing parameter optimizations and the appearance of two cubes 

with different insides. (a) Another example of optimization for the printing parameters. (b) 

Comparison between the opaque cube with the designed patterns and the blank control 

group. Scale bar: 10 mm. 

 

For the cases where inside color is not used, we develop another method to efficiently make 

multi-color structures by selective DLP post-curing. We first quickly print the objects using the 

normal DLP method with our color-changing resin, using a layer thickness of 50 µm and a curing 

time of 2 s. We then use the DLP projector to selectively post-cure the finished object after cleaning 

the residual resins. As shown in Figure 6a, designed patterns were projected on the preprinted 

objects from a specific angle. With adequate UV exposure (3 min), the color-changing procedures 

can still take place in the material. Figure 6b shows the patterns and corresponding multi-color 

lattices fabricated with this method. After selective post-curing from a diagonal angle for 3 min, 

the lattices are successfully re-colored as designed. 
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Figure 4.16 – Multi-color structures by selective DLP post-curing. The post-curing (a) 

Schematic figure of the selective post-curing method for changing the superficial color. (b) 

The projected patterns and processed lattices through selective post-curing. Scale bar: 10 

mm. 

Due to the intrinsic sensitivity of anthraquinone-based dye to environmental oxidation, the 

programmed colors may be subject to change due to UV exposure or further oxidation.  The printed 

colored sample can be potentially used as a self-integrated indicator for UV exposure time 

monitoring. However, these unexpected changes could be avoided through protection by applying 

a UV-resistant coating after printing. In addition, preserving the color without using coating is 

worth further investigation. Inorganic nanoparticles such as ZnO and TiO2 have been widely used 

as blocking agents in transparent UV-resistant coating[195-197]. Organic nanomaterials such as 

cellulose nanofiber[198] and dopamine nanoparticles[199], can also provide highly transparent 

UV-resistant and antioxidant coating to preserve the printed color. Figure 4.17 shows the photo of 

the sample when the color is freshly programmed and the photo taken after more than three months. 

The sample is sandwiched in glass slides and stored in a cabinet. The colors are well preserved 

even though there is a small amount of diffusion at the edges of different color checks. The dye 
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molecule will not leak out in the subsequent procedures after printing, including necessary washing 

with isopropyl alcohol. However, it might be subjected to dilution if soaked in solvents for a long 

time due to the penetration of the solvent, and the dilution depends on the solvent type, resin 

material, and the structure size. The mechanism of color change caused by the environment after 

printing also requires further investigation. 

 

Figure 4.17 – Stability of the color changing samples. The sample is sandwiched in glass slides 

and stored in a cabinet. The colors are well preserved even though there is a small amount 

of diffusion at the edges of different color checks. 

 

4.3 Experimental sections 

4.3.1 Materials 

Transparent Resin: 30 wt% of aliphatic urethane diacrylate (Ebecryl 8807; Allnex, 

Alpharetta, GA, USA) crosslinker, 50 wt% of 2-hydroxyethyl acrylate (HEA; Sigma-Aldrich, St. 

Louis, MO, USA) monomer, and 19 wt% of isodecyl acrylate (IA; Sigma-Aldrich) monomer were 

first mixed. Then 4 wt% of phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (Irgacure 819, 
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Sigma-Aldrich) and 0.06 wt% of 1,4-Bis(mesitylamino)anthraquinone (Solvent Blue 104, Clariant 

Corp., Frankfurt, Germany) was added into the mixture for photoinitiating and color changing. 

The viscosity of the elastomer ink is low enough for DLP printing.  

Opaque Resin: To prepare the opaque resin, the transparent resin and the white pigment (TiO2 

nanopowder, rutile phase, average size 200 nm, Inframat Corporation, Manchester, CT, USA) 

were mixed at a mass ratio of 98.5%:1.5%. 

Dyes: The Disperse Red 9 (1-(methylamino)anthraquinone), Solvent Green 3 (1,4-Bis(p-

tolylamino)anthraquinone), and Solvent Blue 35 (1,4-Bis(butylamino)anthracene-9,10-dione), are 

purchased from Sigma-Aldrich, and Solvent Violet 13 (1-hydroxy-4-(4-methylanilino)anthracene-

9,10-dione) from Clariant Corporation. 

4.3.2 DLP slice preparation 

To prepare the files for general printing as shown in Figure 4.14a, the CAD model assembly, 

including parts with different colors, was first designed in SOLIDWORKS 2019 (Dassault 

Systèmes, Velizy-Villacoublay, France) and exported as STL files. Then, these STL files are sliced 

into white 2D images separately using CreationWorkshop software (DaraTree3D, Dallas, TX, 

USA). Finally, the white images are processed by MATLAB (MathWorks, Natick, MA, USA) 

codes to generate the grayscale images. 

4.3.3 Characterizations 

Light intensity: The light intensity of the projector was measured by an ILT1400-A 

Radiometer Photometer (International Light Technologies Inc., Peabody, MA, USA).  
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UV-Vis Spectroscopy: UV-vis absorption spectroscopy was performed with a spectrometer 

(Model 8453, Agilent Technologies Inc., Santa Clara, CA, USA). Isopropyl alcohol (IPA, Sigma-

Aldrich) was used as the solvent for all samples. The spectral resolution was 1 nm over the spectral 

region of interest. The raw data are smoothed using a gaussian filter of size 20 in MATLAB, and 

then shifted at 890 nm for baseline correction. The whole data set is normalized by its maximum 

intensity value at 370 nm – 800nm. 

FTIR: FTIR spectra (Nicolet iS50 spectrometer, Thermo Fisher Scientific, Waltham, MA) 

were obtained by averaging 32 scans of the signal at a resolution of 2 cm−1 in attenuated total 

reflectance mode.  

Pre-processing of DoCC characterization: The JPG picture of the resin sample from the 

camera is cropped to keep the testing area only. In MATLAB, for each one of the 15 by 15 testing 

points, the RGB value is obtained by averaging a 30-pixels-by-30-pixels area. The RGB values 

are then converted to CIELAB color space for further calculation and plotting of DoCC. 

4.3.4 Characterizations of the color change 

UV-vis absorption spectroscopic analysis was performed on the solution with Irgacure 651. 

Similar to the samples with Irgacure 819, the samples containing the same ingredients (Irgacure 

651 0.165wt% and SB104 0.025wt%, dissolved in isopropyl alcohol), were exposed to a UV light 

(385 nm, 55 mW/cm2) for 0s, 7s, 14s, and 25s respectively. As shown in Figure 4.4a, we can also 

observe a dramatic change in color of the samples from blue to yellow. In Figure 4.4b, there is an 

obvious peak of absorption emerging at around 465 nm, which shows yellow. 
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To help identify the influence of the photoinitiators in the spectras, we also prepared the photo-

initiator-only solution (in IPA) and obtained the spectras before and after complete UV exposure. 

The Iragacure 819 and the Irgacure 651 solutions were diluted to 0.00625wt% and 0.055wt%, 

respectively. As shown in Figure 4.4c, the Irgacure 819 solution showed a light yellow before UV 

exposure, but the color turned invisible after UV exposure when free-radicals occurred. While 

Irgacure 651 is in the opposite way, it has no color at first but the absorption spectra shifted towards 

longer wavelength after UV exposure, showing a very light yellow. 

4.3.5 Characterizations of polymerization and curing 

In the multi-color DLP method, the color changing occurs in a phase later than the 

photopolymerization reactions. Here we use the degree of conversion (DoC) as the indicator of the 

procedure of photopolymerization. As shown in Figure 4.6, two groups of resin samples were 

sandwiched in glass slides with spacers (50 μm) and cured under different conditions for DoC 

characterization. One group is cured at a lower light intensity for better resolution of DoC. As 

shown in Figure 4.6b and Figure 4.6c, the samples were cured for (0.2 s, 0.5 s,  1 s, 1.5 s, 2 s, 3 s, 

5 s, 10 s, 20 s, and 150 s) under GL 120 (7.59 mW/cm2). Another group is prepared for comparison 

with degree of color change (DoCC) characterizations, and the samples were cured for (0.5 s, 1 s, 

1.5 s, 2 s, 3 s, 6 s, 12 s, and 24 s) under GL 255 (37.2 mW/cm2). The DoCC data in Figure 4.6d is 

obtained in the same way with 50 μm spacers between the glass slides using the same light intensity 

(GL255, 37.2 mW/cm2). 

To characterize the acrylate reaction conversion, the evolution of alkene sp2 C-H band (vCH, 

alkene =810 cm-1) intensity was used, and the intensity of the aromatic sp2 C-H band (vCH, aromatic=850 

cm-1)  was used for normalization. The degree of conversion is calculated by 
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𝑝 = 1 −

𝐼810/𝐼850
[𝐼810 ∕ 𝐼850]𝑡=0

 (4.2) 

where I810 and I850 are the absorbance peak intensity at 810 cm-1 and 850 cm-1 at time t, 

respectively. Then the degree of conversion was normalized by pmax and plotted. In this way, the 

critical normalized gel point reaction conversion of the gel point pc is estimated as 18.5% from the 

FTIR, as the sample begin to form the gel with a slight exposure. 

4.3.6 Comparison of mechanical properties 

To investigate the mechanical properties of the 3D printed samples with different colors, 

we print and test dogbone tensile samples. Tensile tests are conducted on a universal material 

testing machine (Model 41, MTS, Eden Prairie, MN, USA). As shown in Figure 4.7, we test four 

sets of 3D printed yellow (GL255) and blue (GL100) dog bone samples,  and the modulus is 

4.78±0.36 MPa and 4.40±0.11 MPa, respectively. The differences between the two groups, 

calculated via two-sample t-test, are not significant at the 0.05 significance level (P = 0.072 for 

modulus, and P = 0.5414 for tensile strength), as a result of saturation of DoC with different DoCC. 

4.3.7 Characterizations of light transmittance and curing 

In order to quantify the light propagation and absorption during the curing process, we 

tested the light transmittance through different glass-slide-sandwiched resin samples with different 

thicknesses as time and the light dose increased. The light transmittance is calculated by the 

following equation: 
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𝜏 =

𝐼𝑧
𝐼𝑧=0

 (4.3) 

Where τ is the light transmittance, Iz is the light intensity measured under the glass-slide 

sandwiched sample with a thickness of z, while 𝐼𝑧=0 is the light intensity measured under the 

control group, where there is only a thin layer of IPA sandwiched between the glass slides, to 

eliminate the influence of glass slides and reflections. The GL 120 light with the intensity of 7.59 

mW/cm2 is used for the measurements. 

Although the light transmittance is gradually changing and the reaction kinetics is complex, 

we can use the following modified equation to approximate the curing depth or the position of the 

curing front: 

 

𝑧 =
ln [

𝐾𝐷
− ln(1 − 𝑝𝑐)

]

𝜇𝑒
 

(4.4) 

where K is the reaction constant, D is the light dose, pc is the critical conversion of the ink into gel, 

and μe is the effective light attenuation coefficient of the resin during curing and color changing. 

From the FTIR result, the critical normalized gel point reaction conversion of the gel point pc is 

about 18.46%, which means that a gel can be formed at the conversion over 18.5%. The K and μe 

were determined to be 0.1163 cm2·mW-1 ·s-1 and 16.46 mm-1, respectively. As shown in Figure 

4.8d, this model fits the curing depth data obtained under different grayscale levels very well 

within the normal light dose range for printing and color change. 

4.3.8 Characterizations of overcuring and over-color-changing 
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As shown in Figure 4.9, the thin bridge surfaces are printed by GL 255 slices (50 μm 

thickness) for 24s a layer. Three samples of each design are measured by the caliper at the middle 

of the bridge. The averaged results are: 0.326 mm, 0.434 mm, 0.527 mm, 0.606 mm, and 0.728 

mm, respectively, for the 0.1mm - 0.5 mm desired thickness, where the overcuring in thickness is 

0.226 mm, 0.234 mm, 0.227 mm, 0.206 mm, and 0.228 mm. The average of loss of resolution in 

thickness is 0.224 mm. 

To investigate the effect of yellow layers over blue layers, we design the check-patterned 

printing. As shown in Figure 4.9b-e, an alternating check pattern is printed on a blue base. The 

projected patterns consist of 2 mm × 1.0 mm (width X thickness) white (GL255) blocks and 2 mm 

× 0.9 mm gray (GL120) blocks, and the height of each block is 2 mm. The small difference in the 

thickness of the blue blocks and yellow blocks is for a clear distinction of the interface. Therefore, 

on the side view, we can see the 3 by 3 yellow and blue check pattern. From the featured photos 

took by a digital microscope (Handled Digital Microscope PRO, Celestron, Torrance, CA, United 

States), we can see that part of the blue layer under the yellow block, turned green due to multiple 

exposures from the layers above. However, due to the high demand of light dose for color 

changing, the influence in z direction is small (constrained within two layers, 100 μm). 

4.3.9 Statistical Analysis 

Error bars in the plots indicate the standard deviation over at least four tests on the specimens. 

Two-sample t-test is used to assess the significance of the difference of mechanical properties 

between the blue and yellow 3D printed parts. The results do not reject the null hypothesis that the 

two groups have the same mean values at the 0.05 significance level, and the P values are 0.072 
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and 0.5414 for the modulus and tensile strength, respectively. All data were processed using 

MATLAB. 

4.4 Summary 

In this chapter, we present a new approach to realize multi-color 3D printing with a single 

material via grayscale digital light processing and a commercial anthraquinone-based dye. The 

degree of color change with different curing times and grayscale levels are characterized, which 

allows the precise control of the color change in printings and the fabrication of multi-color objects. 

As demonstrations, methods for 3D printing of colored terrains, visualization of finite element 

analysis simulation results, fabrication of complex artistic multi-color designs, selective post-

curing of surficial color, and encryption of information with inside color are presented, showing a 

great potential in the area of art, education, engineering visualization and cyber security. 
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CHAPTER 5. OVERALL CONCLUSIONS AND FUTURE 

DIRECTIONS 

5.1 Overall Conclusions 

Driven by the growing demand for applications in robotics, electronics, biomedical devices, 

and wearable devices, multi-material 3D printing has now become a trend to offer solutions with 

a wide choice of materials with various mechanical, chemical, thermal-mechanical or electrical 

properties. However, it remains a challenge to find an approach with a wide choice of materials, 

to realize high-resolution multi-material 3D printing efficiently. 

In this dissertation, we present our innovative hybrid multi-material 3D printing system, 

which integrates digital light processing, and direct ink writing[143]. Here, DLP can efficiently 

provide a high-resolution matrix, with complex geometry, while DIW can add functionality to the 

component due to the wide choice of functional materials, such as shape memory photopolymers, 

conductive inks, and liquid crystal elastomers (LCE)[200]. With this hybrid 3D printing system, 

circuit-embedding architectures and soft sensors were successfully fabricated, showing a great 

prospect in the area of electronics and smart wearable devices. 

Furthermore, to enlarge the design space of LCE-driven soft robots for various 4D printing 

applications, we propose a novel laser-assisted hybrid printing method to fabricate freestanding 

LCEs “on-the-fly”[201]. This process is integrated with the DLP method for printing optional 

structural or removable materials to create active architectures in a one-step additive process. We 

demonstrate that various applications, including hybrid active lattices, active tensegrities, 

functionally graded actuators, and pure LCE lattices, can be successfully fabricated. The 
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combination of DIW printed functionally freestanding LCE with the DLP method thus provides 

new design freedom for soft robots and actuators. 

In addition to different properties that can be brought by the integration of DLP and DIW, 

we further we realize the multi-color DLP 3D printing with a single-vat, which contains the ink 

with an anthraquinone-based dye Solvent Blue 104[202]. The dye can be oxidized by the free 

radicals released from photoinitiators under UV light and change the color from blue to yellow. In 

DLP printing, the free radical concentration can be locally controlled by modulating the UV light 

intensity at the pixel level. Therefore, it provides a feasible method to locally control the level of 

the dye oxidation by free radical thus results in the color change of the dye. This color-changing 

mechanism permits a graded spectrum of colors as concomitants of photopolymerization process 

during DLP printing by controlling the light dose, without using extra vats or devices. We further 

show that Multi-color demonstrations, such as engineering stress simulation results in 3D and 

multi-color vases, are successfully fabricated, showing great versatility and efficiency. In addition 

to SB 104, various anthraquinone-based dyes with different colors also exhibit similar yellowing 

color change with the presence of free radicals, which provide a wide range of colors for various 

applications. 

5.2 Future Directions 

5.2.1 Combination of magnetic materials with shape memory polymers 

As demonstrated in Chapter 2 and Chapter 3, the proposed hybrid printing method is 

capable of combining various functional materials with high-resolution DLP printed 3D structures. 

In addition to multi-color shape memory polymers, LCEs, and conductive inks, another functional 

material, magnetic material, is emerging as a promising candidate with highly desirable properties, 
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such as fast and reversible transformation between complex 3D shapes via magnetic actuation[19, 

203, 204], which provides a safe and effective manipulation method for biomedical 

applications[205] compared to other stimulus methods. 

Therefore, it is very promising to further extend this work to the area of magnetic 3D 

printing, where DIW system can be modified to print the ferromagnetic domains with the magnetic 

field coupled on the nozzle[19], while the DLP system can be utilized to print shape memory 

polymers, or soft rubbery. Within this single printing system, magnetic soft robots with different 

ferromagnetic active domains and non-ferromagnetic passive domains can be printed, programmed, 

and integrated. And the method can potentially find great applications in the area of soft robotics, 

and biomedical engineering. 

5.2.2 Conservation of colors and color memory effect 

As demonstrated in Chapter 4, various anthraquinone-based dyes with different colors, 

including red, green, violet, and blue, also exhibit color change to yellow in the presence of free 

radicals. So, there is a great potential that the colors can be mixed and tuned for a wider range of 

colors as the initial point of color change. The study can be further extended to the characterization 

of different dyes and mixtures for a wider range of applications. 

Furthermore, as discussed in Chapter 4, the color change of the anthraquinone-based dyes 

can be well preserved when UV light and the air are blocked. However, when exposed to the air, 

the changed yellow color can turn back to blue color as time goes on. The interesting point is that 

this blue color recovered from the yellow color can be further actuated and turn into yellow color 

again. Therefore, further study is needed to know the mechanism of the color change. And further 
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experiments show that the color change from blue to yellow can be accelerated by heating or 

locked by cooling, leading to a new concept of the color memory effect. 

5.2.3 Upside-down DIW with the robotic arm 

 

Figure 5.1 – Upside-down additive manufacturing in the nature and the schematics of upside-

down 3D printing by 6-axis robotic arms. 

Besides improvement in DLP alone for multi-color printing, the DIW part of the hybrid 

system can also be improved or reinvented. In nature, the nesting procedures are often performed 

in an additive manner. Some animals, such as bees, wasps, or swiftlets, can build their nests in a 

top-down way, making their nest impressively adaptive to a wide variety of environments, 

including steep rocks or even hanging on the top of caves. Inspired by the top-down additive 

nesting procedures in nature, here we propose a novel top-down direct ink writing 3D printing 

method performed by the robotic arm. Unlike traditional framed 3-axis 3D printers, 6-axis robotic 

arms have a higher degree of freedom which enables to print adaptively on a curved surface. In 
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engineering practice, constructions are always greatly limited by the terrains and foundations. And 

it is challenging to install or fit the pre-constructed structures in a complex and narrow space, such 

as the top of the caves. To address such challenges, this proposed method allows for construction 

directly on the most challenging curved top surface in a top-down manner, granting the 

construction process the ultimate versatility and adaptivity. 
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