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ABSTRACT 

Additive manufacturing (AM) of hydrogels has gained increasing interest across various 

fields. Drop-on-demand (DOD) printing (also known as inkjet printing) shows the great potential 

to construct 3D hydrogels with spatially controlled properties and compositions. However, a 

limited mechanistic understanding of the behavior of printed polymer drops makes it challenging 

to design and optimize DOD printing protocols for a wide variety of hydrogels. Here, we have 

demonstrated an extensive and in-depth study from the theoretical and experimental research of 

drop-wise structure to the development of functional materials by DOD printing of polymer inks. 

First, computational and experimental studies are performed to establish a mechanism of the water-

matrix interaction within printed polymer drops. The results ultimately enabled a dimensionless 

parameter that characterizes water transport during the dehydration process of printed polymer 

drops. Next, as particles are suspended in polymer inks to add functionality, this dimensionless 

parameter was further extended to characterize particle movement and distribution patterns in the 

printed particle-laden hydrogels. By correlating the intra-drop particle distribution to the similarity 

parameter, a scaling law is confirmed to guide ink formulation and printing protocol that enables 

advanced materials with spatially digitized functionality (i.e., digital hydrogels). Finally, cells that 

serve as active particles are embedded in the hydrogels to mimic the native tissues. A "digital cell 

printing" method based on DOD printing of "two colors" cell-laden (i.e., cancer cells and CAFs) 

polymer inks is developed to rapidly (< 1 day) create 3D tumor models with tumor-stroma interface 

(i.e., tumoroids) and high cell density (~108 cells/cm3) that closely recapitulate the tumor 

microenvironment in vivo. Overall, DOD printing of particulate-laden polymer inks showed the 

great potential to construct 3D functional hydrogels with spatially controlled properties and 

compositions. 
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 INTRODUCTION 

Hydrogel-based soft materials are widely used in various applications, including healthcare 

[1], food [2], pharmaceutical [3], and cosmetic products [4], as illustrated in Figure 1.1. Recent 

developments in polymer science have enabled the production of a wide variety of hydrogel-based 

soft materials, the properties of which can be designed and tailored to emerging applications, 

including tissue engineering [5], drug delivery [6], stretchable and wearable electronics [7], and 

energy storage and conversion [8]. Moreover, shape memory hydrogels have recently been 

investigated to create the so-called smart materials [9,10], whose shape can be changed upon 

external stimuli, such as temperature, pH, light, magnetic or electric field, ultrasound, and 

chemicals. Smart materials enable the development of 4D printing, where the fourth dimension 

refers to time [11]. 

 

 

Figure 1.1. Applications of hydrogels.  
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Additive manufacturing (AM), also known as 3D printing, has rapidly grown over the 

decades since it can directly produce complex geometries with the layer-by-layer deposition of 

materials. AM has been leveraged in the biomedical area, such as printing organic tissues and 

implants. AM of soft materials has kept gaining popularity in recent years due to the growing 

interest in wearable electronics, tailored biomedical implants, and soft robots. Efforts in material 

science, multiscale simulations, manufacturing methods, and design engineering enable various 

promising scientific schemes, including 3D cell cultures, hydrogel machines, soft robotics, and 4D 

printing. Therefore, this dissertation first reviewed the recent advances in additive manufacturing 

(AM) of soft materials, which focused on biomedical applications.  

Various additive manufacturing methods have been developed to create these 3D 

configurations of soft materials [12]. The three main categories are extrusion-based, laser-assisted, 

and jetting-based printing [13,14]. However, current manufacturing methods of hydrogels are 

incapable of producing advanced hydrogels whose functional compositions and properties are 

spatially varying [15]. Therefore, new manufacturing methods are needed to create hydrogel with 

spatially varying compositions and properties. The new techniques will enable next-generation 

hydrogels, so-called “digital hydrogels,” whose functional composition and properties are 

voxelized at superior spatial resolution. Among all the methods, inkjet printing, also known as 

drop-on-demand (DOD) printing, shows great potential for addressing these manufacturing 

challenges [16]. DOD printing can construct 3D parts by additively depositing drops of multiple 

polymer inks at desired locations with appropriate timing between adjacent drops. Thus, it can 

build hydrogel into 3D configurations with spatially controlled properties and compositions. This 

superior spatial controllability of DOD printing can complement current, widely-used extrusion-

based printing methods.  

Despite this potential advantage, it is still heuristic to design the DOD printing process (i.e., 

when and where the adjacent drop should be deposited) for hydrogel materials. This is due to a 

limited mechanistic understanding of the behavior of polymer drops after deposition. Studies have 

concluded that polymer inks are primarily prepared at significantly diluted concentrations for 

reliable jetting [17,18]. Thus, printed polymer drops must be appropriately dehydrated and gelled 

to form functional hydrogels [19,20]. During this curing process, a complex fluid-matrix 

interaction occurs, which will eventually determine the functional properties of the printed 

hydrogel products, but it is poorly understood. 
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Most DOD printing studies have focused on finding reliable jetting conditions for a given 

polymer ink [21,22]. The dehydration step of polymer drops after being deposited on a substrate 

has been largely overlooked. Although the evaporation of sessile drops and colloidal drops (i.e., 

liquid drops where insoluble particles are suspended) has been studied extensively [23], the 

evaporation of liquid or colloidal drops is not directly relevant to the dehydration of polymer drops 

due to the porous polymer matrix and subsequent fluid-matrix interactions. This interaction even 

becomes more complicated when particulates, such as metal particles, biological cells, and drug 

compounds, are added to the hydrogel. Thus, DOD printing processes have primarily been 

developed through time-consuming and labor-intensive trial-and-error experiments.  

Previously, Han et al. [24] studied the dehydration of a DOD-printed polymer drop and 

proposed an interaction mechanism between the polymer matrix and interstitial water during 

dehydration to predict the post-cured microstructure of a DOD-printed hydrogel. However, this 

study is limited to a single drop and does not consider drop-drop interaction during the DOD 

printing process. The matrix-water interaction is anticipated to become more complicated during 

multi-drop printing, especially at the drop-drop interface. A mechanistic understanding of the 

effects of drop-drop interaction on the water-matrix interaction is essential to realize reliable 

additive manufacturing for hydrogel-based products.  

Therefore, in the first part of our study, we investigated inter- and intra-drop water-matrix 

interactions within a polymer drop after deposition, both experimentally and computationally [25]. 

We hypothesized that the interaction between the polymer matrix and interstitial water would 

determine the final microstructural characteristics of hydrogels. The underlying rationales are key 

functional properties of hydrogel products, including mechanical stiffness, hydraulic conductivity, 

and solute diffusivities that can be correlated to the porosity of the polymer matrix [26]. First, we 

computationally analyzed the dehydration of “single drop” and “two adjacent drops” after being 

deposited on the substrate. The polymer drops are approximated to a poroelastic material (i.e., a 

porous polymer matrix with a pore space saturated with interstitial water). Experiments were 

performed concurrently at intra- and inter-drop scales by DOD-printing of polymer inks under 

various printing conditions, and the microstructures were characterized afterward. These results 

were further analyzed to suggest the existence of a dimensionless parameter that characterizes 

water transport during the dehydration of polymer drops. The proposed water transport parameter 

( ) ultimately enables the predictive printing of functional hydrogel-based soft materials. 
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Many hydrogel constructs contain particulates to add additional functionalities [27]. 

Therefore, further study incorporating fluorescent particles to demonstrate digital hydrogels with 

the sub-drop spatial resolution was conducted next [28]. Based on the study of inter- and intra-

drop water-matrix interactions of DOD-printed polymer drops, we hypothesized that the regulation 

of the water-matrix interaction enables the control of particle distribution within the DOD-printed 

polymer drops. This study extended the water transport parameter ( ) to a particle transport 

parameter ( p ) that characterizes the interstitial particle transport. The hypothesis was tested by 

correlating the intra-drop particle distribution to the particle transport parameter ( p ). The results 

confirmed a scaling law capable of guiding ink formulation and printing protocol to achieve 

desired particle distributions. Furthermore, the concept of DOD-printed digital hydrogel was 

demonstrated. Its functionality can be pixelized (or voxelized) with a sub-drop resolution by 

printing patterns with controlled intra-drop particle distributions. 

Finally, live particulates (i.e., cells) were incorporated into the DOD printing process to build 

3D functional cell-laden hydrogels. We reported a new method that is capable of rapid formation 

(< 1 day) of 3D tumor models with tumor-stroma interface (i.e., tumoroids) and extremely high 

cell density (~ 810  cells/cm3), comparable to native tumor tissues. It was based on the hypothesis 

that cancer cells and cancer-associated fibroblasts (CAFs) could exert contractile forces on the 

polymer matrix and actively compact the matrix to form a structure with densely-packed cells. The 

method was realized by inkjet printing of "two colors" cell-laden (i.e., cancer cells and CAFs) 

polymer inks. The polymer inks were prepared by mixing each cell line into interpenetrating-

polymer inks (IPIs), formulated with poly(N-isopropylacrylamide-co-acrylamide) and Type I 

collagen. The morphological, structural, and mechanical characterization of the printed tumoroids 

were performed, showing that the tumoroids created by the method closely recapitulate the in-vivo 

tumor microenvironment (TME) and address the two limitations of current 3D tumor models: 

insufficient cell density and time-consuming preparation. The method was further tested by 

varying the balance between the cellular contractile force and matrix stiffness. Furthermore, a new 

“digital cell printing” concept was demonstrated to create more complex structures beyond current 

3D bioprinting techniques. 
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 ADDITIVE MANUFACTURING OF SOFT MATERIALS BASED ON 

HYDROGELS 

2.1 Author Contribution Statement 

This chapter is prepared to be published as a review paper. Authors are Cih Cheng, George 

T.-C. Chiu, and Bumsoo Han. C. Cheng, G. T.-C. Chiu, and B. Han conceived the idea. C. Cheng 

wrote the manuscript in consultation with G. T.-C. Chiu and B. Han. 

 

2.2 Introduction 

Additive manufacturing (AM), commonly known as three-dimensional (3D) printing, 

demonstrates the unique capability of creating complex 3D architectures through the layer-by-

layer deposition of materials, including polymers, composites, ceramics, and metals. AM 

techniques are widely used for custom-fabrication of industrial prototypes in many fields such as 

aviation [29], automobile, dental, electronic, and fashion [30]. In addition, the successful 

implementation of AM in the healthcare industry has resulted in the development of surgical 

equipment, medical devices, and implants [31]. More recently, AM has been extensively utilized 

in tissue engineering to construct biocompatible materials, cells, and growth or support factors into 

complex 3D functional tissue models with customized architecture [32].  

Soft materials, such as rubber, sponge, gels, and leather, possess several distinctive 

characteristics, such as controllable deformation and activation, infinite degrees of freedom, and 

self-assembly, which make them promising candidates for numerous applications, including soft 

robots [33], engineered soft tissue scaffolds [32], and drug delivery systems [34]. Besides natural 

soft materials, recent advances in material synthesis have enabled a wide variety of synthetic soft 

materials that provide more possibilities to create 3D constructs with tailorable surface and 

structural properties. Among all, “hydrogels” are a kind of soft materials most commonly used in 

tissue engineering [35]. They are loosely crosslinked networks of highly hydrophilic polymers that 

can absorb a large amount of water. This high water content makes hydrogels highly porous and 

permeable, allowing rapid diffusion of oxygen and nutrients throughout the scaffold. They can 

also provide mechanical support for the cells in the engineered tissues and simulate the native 

extracellular matrix (ECM). 
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Furthermore, the emergence of smart materials or programmable materials that respond and 

change the shapes according to specific external stimuli [36], including temperature, PH value, 

light, and electric field, opens a new chapter for additive manufacturing of soft materials, which is 

known as 4D printing [37], the fourth dimension referring to time. The advantage of using smart 

materials in AM is the ability to produce complex, functional materials that respond to the stimuli 

in programmed ways. 

Additive manufacturing techniques enable functional products from a wide range of soft 

materials with various complex shapes. Traditional AM methods include extrusion-based printing, 

inkjet printing (known as Drop-on-demand (DOD) printing), laser-assisted bioprinting (LAB), 

stereolithography (SLA), omnidirectional printing (ODP), and stamp printing [38,39], as shown in 

Figure 2.1. These methods have shown great promise in creating 3D geometry, which cannot be 

produced by traditional fabrication methods such as molding. Especially DOD printing possesses 

the capability to accurately deposit ink drops with controllable drop sizes, which offers great 

advantages in fabricating high-spatial-resolution 3D constructs.  

 

  



 

 

20 

 

Figure 2.1. The most commonly used bio-printing techniques. (A) Extrusion-based bio-printing. 

(B) Inkjet bio-printing. (C) Laser direct-write bio-printing. (D) Stereolithographic bio-printing. 

(E) Omnidirectional bio-printing. (F) Stamp (microcontact) bio-printing. [38] 

This review focuses on recent advances in additive manufacturing of soft materials, 

especially in biomedical applications. First, soft materials, specifically hydrogels, are introduced 

since hydrogels are the most widely used soft materials in bio-related research. Next, recent 

developments of AM of soft materials, including soft robots and stimuli-responsive materials, are 

discussed. Finally, the limitations of current approaches are mentioned, and future aspects are 

proposed to address the issues. 

2.3 Additive Manufacturing of Hydrogels  

Hydrogels are highly hydrophilic networks of polymer chains that have been utilized for 

many biomedical applications, including biosensors [40,41], cell encapsulation [42], and drug 

delivery [43]. Due to their ability to absorb a large amount of water, effective mass transfer, 

similarity to natural tissues, and the ability to form various shapes [44], they become choice 
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biomaterials to pattern cells in three-dimensional (3D) configurations using additive 

manufacturing (AM) technologies [45]. 

Both natural and synthetic hydrogels have been broadly used [46]. The common natural 

polymers exploited for the fabrication of hydrogels are biodegradable materials such as fibrin, 

collagen, hyaluronic acid (HA) [47], and alginate [48] that can mimic natural tissue constructs [49]. 

On the other hand, synthetic hydrogels such as poly(ethylene glycol) (PEG) [50], poly(acrylamide) 

(PAAM) [51] and poly(vinyl alcohol) (PVA) [52] possess controllable chemical and mechanical 

features. However, they need to be modified to become biocompatible by associating other 

molecules upon polymerization [53]. 

Various characteristics should be considered when assessing a hydrogel for additive 

manufacturing [54], as illustrated in Figure 2.2. For example, hydrogel's structural and mechanical 

properties must be selected for the particular functionalities [55]. Tissue has a wide range of 

mechanical properties, from soft tissues such as fat, skin, and muscle, to hard tissues such as 

cartilage and bone [56]. These mechanical properties are essential to the function of the tissue. 

Natural hydrogels are viscoelastic materials that are more suitable for engineering soft tissue [57]. 

However, using synthesized derivatives to create synthetic hydrogels could achieve structures with 

more tailorable mechanical properties [58,59]. In addition to matching the mechanical properties 

of the target tissue, a hydrogel must be a suitable material for fabrication [60]. Because of the 

layer-by-layer mechanism of additive manufacturing, each layer must provide the structural 

integrity for holding the subsequently printed layer. This property is highly related to the hydrogel 

used and the degree of gelation/cross-linking achieved, closely correlated with printing conditions 

[22]. Other factors such as biocompatibility, biodegradability, and biomimicry are also essential 

when choosing hydrogels as extracellular matrices.  
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Figure 2.2. Concept map showing the different characteristics to consider when assessing a 

hydrogel for additive manufacturing in tissue engineering applications [54]. 

Due to their superior softness, responsiveness, and biocompatibility, hydrogels are being 

intensively investigated for versatile functions in stretchable devices and machines [61], including 

sensors, actuators, electronics, and water harvesters. A field named hydrogel machines rapidly 

evolves [62], exploiting hydrogels as key components for devices and machines. Hydrogel sensors 

and actuators have been extensively reviewed [63,64]. The working principle of hydrogel-based 

soft actuators is that the hydrogel has the swell/shrink capability depending on the water content, 

which allows various actuation and motions. This water content is responsive and sensitive to 

multiple external stimuli, such as heat, electricity, magnetism, strain, pH, and chemical reactions. 

Similarly, their optimized swelling/shrinkage properties can be used as sensors to convert 

external stimuli into electromechanical signals. In addition, more and more studies attempted to 

enhance the electrical conductivity of hydrogels, which achieves various hydrogel electronics, as 

shown in Figure 2.3. The field of hydrogel machines will ultimately replace or complement many 

conventional devices based on rigid materials by integrating hydrogels that can potentially 

minimize physical and physiological mismatches with biological organs and tissues. 
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Figure 2.3. Hydrogel electronics based on (a) addition of ionic salts in the hydrogels to achieve 

ionically conductive hydrogels, (e) incorporation of electrically conductive micro or 

nanocomposites to endow electronic conductivity, and (h) introduction of conducting polymers 

into the polymer networks of hydrogel to enhance electronic conductivity. Examples for (a) 

include (b) touch pads. (c) triboelectric generators and (d) electric-eel-inspired power sources. 

Examples for (e) include (f) underwater acoustic detectors by depositing silver nanowires on 

PAAm hydrogel and (g) skin patches enabled by incorporating wavy titanium wires in 

PAAmalginate hydrogel. Examples for (h) include (i) PEDOT:PSS hydrogels as elastic 

microelectronics for low-voltage electrical stimulation and (j) patterned PEDOT:PSS hydrogel 

electrode. [62] 

In conclusion, hydrogels are highly biocompatible systems that can homogeneously 

encapsulate cells and biomolecules. They have good porosity for the diffusion of oxygen, nutrients, 

and metabolites; they can be processed under mild cell-friendly conditions. Thus, hydrogels are 

highly versatile biomaterials for tissue engineering, drug discovery, and biological research. 

2.4 Recent Developments in Additive Manufacturing of Soft Materials  

2.4.1 Soft robotics 

Soft robotics is made with soft and compliant materials and is often inspired by biological 

structures to achieve desired flexibility and adaptability to dynamic environments [65,66]. These 

soft robots can facilitate various applications, such as bio-sensors, invasive surgery, drug delivery, 

wearables, and military technologies. Soft materials allow the mobility of soft robots in dynamic 
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environments because they can passively deform and adapt to the surrounding shape. Besides, soft 

robots possess high impact resistance because they distribute stress over a large area. Advances in 

soft materials and additive manufacturing technologies have enabled the design of soft robots with 

sophisticated capabilities, such as grasping a fragile object [67] or moving on various shapes of 

substrates [68,69]. Figure 2.4 shows numerous examples of soft robots built by additive 

manufacturing [70]. 
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Figure 2.4. Examples of printed soft robots and soft devices. (a) Pre-strained polystyrene 

substrate with inkjet-printed hinges made of carbon black ink. (b) 3D-printed jumping soft robot. 

(c) 3D stereolithography-printed bat with curvature time lapse. (d) 4D-printed composite with 

swellable hinges. (e) 4D-printed unfolded box composed of shape memory polymers. (f) A soft 

jumping robot with a 3D-printed mold. (g) 4D printing of hydrogel composites for soft robotic 

applications. (h) Asnake-inspired soft robot with a 3D-printed mold. (i) Multi-step 3D-printed 

octobot. (j) Pneumatic actuator for spinal compression and flextion with 3D-printed mold. (k) 

Embedded 3D printing of soft strain sensor for soft robots. (l) Multicore print headshell 

capacitive sensor. [70] 

Soft robots serve as a promising approach in the biomedical area [71]. For example, in 

minimally invasive surgery and endoscopy, robots operate inside a live body and physically 

contact a patient. Recently, Hu et al. have developed a soft small-scale robot that can roll into an 

ex-vivo chicken tissue [72]. Moreover, soft robotics can be used in human body rehabilitation (e.g., 
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knee, foot, hand, etc.) and assistance. A powerful example is provided by the i-support arm 

designed to help older people with shower tasks [73], such as bathing. Targeted drug delivery is 

another area in which soft robots are widely used. If the target area for therapy is very remote, 

navigating through the vasculature to reach small target areas and delivering drugs with a precise 

administration profile cannot be realized with wired surgical tools. Therefore, many soft robots are 

developed for drug delivery and are based on hydrogels with biocompatible and biodegradable 

properties. Such soft robots can be guided to a specific location, and the drug can be passively or 

actively released by specific triggers. 

In the last few years, a growing interest in additive manufacturing (AM) technologies has 

been broadly utilized in soft robotics. Because of several intrinsic attributes of AM, such as the 

possibility to fabricate objects with very complex geometries and the ability to use multiple 

materials in a single printing process. Besides, the expansion of the materials also accelerates the 

growing need for AM of soft materials. The leading technologies contributing to the AM of soft 

robotics are extrusion-based printing, direct inkjet printing, and stereolithography (SLA).  

In extrusion-based printing, emphasis is placed on tailoring the rheological properties and 

optimizing the flow properties of extruded materials to achieve the desired processability and 

fidelity. Fused deposition modeling (FDM) is a popular and affordable extrusion-based printing 

method for manufacturing soft materials. The most successful FDM material for soft robotics is 

the Ninjaflex family of thermoplastic polyurethanes, used for fabricating flexure hinges for soft 

prosthetic fingers [74] and high-force pneumatic actuators capable of bi-directional motion [75]. 

However, the dependence on melting and cooling processes limits the use of FDM in thermoplastic 

polymers. Another extrusion-based printing, direct ink writing (DIW), is a more flexible process 

in terms of compatible materials and is widely used to manufacture soft robotic actuators [76]. But 

further research is still needed to investigate the material’s fluid flow after extrusion on a substrate. 

In direct inkjet printing, inkjet printheads jet the liquid resins onto the substrate before 

solidifying. One of the advantages of inkjet printing is the simultaneous deposition of multi-

materials. Therefore, a printed part can have selective mechanical properties, opacities, and colors 

[77]. For example, a robot can be constructed with inkjet materials with different mechanical 

stiffness (i.e., elastic modulus), enabling a programmable mechanical response [78] to temperature, 

electrical stimuli, or oscillating magnetic fields. For example, Umedachi et al. have designed a soft 

worm with variable friction feet [79], enabling worm-like locomotion through repeated tendon 
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actuation. However, other soft robotic applications require even softer and more stretchable 

materials than commercially available inkjet materials. In addition, the physics of droplet 

deposition and formation needs more in-depth studies, including processing conditions, ink 

formulation, and water-matrix interaction, which ultimately affect the qualities of printed products. 

Stereolithography (SLA) can be used to polymerize objects within a liquid resin, including 

two-photon polymerization, micro-stereolithography (μ-SL), digital mask projection 

stereolithography, digital light processing, and continuous liquid interface production. Processing 

in a medium provides buoyant forces capable of supporting soft, compliant structures, which is 

particularly suitable for manufacturing soft robots. Chan et al. fabricated a locomotive bio-bot 

using SLA based on cardiomyocytes and hydrogels [80]. The cantilever hydrogel-based structure 

was seeded with a sheet of contractile cardiomyocyte that actuated the bio-bot. However, there is 

still a lack of available materials with suitable mechanical properties for soft robot applications 

(low elastic modulus and high surface energy) compatible with SLA. 

Compared to molding or machining methods, AM offers more freedom to design complex 

geometries and enables the production of components that combine multiple materials. Using this 

principle makes it possible to create mechanical devices combining soft deformable parts with 

more rigid elements, suitable for fabricating hybrid soft-rigid robotic systems, benefiting both from 

soft compliant elements and structural reinforcements. 

2.4.2 4D printing: additive manufacturing of stimuli-responsive materials  

The ability to fabricate arbitrarily complex objects has made AM technologies crucial in 

various applications, such as personalized healthcare, soft electronics, and renewable energy. 

While many studies have been done to enable different AM methods, materials designed explicitly 

for AM have yet to reach maturity. Recently, the demand for “smart” materials that respond to and 

change shapes by specific external stimuli has significantly increased. Stimuli-responsive 

polymers, also referred to as smart polymers, change their physical or chemical properties in 

response to specific triggers such as temperature, light, electrical and magnetic fields, pH, and 

mechanical force. The advantage of using smart polymers in AM is the ability to produce complex 

and functional products that respond to the environments in programmable ways. The combination 

of the object geometries afforded by AM, combined with the stimuli-responsive character provided 

by smart polymers, makes the range of potential applications limitless. This combination has led 
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to the new field known as 4D printing, the fourth dimension referring to time, which was first 

introduced by Skylar Tibbit [81]. The concept of 4D printing is illustrated in Figure 2.5. 

 

 

Figure 2.5. Schematic overview of 4D printing, including 4D printing technologies, materials, 

and stimuli.[82] 

The printing technologies used in 4D printing are the same as 3D printing, such as 

stereolithography (SLA), extrusion-based system, and inkjet deposition of droplets of materials, 

since the fourth dimension depends on the nature of the materials rather than the technologies. To 

date, the majority of reports on 4D printing have focused on using SLA, fuse deposition modeling 

(FDM), and direct ink writing (DIW) technologies. However, there have been significant strides 

recently in inkjet printing of dynamic materials that respond to external stimuli. 

The hydrogels have been extensively used as materials for 4D printing for biomedical 

applications [83]. Different stimuli-responsive hydrogels, including natural, synthetic, and peptide 

hydrogels, are used in health care. The advantages of using hydrogels in 4D printing are their 

controllable porosity and interconnectivity. Poly (N-isopropyl acrylamide) (NIPAm), poly (vinyl 

alcohol) (PVA), chitosan hydrogel, polyether polyurethane, acrylamide, and polyethylene glycol 
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(PEG) are smart stimuli-responsive hydrogels that widely used in biomedical applications, such as 

implants, drug delivery, wound dressings, and biosensors [11].  

4D bioprinting has emerged in the biomedical field, where “time” is integrated with 3D 

bioprinting as the fourth dimension. Here, “time” refers to the fact that printed 3D biomaterials or 

living cellular constructs continue to evolve over time after being printed. Therefore, two types of 

4D bioprinting approaches could be categorized. The first one refers to printing smart materials, 

as introduced by Skylar Tibbit, which usually utilize responsive materials with inherent properties 

or functionalities that can reshape or transform themselves in response to specific stimuli. 

Furthermore, Gao et al. have also defined 4D bioprinting as the maturation and functionalization 

of cell-laden 3D-printed structures with time, which is based on the cellular activity in engineered 

tissue constructs after printing [83]. The printed ‘microtissue’ from bioink (e.g., cell-laden matrix) 

can undergo maturation via (cells) proliferation, (cells) self-organization, or extracellular matrix 

deposition to gradually form functional tissue constructs within a certain time frame. 

4D printing based on smart materials, which utilizes 3D printing to fabricate tissue-like 

constructs made of responsive materials, is possible to generate more complex structures and has 

aroused great interest. Temperature is the most frequently used stimulus to deform bio-printed 

constructs. Thermoresponsive materials can fold, shrink, or swell upon changes in temperature, 

where certain types of polymer have phase-transition temperatures close to physiological 

temperature. A typical case is the poly(N-isopropyl-acrylamide) (PNIPAAm), a widely used 

material for drug delivery and tissue engineering. Another common stimulus to deform bio-printed 

scaffolds is water, where deformation is based on the amount of water absorbed (i.e., swelling) in 

the scaffolds. Bioprinted scaffolds can swell in a temporally and spatially dependent manner when 

immersed in water. Additionally, recent developments in magnet-responsive materials enable the 

deformation of bio-printed scaffolds using magnetic fields. In addition to 3D printing of shape-

changing materials, local control of the magnetic particle orientation adds another dimension [84]. 

The deformation of bio-printed materials can also be achieved by self-organizing cells coated 

on or encapsulated in bio-printed scaffolds. The introduction of post-tissue maturation to achieve 

4D bioprinting offers an advanced technique to obtain engineered tissue constructs with functional 

features comparable to those of native tissues. The 4D-printed constructs with prescribed patterns 

may exhibit functional differentiation and maturation during the cultivation. For example, Betsch 

et al. demonstrated a magnetic-based bioprinting strategy in agarose/type I collagen hydrogels to 
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align collagen fibers, guiding cells' proliferation and differentiation behaviors in the desired 

manner [85]. 

Overall, the shape and function transformation features of 4D bioprinting could be utilized 

to design and control the printed constructs with adjustable shapes, sizes, functions, and working 

sites over time. Although progress has been made over several years, 4D bioprinting development 

is still at an early stage, and challenges need to be addressed. 

2.5 Challenges and Opportunities 

Additive manufacturing (AM) opens up new opportunities for achieving customized design, 

greater efficiencies, more complex geometries, and better environmental sustainability compared 

with conventional manufacturing methods. On the other hand, soft materials are widely-used 

materials for additive manufacturing of biomedical and healthcare products due to their soft nature. 

Hydrogels are superior soft materials due to their biocompatibility, processability, elevated 

permeability, and ability to maintain large amounts of water. Developments in additive 

manufacturing of soft materials drive various encouraging outcomes, including hydrogel machines 

and soft robotics, which are more adaptable to living things. More recently, efforts in material 

science allow different stimuli-responsive smart, soft materials and enable the introduction of 4D 

printing. This technology has enlarged the applicability of engineered soft products in biomedical 

fields.  

Despite all these efforts, challenges remain, such as low production throughput, poor 

scalability, and limited materials for the specific AM methods. Small build volume is considered 

one of the main disadvantages of AM technology. When using AM to construct large products, 

the large parts usually are scaled-down or cut into subparts, which adds time and effort. Moreover, 

the scaling down of the model is typically not effective and practical. Until now, AM has not yet 

been successfully applied to large-scale industrial applications.  

In addition, although AM has demonstrated the ability to fabricate complex, geometrically 

optimized components at significantly reduced costs and lead times, process and quantitative 

methodologies have not been developed. As a result, most of the studies followed trial and error 

manufacturing and testing to develop and optimize the procedures or materials for a given scheme. 

It is still difficult to predictively design the AM for the desired functionality of the soft products. 

Also, many of the reports focused on proof of concepts and potential applications; however, 
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continual advancements in AM technologies and material science are needed to realize them in 

practical use. The above problems might be improved by integrating in-situ process monitoring 

into the AM techniques. For example, some studies have attempted to track spatial and temporal 

variation through optical techniques [86] and displacement sensors [87]. These solutions finally 

enable the more precise and reliable control of the AM processes. 

Materials for traditional manufacturing methods have already been well-developed in terms 

of processability and the desired products’ properties. However, as AM is a relatively young 

technology, there is still a gap in achieving standardization and specifications of materials for AM, 

especially for soft materials. Therefore, further research is still needed to develop globally-defined 

standards of soft materials and accelerate the establishment of AM of soft products in the industries.  

Other than technical breakthroughs, fundamental scientific understanding of material 

science, reaction kinetics, and underlying mechanics is a crucial gap in expanding the boundary of 

AM of soft functional materials. To improve this, theoretical and computational models could be 

developed to investigate unique features, such as localized heat and mass transfer with 

temperature/pressure gradients, liquid-solid transformation, microstructure evolution, and thermo-

mechanics. For example, a study has utilized computational models to elucidate fundamental 

design mechanisms and, based on these mechanisms, to predictively synthesize bio-inspired 

composites with tunable mechanical properties by additive manufacturing [88]. Overall, the 

standards of soft smart materials processed by additive manufacturing are ongoing. We could 

expect that the increasing research and development will eventually bring a revolution in soft 

functional materials. 
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 WATER-MATRIX INTERACTION AT THE DROP-DROP 

INTERFACE DURING DROP-ON-DEMAND PRINTING OF 
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3.2 Introduction 

Hydrogel-based soft materials are widely used in various applications, including healthcare, 

food, pharmaceutical, and cosmetic products. In addition, recent developments of polymer 

sciences have enabled the production of a wide variety of novel hydrogel-based soft materials, the 

properties of which can be designed and tailored to emerging applications, including tissue 

engineering [89–92], drug delivery [93,94], stretchable and wearable electronics [7], and energy 

storage and conversion [8,95,96].  Moreover, shape memory hydrogels have recently been used to 

create a so-called 4D material whose shape can be changed upon external stimuli like heat [97], 

light [98], ultrasound [99], or chemicals [100,101].  

Various 3D printing methods have been employed to create 3D configurations of hydrogels 

[102–104]. These include extrusion-based printing [105], laser-assisted bioprinting (LAB) [106–

108], and drop-on-demand (DOD) printing [109–113]. In addition to traditional model-based 

manufacturing methods, it is still challenging to precisely control the spatial resolution of hydrogel 

products printed by these methods. Of these methods, DOD printing technologies show great 

potential for addressing these manufacturing challenges. DOD printing can construct 3D parts by 

additively depositing drops of polymer ink at desired locations with appropriate timing between 

adjacent drops [114]. Thus, it is capable of constructing hydrogel into 3D configurations with 

spatially controlled properties and compositions. This superior spatial controllability of DOD 

printing can complement current, widely-used extrusion-based printing methods. Despite this 
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potential advantage, it is still heuristic to design the DOD printing process (i.e., when and where 

the adjacent drop should be deposited) for hydrogel materials. This is due to a limited mechanistic 

understanding of the behavior of polymer drops during and after deposition, which will eventually 

determine the functional properties of the printed products.  

Most prior studies on DOD printing have been focused on finding reliable jetting conditions 

for a given polymer ink [16,21]. Typical polymer inks need significant dilution in water for reliable 

jetting [19,20,115]. Thus, after deposition, the drop’s water content should be reduced (i.e., 

dehydration) to form functional materials. The behavior of polymer drops during this dehydration 

step has been largely overlooked, although the evaporation of sessile drops and colloidal drops 

(i.e., liquid drops where insoluble particles are suspended) has been studied extensively [116–119]. 

The evaporation of liquid or colloidal drops is not directly relevant to that of polymer drops, 

because of the presence of a porous polymer matrix and subsequent fluid-matrix interactions. Thus, 

DOD printing processes have primarily been developed through time-consuming and labor-

intensive trial-and-error experiments [19,102,104].  

Recently, Han et al. [24] studied the dehydration of a DOD printed drop and proposed an 

interaction mechanism between the polymer matrix and interstitial water during dehydration to 

predict the post-cured microstructure of a printed hydrogel. However, this study is limited to a 

single drop and does not consider drop-drop interaction during the DOD printing process. It is 

anticipated that the matrix-water interaction becomes more complicated during multi-drop printing, 

especially at the drop-drop interface. A mechanistic understanding of the effects of drop-drop 

interaction on the water-matrix interaction is essential to realize reliable additive manufacturing 

for hydrogel-based products.  

In the present study, we investigated drop-drop interactions during DOD printing, both 

experimentally and computationally. This is based on a hypothesis that the interaction between the 

polymer matrix and interstitial water occurs at the drop-drop interface, and the result of this 

interaction will determine the microstructural characteristics of printed polymer drops. The 

underlying rationales are critical functional properties of hydrogel products, including mechanical 

stiffness, hydraulic conductivity, and solute diffusivities. These are related to polymer 

concentration, degree of hydration, and crosslinking density [20,92,120,121], which can be 

commonly correlated to the porosity of the polymer matrix. To test this hypothesis, we 

computationally analyzed the dehydration of two printed polymer drops, which are approximated 
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to a poroelastic material (i.e., a porous polymer matrix that has a pore space saturated with 

interstitial water). Experiments were performed concurrently at intra- and inter-drop scales using 

DOD-printing polymer inks under various printing conditions to characterize structures. These 

results were further analyzed to suggest the existence of a dimensionless parameter that 

characterizes water transport at the drop-drop interface, which ultimately enables the predictive 

printing of functional hydrogel-based soft materials. 

 

3.3 Theoretical Background 

We developed a computational model of the dehydration of printed polymer drops, 

considering the drop-drop interaction, as illustrated in Figure 3.1. In this model, polymer drops are 

modeled as a poroelastic material composed of a porous polymer matrix saturated with interstitial 

water, as described in Han et al. [24]. This computational model simulates the two steps of events. 

 

 

Figure 3.1. Schematics of the computational model of two-drop dehydration. When a single drop 

is deposited, the interstitial water flux ( wJ ) is balanced with the evaporation rate ( vJ ) at the 

drop-air interface. As the second drop is deposited, the interstitial water flux of the second drop 

( 2wJ ) is balanced with the interstitial water flux of the first drop ( 1wJ ) at the drop-drop interface. 

3.3.1 Single drop dehydration 

The local dilatation of polymer drops is governed by the consolidation equation, which is 

derived from the conservation of mass and the momentum of the polymer matrix and interstitial 

water [24,122,123], i.e. 

 



 

 

35 

  
(1 )

, and 
(1 )(1 2 )

con con

e KE
D e D

t



 

 
  

  
 (3.1) 

 

where e is the dilatation (volume change per volume) and, conD  is the consolidation constant that 

is determined by the hydraulic conductivity (K), elastic modulus (E), and Poisson’s ratio ( ). The 

boundary condition at the drop-air interface is formulated by balancing the water evaporation rate 

( vJ ) and interstitial water flux ( wJ ) as shown in Figure 3.1: 
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where w  is the density of interstitial water, mh  is the mass transfer coefficient at the drop-air 

interface, and ,v d , ,v   are the mass concentrations of water vapor at the interface and ambient, 

respectively, which can be determined by the partial pressure of the vapor [124]. Although we 

know that the evaporation flux is especially pronounced near the contact line [125], we neglect 

this effect by estimating it as a constant along the drop-air interface. The substrate is assumed as 

impermeable to water flux and therefore the second boundary condition is the non-penetration 

condition at the substrate, i.e. 
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We thus performed a numerical simulation solving the consolidation equation with 

appropriate boundary conditions to obtain the dilatation distribution of a single drop at a certain 

time point ( t  ). 

3.3.2 Deposition of the 2nd drop and dehydration of both drops 

Next, we used the simulation result of the dilatation distribution of a single drop at as an 

initial value of the 1st drop in the two-drop model. The initial value of the 2nd drop is zero. The 
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local dilatation of two drops is also governed by the consolidation equation (equation (3.1)). Two 

boundary conditions, including the equivalent water flux at the drops-air interface (equation (3.2)) 

and the non-penetration condition (equation (3.3)), remained as shown in Figure 3.1. In order to 

simulate drop-drop interaction, we formulate the boundary condition at the drop-drop interface. 

The boundary condition assumes the continuity of interstitial water flux across the drop-drop 

interface, i.e. 

 

 
1 2

w con w con

drop drop

e e
D D

n n
 

 


 
 (3.4) 

 

This boundary condition implies no water loss when water is transported across the interface. 

Water density remains the same. Here, we neglect the effect of deformation-dependent properties, 

specifically conD . Consequently, the consolidation constant of the two drops is assumed to be the 

same over time. The consolidation equation (equation (3.1)) was solved sequentially with 

appropriate boundary conditions using a FEM package (COMSOL Multiphysics) by assuming that 

drops were already deposited on the substrate before the calculation. Since we neglect the 

influences of jetting impact or substrate properties on the formation of drops, the geometry is 

predetermined; and it remains constant during dehydration due to the pinning effect [24]. The 

mechanical properties and mass transfer coefficient of the polymer were selected based on the 

literature [24,55,126], which are listed in Table 3.1. In the present computational study, the effects 

of temperature were considered by varying the saturated vapor pressure while maintaining other 

mechanical properties of the polymer. 

Table 3.1. Summary of the computational parameters 

Parameters Values Literatures 

d (diameter of drops) 500 µm   

h (height of drops) 30 µm  

p (pitch) 250 µm  

E (elastic modulus) 1000 Pa [24,55,126] 

K (hydraulic conductivity) 13 21 10 m Pa s     [55,126] 

ν (Poisson’s ratio) 0.3 [24] 

mh  (mass transfer coefficient) 0.01 m/s [24] 
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3.4 Material and Method 

3.4.1 Preparation of thermally responsive Ppolymer ink 

For the experiments, poly(N-isopropylacrylamide-co-acrylamide) (P(NIPAM-AM), Akina 

PolySciTech, West Lafayette, IN) was used. This inverse thermopolymer was selected because of 

its relevance for the mechanistic study of gelation-dehydration phenomena: (i) its gelation kinetics 

can be specifically controlled by varying its temperature, (ii) its viscosities and elastic modulus 

are relevant to DOD printing, and (iii) its chemical inertness makes it appropriate for tissue 

engineering and controlled drug delivery applications. The polymer solution was prepared by 

dissolving P(NIPAM-AM) in deionized water at 4 °C with several different concentrations.  The 

solution was stored at 4 °C until used in the experiment since the gelation and viscosity of the 

thermogel solution are sensitive to the temperature. 

3.4.2 Drop-on-demand printing setup 

The DOD printing setup consists of an inkjet system, stage controller, and droplet imaging 

system, as shown in Figure 3.2. The inkjet system is controlled by a pressure controller that 

maintains the desired backpressure to sustain a consistent and appropriate meniscus at the tip of 

the inkjet nozzle and a voltage controller that controls pulse amplitude and pulse duration for firing 

the inkjet nozzle. A 100 μm diameter nozzle (MJ-MJ-ABL-01-100, MicroFab, Plano, TX) was 

used in the Inkjet Printer (OmniJet 100, UniJet, Korea). Substrate movement is provided by an XY 

stage with 2 μm addressability. A CCD camera (MV-BV30U, CREVIS, Korea) is used to image 

drop formation.  For printing experiments, the prepared polymer solution was loaded into the ink 

reservoir of the setup. The ink reservoir and the nozzle were enclosed in a cool acrylic box with 

dry ice to maintain their temperatures at ~8 °C, which is below the gelation temperature of 

P(NIPAM-AM) ink. P(NIPAM-AM) drops were printed on glass substrates for various drop 

spacing increments and various substrate temperatures. Drop spacing was controlled from 50 μm 

to 200 μm by varying the translational speed of the stage corresponding to the jetting frequency. 

The stage temperature was controlled from 20 to 50 °C within ± 0.5 °C using a temperature 

controllable heating module. Before jetting, glass micro slides with a thickness of 1 mm were 

placed on top of the stage for 20 minutes more after the surface temperature had reached to target 

temperature. 
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Figure 3.2. Schematic of DOD printing set-up. The DOD printing module consists of an inkjet 

head whose temperature and pressure are regulated during the printing process. The jetting and 

imaging of polymer drops are controlled by a PC. The substrate temperature is also controlled by 

the PC. 

3.4.3 Post-printing characterization 

In order to visualize the effects of water-matrix interaction during dehydration, the 

microstructures of the P(NIPAM-AM) hydrogel matrices were observed via an optical microscope 

and a scanning electron microscope (SEM: S-4800, Hitachi). After the gelation, the samples were 

stored at the same temperature and humidity conditions for 24 hours, after which they were 

observed by an optical microscope. For SEM observation, the samples were freeze-dried for 48 

hours before the measurement.  The surface topology of hydrogel samples was also analyzed using 

atomic force microscopy (AFM; XE-7, Park System). 

3.5 Results 

3.5.1 Computational analysis of the dehydration of printed drops 

Computational results are presented as dilatation contour and interstitial water flux vectors 

in Figure 3.3, which shows the dehydration of drops at 40°C. The dilatation is a volumetric strain 

representing matrix deformation. The negative sign denotes the shrinkage of the drops. After a 

single drop is printed, as shown in Figure 3.3(a), matrix shrinkage is localized at the drop’s 
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periphery (i.e., contact line), similar to the “coffee ring effect.” Dilatation increases from the 

periphery to the drop center, implying water transports from the drop center to the periphery, as 

shown in the cross-sectional vector plot. Figure 3.3(b-d) show the time-lapse dilatation during the 

dehydration after the deposition of the second drop. Upon the deposition of a second drop, the 

dilatation of the first drop at the drop-drop interface significantly increases, as shown in Figure 

3.3(b). This is because the hydrated second drop rehydrates the first drop at their interface. A high 

degree of deformation is observed near the drop-drop interface, indicating that rapid water 

transport occurs at the boundary of the two drops. After the rehydration, the interstitial water 

transport between the two drops diminishes at later time points (i.e., Figure 3.3(c) and (d)). Finally, 

two drops dehydrate together, as in the case of a single drop. However, the location of maximum 

dilatation deviated from the location of the deposition, which may affect the spatial resolution of 

the resulting geometry. The resulting two drops are not expected to have the same microstructural 

properties. Moreover, it is anticipated that residual stress will be built up at the interface and may 

cause potential defects to the printed products. 

 

 

Figure 3.3. Drop-dilatation and water flux during the dehydration of printed drops. (a) Dilatation 

of the single drop after 5s dehydration (before deposition of the second drop). (b-d) Dilatation of 

two drops after dropping the second drop for 1s, 5s, and 10s.  (Contour plot at the substrate 

surface (z=0) and cross-section contour plot with deformation gradient, i.e., water flux.).  
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3.5.2 Computational analysis of effects of printing parameters 

The effects of two key printing parameters – dehydration temperature and pitch distance 

between drops – are further investigated. The effects of temperature are shown in Figure 3.4 by 

varying the ambient temperature at 30 °C, 40 °C, and 50 °C. The overall behavior of the dilatation 

and interstitial water transport is similar to the prediction at 40 °C, shown in Figure 3.4(c, d). The 

effect of lowering the temperature is presented in Figure 3.4(a, b). The magnitude of dilatation 

decreases due to slower gelation and dehydration at low temperatures (i.e., 30 °C). The low degree 

of deformation in the region at the drop-drop interface after the deposition of the second drop 

indicates a decline in interstitial water flux. Evaporation soon becomes dominant, and subsequent 

drops tend to coalesce. As the temperature increases, the magnitude of dilatation remarkably 

increases because of the rapid dehydration, illustrated in Figure 3.4(e, f). The first drop experiences 

intense dehydration at high temperatures (i.e., 50 °C). Accordingly, a high degree of deformation 

and enhanced interstitial water flux occur at the drop-drop interface after the second drop is 

deposited. High shrinkage is observed and is localized at the periphery of two drops, indicating a 

notably denser polymer matrix localized at the periphery. The magnitude of this localized 

deformation in the first drop is significantly larger than that in the second drop.  

The effects of pitch distance between two drops are shown in Figure 3.5. As we increase the 

pitch between two drops from 1/2 diameter (Figure 3.4) to 3/4 diameter (Figure 3.5), significant 

shrinkage appears at the boundary between the two drops. This implies that the two drops 

dehydrate more individually. This becomes more notable as the temperature increases. As 

described above, the pattern of dehydration at the periphery also becomes apparent when the 

temperature increases. 
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Figure 3.4. Effect of temperature on dilatation and interstitial water flux during the dehydration 

of printed drops. (a, c, e) The dilatation distribution of two-drop after adding the second drop for 

1s with temperatures of 30 °C, 40 °C, and 50 °C. (b, d, f) The dilatation distribution of two-drop 

when adding the second drop with temperatures of 30 °C, 40 °C, and 50 °C. (Contour plot at the 

substrate surface and cross-section contour plot with deformation gradient, i.e., water flux.). 
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Figure 3.5. Effect of temperature for long pitch distance on dilatation and interstitial water flux 

during the dehydration of printed drops. (a, c, e) The dilatation distribution of the two-drop when 

adding the second drop with temperatures of 30 °C, 40 °C, and 50 °C. (b, d, f) The dilatation 

distribution of the two-drop after adding the second drop for 5s with temperatures of 30 °C, 

40 °C, and 50 °C. (Contour plot at the substrate surface and cross-section contour plot with 

deformation gradient, i.e., water flux.). 

3.5.3 Drop-drop interactions during printing line pattern 

The experimental results (collaboration with the group from the Korea Institute of Industrial 

Technology (KITECH)) of jetting and drop-drop interaction are presented in Figure 3.6. Drop 

formation of 1% w/v P(NIPAM-AM) during jetting is shown in Figure 3.6(a). The drop velocity 

measured was approximately 2.5 m/s, having a fixed shear rate of 25,000 s-1 for the present nozzle 
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diameter. The long tail of the jetting drop was also noted in Figure 3.6(a), which is typical for the 

jetting of non-Newtonian inks [121]. 

Patterns of single and multiple drops printed with varying substrate temperatures and pitch 

distances are shown in Figure 3.6(b). First, single drop patterns are presented to delineate the 

effects of substrate temperatures (Note Figure 3.6(b)).  As the glass substrate temperature increases, 

the size of the printed drop increases so that the size at 50 °C is approximately twice larger than 

that at 30°C. This implies that the polymer drops are gelled upon the deposition more rapidly as 

the substrate temperature is elevated. At the same time, the elevated temperature also accelerates 

dehydration due to the higher evaporation rate. Moreover, the drop experiences uniform 

dehydration at relatively low temperatures (i.e., 30 °C), resulting in a more homogeneous 

dehydration pattern. However, as the temperature increases, the pattern is significantly localized 

at the periphery and becomes non-uniform due to the higher strain being applied to the hydrogel 

at a high temperature. We can see similar effects (uniform dehydration pattern at low temperature 

but non-uniform pattern at higher temperatures) in our computational results in the two-drop model 

(Note Figure 3.4 and Figure 3.5). 

The effects of drop-drop interaction on the quality of printing patterns are presented in Figure 

3.6(b).  P(NIPAM-AM) at 1% w/v was deposited on glass substrates with varying temperatures 

and pitch distances. When the substrate temperature was 30 °C, the line patterns were formed at 

all pitch distances tested, which implies slower gelation and dehydration and subsequent 

coalescence of drops. This outcome concurs with the computational results shown in Figure 3.4(a-

b). As the substrate temperature increases, the boundaries of drops deposited become notable along 

the line printed at pitch distances of 125 and 200 μm. The pattern of dehydration at the drop 

periphery also becomes apparent. This trend is thought to be caused by accelerated gelation and 

dehydration and matches with computational results. These observations match our simulation 

results, as shown in Figure 3.4 and Figure 3.5. Significant shrinkage appears at the drops’ boundary 

when the temperature increase, and the pattern becomes notable between the two drops as the pitch 

distance increase. 
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Figure 3.6. Effects of drop-drop interactions on the printed line quality.  (a) Time-lapse 

photographs of drop formation of 1% w/v P(NIPAM-AM) after jetting (Pulse Amplitude = 60 V, 

Pulse Duration = 23 μs). (b) An ink of 1% w/v P(NIPAM-AM) was deposited on glass substrates 

(Pulse amplitude = 60 V, Pulse duration = 23 μs) at different temperatures (T) while varying the 

pitch distance (P). Room temperature and humidity conditions were 20 °C and 60% relative 

humidity, respectively. The scale bar is 100 μm. 

3.5.4 Nonhomogeneous microstructure of the printed hydrogel 

The microstructures of the P(NIPAM-AM) hydrogel matrices were also observed using 

scanning electron microscopy (SEM) (collaboration with the group from the Korea Institute of 

Industrial Technology (KITECH)). Figure 3.7(a) shows the cross-sectional view of the printed line 

pattern. The SEM images also show that the porous structure of microgels was formed in the 
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central region and that there was no microgel structure found at the side. Figure 3.7(a) also reveals 

that the porous structure at the drop center is denser near the drop-air interface than in the interior. 

The surface morphologies of inkjet-printed hydrogel layers were explored by atomic force 

microscopy (AFM). As shown in Figure 3.7(b), the AFM image exhibits sponge-like microporous 

structures at the pattern center. In general, P(NIPAM-AM), as a thermosensitive polymer, exhibits 

a transition between water-soluble and insoluble states at the low critical solution temperature as 

a cooperative process involving an intramolecular coil-to-globule transition, resulting in the 

aggregation of polymer chains and porous structures. However, at the side of the line pattern, the 

surface morphology dramatically changes to have much smaller grains, as shown in Figure 3.7(c). 

 

 

Figure 3.7. Effects of dehydration on the microstructures. The P(NIPAM-AM) ink drops were 

printed in a line pattern on a glass substrate at 50 °C. (a) SEM images of the internal 

microstructures. Surface morphologies measured by AFM (a) at the center and (b) at the side of 

the pattern. 
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3.6 Discussion 

The evaporation of sessile drops and colloidal drops (i.e., liquid drops where insoluble 

particles are suspended) [116,117,119] has received considerable interest from the research 

community since inkjet printing technology was introduced to many microfabrication applications.  

Many empirical studies have shown that ink-substrate interactions determine the evaporation 

phenomena [117,118]. The evaporation of liquid or colloidal drops, however, is not directly 

relevant to that of polymer drops. This is primarily due to the presence of a porous polymer matrix 

and subsequent water-matrix interaction. For a liquid or colloidal drop, intra-drop Marangoni flow 

is present during drying [127].  By contrast, once a small drop of polymer solution is deposited on 

a substrate, it will quickly polymerize. This drop will begin to dehydrate at the drop-air interface 

due to the evaporation of water.  This dehydration will induce drop shrinkage, which will trigger 

complex water-matrix interactions in this porous polymer matrix. This interaction results from the 

mechanical stress along the polymer matrix raised by dehydration induced shrinkage, and 

subsequent interstitial water transport through the polymer matrix. Moreover, if the substrate is 

hydrophilic, mechanical tension will be applied along the drop-substrate periphery due to pinning. 

Thus, polymer drops will experience distinctly different drying conditions from those of liquid 

drops.  

The results in the present study confirm that the pattern and magnitude of this intra-drop 

deformation are highly dependent on the dehydration condition. Since the extent of drop 

dehydration can be determined by balancing the intra-drop interstitial water flux with the water 

vapor flux at the drop-air interface, we could propose a dimensionless parameter: 
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where cL  is the characteristic length of the drop (i.e., the diameter or height of the drop). This 

Nusselt number-like parameter represents the significance of evaporation with respect to 

interstitial water transport. As the mass transfer coefficient ( mh ) increases or the consolidation 

constant ( conD ) decreases, the parameter will increase, which suggests rapid evaporation or slow 

interstitial water transport. In both cases, the drop will be subjected to highly localized shrinkage. 
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On the contrary, as mh  decreases or conD  increases, the parameter implies that the interstitial water 

transport occurs rapidly so that the drops will experience less of a deformation gradient and a 

spatially uniform matrix microstructure for a given evaporation rate. This parameter can be a 

predictive measurement of the quality of the printed drop and also provides a quantitative guideline 

to adjust the operation of the printing equipment and process to achieve the desired microstructural 

characteristics. The effect of temperature and pitch distance in our simulation and experiment can 

also be described using this dimensionless parameter. The corresponding parameters for 

temperature and pitch distance are mh  and cL , respectively. As the temperature and pitch distance 

increase, the dimensionless parameter will increase, suggesting rapid evaporation and higher 

deformation (Note Figure 3.4, Figure 3.5, and Figure 3.6). This demonstrates that the parameter 

does characterize the dehydration behavior of the drops. 

Understanding this complex fluid-matrix interaction during dropwise gelation-dehydration 

is a critical knowledge gap to be filled to design and develop DOD printing processes for additive 

manufacturing. Besides, an understanding of drop-drop interactions is also essential to improve 

the throughput of the printing processes, which is one of the main challenges for additive 

manufacturing. Many of the recent works in inkjet-type deposition processes have been limited to 

a single deposition nozzle/device per material [128,129]. The high throughput and consistent 

output performance associated with digital and variable data printing is still an elusive goal for 

digital/additive manufacturing [130]. The ability to reliably “write” multiple dots in a single 

process at the process resolution will enable high throughput digital printing. Historically, this is 

also the main reason for inkjet-based large format plotters to replace pen-based plotters in the 

marketplace. 

Although the present computational results provide a parametric understanding of the water-

matrix interaction, further research is warranted to address some limitations and improve the 

accuracy of the predictions. As recently reported in Saenz et al. [125], the shape of the drop could 

affect the drop evaporation rate and locally varying mass transfer coefficients. The shape of 

polymer drops and the pinned contact line in the present study need to be updated to improve the 

prediction accuracy.  Spatial variation of the mass transfer coefficient, particularly along the 

contact line, will also warrant further study. The present computational model assumed that 

gelation was completed upon the deposition. However, since the gelation of the thermogels 



 

 

48 

occurred across a temperature range, the gelation kinetics may need to be considered during the 

dehydration. 

3.7 Conclusions 

In summary, we investigated the drop-drop interactions of sequentially DOD-printed 

polymer drops during dehydration. The effects of substrate temperature and pitch distance between 

two coalescent drops were studied both computationally and experimentally. A high shrinkage 

localized at the periphery of two drops, indicating a notable pinning effect of the printed pattern, 

was found more apparent at higher substrate temperatures and larger pitch distances both in the 

simulation and the printing experiment. Additionally, the microstructures of printed hydrogel 

drops were also measured to give us evidence of the effect of dehydration on the microstructures. 

The porous structure of microgels was formed at the central region of the pattern, but there was no 

microgel structure found at the side. Further, the porous structure at the center is denser near the 

drop-air interface than in the interior. Overall, the computational and experimental results provide 

us insights to establish a mechanistic understanding of the water-matrix interaction of DOD-

printed polymer drops. 
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 A SCALING LAW OF PARTICLE TRANSPORT IN INKJET-PRINTED 

PARTICLE-LADEN POLYMER DROPS 

4.1 Author Contribution Statement 

This chapter is adapted from a published paper, which was published in International Journal 

of Heat and Mass Transfer in 2022. Authors are Cih Cheng, Yoon Jae Moon, Jun Young Hwang, 

George T.-C. Chiu, Bumsoo Han. C. Cheng, G. T.-C. Chiu, and B. Han conceived the idea. C. 

Cheng and B. Han developed the theoretical formalism. C. Cheng designed and performed the 

experiments and analyzed the data. Y. J. Moon supported the SEM measurement with the 

supervision from J. Y. Hwang. C. Cheng wrote the manuscript with input from all authors.  

 

4.2 Introduction 

Hydrogels are three-dimensional (3D) networks of polymer chains whose pores are filled 

with water. Hydrogels have been widely used in many biomedical applications, including 

biosensors [131], cell encapsulation [132], and drug delivery [35,133,134]. They have been 

drawing significant interest, especially in tissue engineering and drug delivery, due to the ability 

to absorb a large amount of water, controllable mass transfer, and manufacturability into various 

shapes. Therefore, hydrogels have become the choice biomaterials to pattern cells and drug 

particles in 3D configurations [135,136]. More recently, hydrogels have been intensively 

investigated for versatile functions in devices and machines, including sensors, actuators, 

electronics, and water harvesters, which introduces an emerging field, named hydrogel machines 

[62,137]. Numerous approaches have been developed to enable specific functions of hydrogel 

machines, for instance, stimuli-sensitivity for hydrogel sensors and actuators [138], adhesive 

forces for hydrogel coatings [139,140], and electrical conduction for hydrogel electronics [61,141]. 

Despite the great promises and progress of hydrogel materials for various applications, there 

remain several challenges in the fabrication.  

Current fabrication methods for hydrogel machines, such as layer-by-layer fabrication [142], 

microfluidic-based fabrication [143], electrospinning [144], and self-assembly [145], are incapable 

of producing hydrogel constructs with spatially controlled compositions and properties across 

length scales. New methods capable of addressing this current limitation will enable hydrogel and 

hydrogel-based systems with spatially varying functionality. Recent advances in 3D printing have 

enabled hydrogel materials with particulates into 3D configurations [146] [147]. Currently 
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exploited 3D printing methods include extrusion-based printing [105], inkjet printing (also known 

as drop-on-demand printing) [114], laser-assisted bioprinting (LAB) [108], stereolithography (SL) 

[148], and stamp printing [149]. Among all the methods, inkjet printing with arrays of nozzles has 

enormous potential to address the manufacturing challenges. Inkjet printing can construct 3D parts 

by additively depositing drops of polymer ink at desired locations with appropriate timing between 

adjacent drops [114]. Thus, it is capable of constructing hydrogel into 3D configurations with 

spatially controlled properties and compositions. This superior spatial controllability of inkjet 

printing can complement currently widely-used extrusion-based printing methods.  

Despite this significant advantage, it is still challenging to design an inkjet printing process 

for hydrogels. This is primarily due to a limited understanding of the behavior of printed polymer 

ink drops. Since polymer inks are typically highly diluted for reliable jetting [19,115], the printed 

ink drops need to be appropriately gelled and dehydrated to form functional hydrogels. A complex 

interaction between water and polymer matrix occurs during this curing process, as described 

previously [24,25,150]. Both experiments and theoretical models have been employed to study the 

water-matrix, and the drop-drop interactions during dehydration of inkjet-printed polymer ink drops 

on nonporous substrates. Furthermore, a similarity mechanism was proposed to characterize the 

post-cured microstructure of hydrogels. However, many hydrogel constructs often contain 

particulates for their advanced functionalities, including biological cells [151], drugs [6], or metal 

particles [152]. Thus, precise control of the distribution of these particulates is critically important 

to their functionality. But it is poorly understood. 

The evaporation of sessile drops and colloidal drops (i.e., liquid drops where insoluble 

particles are suspended) has been extensively studied numerically and experimentally [153–155]. 

For liquid colloidal drops, evaporation will induce capillary flow, which can carry the particles 

toward the drop edge and deposit them there, resulting in the well-known coffee-ring effect. On 

top of that, the non-uniform evaporation leads to gradients of surface tension over the drop-air 

interface. As a result, an additional Marangoni flow would be generated, redistributing the particles 

back to the drop’s center [156]. The desired deposition patterns have been achieved by 

manipulating the internal droplet flows and kinetics [157], such as heating the drop [158], adding 

surfactants [159], or altering the surrounding [160]. Another factor that influences the particles’ 

distribution upon drying is the shape of the particles [161,162]. However, the evaporation of liquid 

drops is not directly relevant to that of polymer ink drops. This is primarily due to the presence of 
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a porous polymer matrix, which will cause subsequent intra-drop water-matrix interaction. Current 

3D printing efforts have focused on creating 3D geometry without control of intra-particulate 

distribution. The processes to create particulate-laden constructs have primarily been developed 

through time-consuming and labor-intensive trial-and-error experiments [163,164]. Moreover, a 

given optimized condition is not typically translatable to new types of hydrogel and particles. 

Therefore, the control of intra-drop particulate distribution is a critical gap to be filled to design 

and develop inkjet printing processes for achieving digital hydrogels with the desired functionality.  

In the present study, the control of intra-drop particulates distribution inside a hydrogel has 

been studied. A dimensionless particle transport parameter ( p ) was introduced to characterize 

the particle transport within a drying polymer ink drop. We hypothesize that modulation of the p  

enables the control of particle distribution within the hydrogel after curing. In order to test this 

hypothesis, the particle distribution within inkjet-printed hydrogel was characterized while 

modulating the interstitial water transport and matrix microstructure. The results were further 

analyzed to correlate the particle distribution to the p . The particle distribution is quantified by 

a dispersion index ( wI ). The dispersion index is defined as that 1wI   suggests a dispersed-pattern 

distribution, while 1wI   suggests a ring-pattern distribution. A similarity between wI  and the p  

indicates a similarity mechanism regulating the intra-drop particulate. The result demonstrates that 

the particle transport parameter ( p ) provides a quantitative guideline to design the printing 

conditions for a wide variety of hydrogels and achieve the desired intra-drop particulate 

distribution. Finally, the concept of inkjet-printed digital hydrogel with a sub-drop resolution was 

demonstrated by printing patterns with various intra-drop particle distributions. 

4.3 Theoretical Background 

The water-matrix interaction in an inkjet-printed polymer drop occurs during the curing. The 

printed hydrogel can be approximated to a poroelastic material composed of a porous polymer 

matrix saturated with interstitial water. The local dilatation e (i.e., a change in volume with respect 

to an original volume) of a drying hydrogel drop is governed by the consolidation equation 

(equation (3.1)), as described previously [24,25,150]. Since the pore space is saturated with water, 

the dilatation is directly related to the water content within the drop. The substrate is assumed as 
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impermeable to water flow. Therefore, the key water transport phenomena occur at the drop-air 

interface, which can be formulated by balancing the water evaporation and interstitial water 

transport, as shown in equation (4.1). 
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Therefore, the extent of drop dehydration can be determined by balancing the intra-drop 

interstitial water with the water evaporation at the drop-air interface. Thus, by performing a scaling 

analysis on equation (4.1), a relevant dimensionless parameter of water transport, named water 

transport parameter (  ), could be formulated to characterize the water transport during 

dehydration of printed polymer ink drop: 
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where cL  is the characteristic length that represents the drop diameter or height. The water 

transport parameter ( ) represents the significance of water evaporation with respect to interstitial 

water transport. 

In the present study, the concept of this water transport parameter ( ) is extended to 

characterize interstitial particle transport by balancing water evaporation with interstitial particle 

transport. The significance of the interstitial particle transport is proportional to the interstitial 

water transport, characterized by con cD L , but is inversely proportional to the resistance imposed 

on the particle. Since the resistance (i.e., drag force) is proportional to the particle size ( pd ) by 

Stokes’ Law [165] during the travel within a drying polymer drop ( cL ), the resistance per unit 
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travel distance within a drop will have the scale of p cd L . Therefore, a particle transport parameter 

( p ) can be derived from equation (4.2) as follow: 
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The particle transport parameter ( ) in the present study represents the significance of the 

interstitial particle transport with respect to water evaporation. We hypothesize that the particle 

transport parameter ( ) is a quantitative indicator of particle movement during dehydration and 

a predictor of the resulting intra-drop distribution of particles after curing. A large p  suggests 

rapid water evaporation or slow particle transport, in which particles will distribute uniformly after 

drying. On the contrary, a small p  implies slow water evaporation or fast particle transport. So, 

the particles can easily transport to a drop’s periphery, resulting in a ring-shaped distribution. 

4.4 Materials and Methods 

4.4.1 Preparation of polymer inks 

For the present study, three types of polymer inks are used: poly(N-isopropylacrylamide-co-

acrylamide), poly(dimethylaminoethyl methacrylate-co-methoxy poly(ethylene glycol)), and 

poly(Poloxamer 407)-co-hexamethylene-diisocyanate copolymer methoxy poly(ethylene glycol), 

which are abbreviated as (P(NIPAM-AM), P(DMAEMA-mPEG), and P(PF407) respectively 

(PolySciTech, West Lafayette, IN). These inverse thermopolymers are selected to systematically 

study the role of the particle transport parameter ( ). Their gelation kinetics can be controlled 

explicitly by varying the temperature. Furthermore, the viscosities and elastic moduli of these three 

hydrogels are available for inkjet printing. The polymer ink solutions are prepared by dissolving 

P(NIPAM-AM), P(DMAEMA-mPEG), and P(PF407) in deionized water at 4 °C with desired 

concentrations. The solutions are stored at 4 °C until used since the gelation and viscosity of the 

p

p
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thermogel solution are sensitive to the temperature. The mechanical properties of interest are 

hydraulic conductivity (K) and elastic modulus (E), which are predicted as the consolidation 

constant ( conD ).  

4.4.2 Inkjet printing setup 

The inkjet printing setup consists of a PipeJet (BioFluidiX, GmbH) dispenser and a stage 

controller. The PipeJet dispenser is driven by a tunable high voltage pulse generated by the drop 

firing program and associated electronics. A piezo stack actuator driven by the high voltage pulse 

will extend and partially deform the tube/pipe installed in the dispenser. The deformation causes 

local volume change within the pipe that pushes a drop of ink/liquid out of the orifice/nozzle of 

the pipe. Target polymer ink is supplied to the pipe from a connected ink reservoir located above 

the dispenser. A pipe with a 200 μm diameter nozzle is used. The ink reservoir and the pipe are 

enclosed in an acrylic container filled with iced water (~4 °C) to keep the ink below its gelation 

temperature. An XY stage provides addressable substrate movement to 0.2 μm. Polymer ink drops 

with a diameter of ~500 μm are deposited on a temperature-controlled glass substrate. 

4.4.3 Particle image velocimetry analysis 

Fluorescent particles (200 nm yellow particles, 500 nm green particles, and 3 μm red 

particles, Thermo Scientific™, US) are suspended in the prepared polymer inks for the particle 

distribution measurements. The particle-suspended polymer ink is used in the previously discussed 

inkjet printing setup and printed on a substrate at a given combination of printing parameters and 

substrate conditions. Both bright-field and fluorescence imaging are used to characterize particle 

distribution in the hydrogels.  

Particle movement is characterized by analyzing time-lapse images from fluorescent 

microscopy. The resulting images are analyzed using a commercial particle image velocimetry 

(PIV) program (DaVis 7, LaVision). The image resolution is 1600 x 1200 pixels. A multi-pass 

cross-correlation algorithm is used to compute the vector fields from the time-lapse images. The 

first correlation uses a 64   64 pixels interrogation window with 50% overlap. A second, higher-

resolution correlation uses a 32   32 pixels interrogation window with 0% overlap. The 
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interrogation windows are selected to include at least six particles on average.  Two PIV passes 

were made for each interrogation window. 

4.4.4 Electron microscopy of hydrogel microstructure 

In order to visualize the particle distribution within a dehydrated hydrogel, cross-sectional 

views of the printed microstructures of the 1%, 5%, and 10% P(PF407) hydrogel matrices are 

observed using a field emission scanning electron microscope (FESEM: SU8010, Hitachi). After 

the gelation, the samples are packaged in hermetically sealed containers to be frozen at -60 °C, 

after which they are sectioned and freeze-dried for the measurement. 

4.4.5 Mechanical characterization of polymer inks 

The mechanical properties of polymer inks were characterized as described in the study of 

Ozcelikkale et al. [166]. The mechanical properties of hydrogel matrices were measured by a 

dynamic mechanical analyzer (DMA) (Q800; TA Instruments, DE, USA). Force–displacement 

measurements were performed during unconfined compression of the hydrogel specimens between 

two parallel plates by applying a ramp load. A poroelastic model was implemented, which 

considers the collagen matrix a porous material saturated with interstitial fluid and describes its 

mechanical response based on its linear elastic properties. The model parameters, including elastic 

modulus (E), Poisson’s ratio ( ), and hydraulic conductivity (K), were determined by fitting the 

stress-strain profile from the DMA data using nonlinear least-squares regression. Finally, the 

consolidation constant ( conD ) was calculated based on the model parameters and interpreted as a 

predictive indicator in the particle transport parameter ( p ). 

4.4.6 Mass transfer coefficient measurement 

As a polymer ink drop drying on a substrate, the extent of drop dehydration is determined 

by the mass transfer process at the drop-air interface [167]: 

 

  ,d ,w m v v

dV
h A

dt
        (4.4) 
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where w  is the density of interstitial water, ,dv  , ,dv  are the mass concentration of water vapor 

at the interface and ambient, respectively, which can be determined from the partial pressure of 

the vapor [124], V is the drop volume, A is the interfacial area, and mh  is the average mass transfer 

coefficient at the drop-air interface. After an ink drop was deposited on a substrate, we can measure 

the drop volume, dehydration time, and interfacial area. The w , ,dv , and ,dv  are known 

constants at a specific temperature. Finally, the mh  for different polymer inks drying at different 

temperatures can be calculated based on equation (4.4). 

 

4.5 Results 

4.5.1 Intra-drop particle transport during dehydration 

Two distinctive time-lapsed images showing intra-drop particle movement with different 

particle sizes and their corresponding particle velocities are shown in Figure 4.1. Two sizes of 

particles (green particles with a diameter of 500 nm and red particles with a diameter of 3 μm) are 

suspended in 1% P(PF407) ink. The ink drops are deposited on a 25 °C substrate. 

Figure 4.1(A) shows that the small particles (500 nm) move outward immediately after 

deposition. The particles are carried by interstitial water flow induced by evaporation within the 

initially porous matrix. As the drop starts to dry from the contact line, the matrix structure shrinks 

and eventually collapses so that the water is confined to the drop’s inner region. Therefore, the 

particles, moving outward at the beginning, gradually aggregate at a drop’s boundary, trapped by 

the collapsing matrix. These results can be observed in the PIV analysis of intra-drop particle 

movement. The radially out-ward velocity demonstrates that the particles’ movement by the 

interstitial water flows from the center to the periphery. The maximum velocity is observed near 

the edge. Moreover, the reducing region of the particle velocity field indicates the matrix collapses 

from the drop’s contact line. As the water evaporates, which accelerates the gelation and reduces 

the pore size (i.e., porosity), the matrix hindrance enhances. The particle velocity, resulting from 

the balance of interstitial water and the resistance of the porous matrices, decreases at later time 

points.  
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The movement of large particles (3 μm) within a drying drop is shown in Figure 4.1(B). 

Large particles are more likely to be hindered by the polymer matrix, resulting in a slower velocity 

and a dispersed distribution after drying. The PIV analysis of particle movement also confirms that 

particle velocity is relatively uniform and slow during drying. This result supports our hypothesis. 

 

 

Figure 4.1. Time-lapse images of particle distribution and the corresponding particle velocity 

fields at different periods during dehydration of ink drops suspended with (A) 500 nm green 

fluorescent particles and (B) 3 µm red fluorescent particles. 

4.5.2 Particle transport by the evaporation rate 

Increasing the substrate temperature will increase the evaporation rate. Therefore, the change 

of substrate temperature represents the effect of evaporation rate, which can be referred to mh . The 

polymer ink is prepared by suspending 500 nm green fluorescent particles in a 1% w/v P(PF407) 

solution. The ink is printed and dried on the 25 °C, 35 °C, and 45 °C glass substrates. The 

corresponding bright field and fluorescent images after drying are shown in Figure 4.2(A). After 

dehydrating on a 25°C substrate, particles are mainly localized at the drop’s periphery, which can 

be noted by the ring-shaped pattern in the fluorescent image. This is caused by a low evaporation 
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rate and substantial interstitial water flow, which carries the particles to the drop boundary and 

aggregate. 

On the contrary, particles tend to distribute dispersedly across the drop after drying on the 

35 °C and 45 °C substrates. Due to vigorous evaporation at substrates with a higher temperature, 

particles have less time to flow to a drop’s boundary. The difference in the distribution of particles 

can be explained by the significance of the evaporation rate versus interstitial water flow, where 

the evaporation rate is directly affected by the substrate temperature. The results confirm that an 

increase of mh  (note Figure 4.2(B)) enhances the significance of the evaporation (an increase of 

), leading to a dispersed-pattern distribution of particles. 

 

 

Figure 4.2. Particle distributions of dehydrated hydrogel deposited at 25 °C, 35 °C, and 45 °C 

substrates. (A) Bright-field and fluorescent images; (B) the mass transfer coefficients ( mh ) of 1% 

w/v P(PF407) at different temperatures. 

4.5.3 Particle transport by mechanical properties of the hydrogels 

The mechanical properties of polymer inks that we are interested in include hydraulic 

conductivity (K) and elastic modulus (E), which are predicted as consolidation constant ( conD ). 

The hydrogel inks are prepared by suspending 500 nm green fluorescent particles in 1% w/v 

P(NIPAM-AM), 1% w/v P(DMAEMA-mPEG), and 1% w/v P(PF407) solutions. In addition to 

the polymer type, polymer concentration is also considered a factor by using 5% and 10% w/v 

P(PF407) solutions. The inks are printed and dried on glass substrates at 25°C.  

p
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After dehydration, the bright-field and fluorescent images of particle distribution are shown 

in Figure 4.3(A). The P(NIPAM-AM) has the highest conD , which means the P(NIPAM-AM) has 

the most porous matrix and, therefore, the most vigorous interstitial water flow. Thus, more 

particles can be transported toward the drop’s periphery and aggregate, resulting in ring-pattern 

particle distribution. The ring-pattern distribution inside a P(NIPAM-AM) hydrogel can be seen 

in the corresponding fluorescent image. It is noted that there is a small ring-shaped particle 

distribution appearing near the drop’s center. A polymer ink drop dries from the contact line that 

most particles will first be trapped at the drop’s periphery. However, the rest of the particles will 

be quickly carried back to the center by evaporation at the end of the dehydration since P(NIPAM-

AM) has the most porous structure. As the polymer becomes stiff (i.e., decrease of conD ), the 

matrix becomes less porous, hindering particle movement. Therefore, the particles will not be 

carried back eventually. Thus, the small ring-shaped pattern at a drop center is not observed in 

other cases. These results suggest that P(NIPAM-AM) with the highest conD  has the most porous 

microstructure in this study. The interstitial water flow can transport particles freely within a 1% 

P(NIPAM-AM) matrix.  

As the conD  value decreases, the polymer becomes stiffer. As a result, the particle movement 

is confined by a stiffer polymer matrix, resulting in a dispersed particle distribution after drying. 

These observations show that the intra-drop particle distribution can be manipulated by varying 

matrix configurations using different hydrogels. Besides, the polymer ink concentration can also 

be employed to regulate the intra-drop particle movement. The polymer matrix becomes stiffer as 

the concentration increases, indicating a lower conD . The stiffened matrix and the reduced 

interstitial water flow make the particle distribution more dispersed, as seen in Figure 4.3(A). 

These results indicate that a decrease of conD  (note Figure 4.3(B)) enhances the significance of the 

evaporation (an increase of ), resulting in a dispersed-pattern distribution of particles. 

  

p
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Figure 4.3. Particle distributions of dehydrated 1% P(NIPAM-AM), 1% (PDMAEMA-mPEG), 

1%, 5% and 10% P(PF407) hydrogels. (A) Bright-field and fluorescent images; (B) the 

consolidation constants ( conD ) of three polymer inks. 

4.5.4 Microstructure of the dehydrated particle-laden hydrogels 

The microstructures and the particle distributions within hydrogels were observed using 

scanning electron microscopy (SEM) (collaboration with the group from the Korea Institute of 

Industrial Technology (KITECH)). Figure 4.4(A) illustrates where the SEM images are taken. 

Figure 4.4(B) shows the cross-sectional views at the edge and the center of 1%, 5%, and 10% 

P(PF407) hydrogels mixed with 500 nm particles (particles are specified with red circles). At low 

polymer concentration (i.e., 1%), particles primarily aggregate on the edge of the matrix. This 

result matches the ring-pattern particle distribution shown in the fluorescent images at low polymer 

concentration (Note Figure 4.4(A)). We can also see that the polymer content is higher on the edge, 

similar to the coffee ring effect.  

As the polymer concentration increases, the particles tend to distribute dispersedly across 

the structures. The particles appear evenly at both the central region and the side of the dehydrated 

hydrogel when the polymer concentration is 5% or 10%. Besides, the thickness of the matrices 

increases with the increase of polymer concentration. The matrices become more porous as the 

polymer concentration increases, as seen in 10% P(PF407) hydrogel. This can be explained by the 

rapid gelation. The ink drops will quickly polymerize after deposition on the substrate, locking the 

interstitial water within the matrices and resulting in a porous microstructure. At high polymer 

concentration (i.e., 10%), the porous structures were formed in the central region while the matrix 
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collapsed at the side. Consequently, the particles are distributed evenly in the central part while 

localized near the substrate surface at the edge region. These results strongly support our 

hypothesis and validate the particle distribution in the fluorescent images. The particle 

distributions become dispersed as the polymer concentration increases, and it is relevant to the 

increase of . 

 

 

Figure 4.4. SEM images (A) The schematic illustrates the center and edge region where the SEM 

images are taken; (B) SEM images of the particle distributions at the center and the edge of the 

1%, 5%, and 10% of P(PF407) hydrogels after drying. 

4.5.5 Relation between the particle distribution and the particle transport parameter ( ) 

In this context, polymer properties are predicted as conD , and the temperature is modulated 

with mh . The conD  and mh  values for each case were measured [166]. The pd  denotes the particle 

size. Accordingly, we use particle transport parameter ( p ) represents different printing conditions 

(i.e., various polymers suspended with different sizes of particles drying at different substrate 

temperatures). We anticipate p  will provide a quantitative guideline to design or adjust printing 

conditions for a wide variety of polymer inks for the desired intra-drop distribution of particulates. 

To demonstrate this potential, we performed inkjet-printing of particle-suspended polymer inks at 

p

p



 

 

62 

various conditions (i.e., particle size, substrate temperature, polymer type). The 15 cases conducted 

are listed in Table 4.1.  

Table 4.1. Experimental conditions 

Case No. Polymer conditions Substrate temperature (°C) Particle size (μm) 

1 1% P(NIPAM-AM) 25 0.5 

2 1% P(DMAEMA-mPEG) 25 0.5 

3 1% P(PF407) 25 0.2 

4 1% P(DMAEMA-mPEG) 35 0.5 

5 5% P(PF407) 25 0.2 

6 0.5% P(NIPAM-AM) 25 3 

7 1% P(DMAEMA-mPEG) 45 0.5 

8 10% P(PF407) 25 0.2 

9 1% P(PF407) 25 0.5 

10 1% P(PF407) 35 0.5 

11 1% P(PNIPAM-AM) 35 0.5 

12 1% P(NIPAM-AM) 25 3 

13 1% P(PF407) 45 0.5 

14 1% P(PNIPAM-AM) 45 0.5 

15 1% P(PF407) 25 3 

 

Then, we characterize the particle distribution of each case by measuring the fluorescent 

light intensity along the radial direction of a drop. First, the radius for each drop is normalized (i.e., 

0 to 1 specifies the center to the periphery). Next, the light intensity profiles are normalized by 

making the area under a curve equal to 1, suggesting the same amount of particles within each 

normalized drop. The normalized light intensity profiles for all cases are shown in Figure 4.5. 
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Figure 4.5. Normalized light intensity profiles of particle distribution for cases listed in Table 

4.1. 
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Figure 4.5. continued 

 
 

 
 

Finally, the particle distributions are quantified by a dispersion index ( wI ) defined as follows:  
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where  I r  is light intensity at the radial direction, and r is the normalized radial direction (0 to 

1). The dispersion index indicates a weighted light intensity, where the light intensity is weighted 

more heavily near the center while less prioritized near the periphery. In a fully dispersed particle 

distribution, the  I r  is 1 for all r, so the dispersion index ( wI ) is 1. The dispersion index would 

gradually decrease when the particle distribution approaches a ring-pattern distribution. As a result, 

wI  approaching 1 suggests a dispersed-pattern distribution. Contrarily, a smaller wI  ( wI <<1) 

indicates a ring-pattern distribution.  

The correlation of dispersion index ( wI ) and the particle transport parameter ( ) for all the 

experimental cases are plotted in Figure 4.6(A), and the corresponding fluorescent images showing 

particle distributions are displayed in Figure 4.6(B). The values of the p  and the corresponding 

mh , conD , and pd  of each case are listed in Table 4.2. Overall, a similarity relation between wI  and 

 is illustrated with a blue trend line in Figure 4.6(A). A smaller  suggests slow evaporation, 

small hindrance of particle transport by the polymer matrix, or small particle size. All these 

conditions facilitate the transport of the particles to the drop’s periphery, which causes ring-pattern 

distributions. It is noted that the  value for case 1 deviates from the trend line. This is because 

of particles distributed at the drop center (Note case 1 in Figure 4.6(B)), which suggests impinging 

motion of particle transport in the polymer drops after radial transport.  

Table 4.2. The values of the parameters mh , con
D , pd , and p  for each case. 

 
mh  (m/s) con

D  (m2/s) pd  (μm)  p  ( -3
×10 ) 

Case 1 0.01 4.31×10-8 0.5 116 

Case 2 0.009 3.22×10-8 0.5 144 

Case 3 0.01 1.33×10-8 0.2 150 

Case 4 0.014 3.22×10-8 0.5 219 

Case 5 0.015 1.28×10-8 0.2 234 

Case 6 0.04 4.33×10-8 3 277 

Case 7 0.02 3.22×10-8 0.5 310 

Case 8 0.02 1.22×10-8 0.2 327 

Case 9 0.009 1.33×10-8 0.5 338 

Case 10 0.015 1.33×10-8 0.5 559 

Case 11 0.056 4.31×10-8 0.5 650 

p

p p

p
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Table 4.2. continued 

Case 12 0.01 4.31×10-8 3 696 

Case 13 0.02 1.33×10-8 0.5 750 

Case 14 0.083 4.31×10-8 0.5 963 

Case 15 0.009 1.33×10-8 3 2003 

 

Nonetheless, as  increases, the particle transport transition to a more dispersed 

distribution (i.e., Noted as the “Transition Zone”). As the  increases further, the particles are 

distributed more uniformly throughout the hydrogel drops. A large  indicates rapid evaporation, 

large hindrance by the matrix, or large particle size, all of which contribute to the impeded 

interstitial particle transport and a dispersed-pattern distribution (i.e., wI  approaches 1). These 

results demonstrate that the particle transport parameter ( ) supports the existence of similarity 

in the intra-drop particle distribution.  

On the other hand, while only limited experimental cases (characterized by p ) are 

investigated in this study, we can still anticipate that the particle distribution ( wI ) can be regulated 

by particle transport parameter ( p ) even as p  keep decreasing. The p  decreases with either an 

extremely large conD  (i.e., polymer matrix with extremely large pore) or an extremely small pd  

(i.e., extremely small particles). When p  is extremely small, particle velocity will approach 

interstitial water velocity. Therefore, particles can be mostly transported by the interstitial water 

flow and accumulate at the drop’s edge, similar to the coffee ring effect in a particles-suspended 

liquid drop. For an extreme ring-shaped distribution (i.e., all particles are at the drop’s periphery), 

the dispersion index ( wI ) is 0. Therefore, as the p  becomes extremely small, the wI  approaches 

0. Overall, the results suggest the proposed p  can be used as a quantitative guideline in designing 

and optimizing inkjet printing conditions for the desired intra-drop distribution of particulates of 

various hydrogels. 

 

p

p

p

p
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Figure 4.6. Correlation between particle distribution and particle transport parameter ( p ). (A) 

Dispersion index ( wI ) versus particle transport parameter ( p ); the error bars represent the s.d. 

of experimental measurements (n=3) (i.e., three drops are printed for each case and the wI  

values are measured); (B) Representative fluorescent photographs of particle distribution for 

each experimental case. Green particles are 500 nm, yellow particles are 200 nm, and red 

particles are 3 μm in diameter. 

4.5.6 Hydrogels with bi-phasic particle distribution 

Based on the particle transport mechanism proposed, a hydrogel with bi-phasic particle 

distribution can be printed. For this demonstration, particles of two different sizes are mixed in 

polymer inks. Particles of 500nm (green) and 3μm (red) are mixed in 1% P(PF407) and 1% 

P(NIPAM-AM) solutions. Both inks are printed and cured on substrates at 25°C, 35°C, and 45°C, 

respectively. The fluorescent images showing particle distribution at different polymer ink drops 

on substrates with different temperatures are shown in Figure 4.7. As demonstrated above, small 

particles (green) transport to the drop’s periphery while large particles (red) distribute dispersedly 

across a drop. As the temperature increases, the evaporation rate increases, indicating the increase 

of particle transport parameter ( ) and the dispersed-pattern particle distribution. Thus, both p
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small and large particles distribute dispersedly. The effect of temperature on the particle 

distribution can be seen in both P(PF407) and P(NIPAM-AM), as shown in Figure 4.7(A) and (B). 

On the other hand, P(NIPAM-AM) is more porous than P(PF407) below its sol-gel transition 

temperature (~37°C), and therefore even large particles move to the drop’s periphery. However, 

P(NIPAM-AM) will be quickly polymerized upon depositing on a 45°C substrate. As a result, 

particles have no time to transport within the drop, leading to highly dispersed distribution for both 

small and large particles, as seen in Figure 4.7(B) at 45°C. This result matches the data shown in 

Figure 4.6, Case9. P(NIPAM-AM) at 45°C has the highest  among all the cases. 

 

Figure 4.7. Fluorescent images of particle distributions of (A) 1% P(PF407) and (B) P(NIPAM-

AM), dehydrated at 25°C, 35°C, and 45°C substrates. 

4.5.7 Digital hydrogels 

In the present study, inkjet printing technology is utilized to build a 3D construct by adding 

drops of polymer ink at desired locations with appropriate timing between adjacent drops. This 

method enables so-called “digital hydrogels,” whose functional composition and properties are 

voxelized at superior spatial resolution. In this context, the concept of digital hydrogels is 

demonstrated by inkjet printing particle-suspended ink drops with distinctive particle distributions 

after drying. Two different inks are used to exhibit contrasting intra-drop particle distributions, 5% 

P(PF407) suspended with 3 μm red particles and 1% P(NIPAM-AM) suspended with 500 nm green 

particles. A “P” pattern combining two inks is printed. The printing process is illustrated in Figure 

p
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4.8(A). Figure 4.8(B) shows a photo of the “P” pattern after printing and curing. The fluorescent 

image showing the particle distribution is shown in Figure 4.8(C) and a zoom-in view in Figure 

4.8(D). Smaller particles (500nm, green) transporting in a porous polymer matrix (1% P(NIPAM-

AM)) possess a ring-pattern particle distribution after drying, which can be related with a small 

pd , large conD , and accordingly small p . On the other hand, larger particles (3μm, red) 

suspending in a stiffer matrix (5% P(PF407)) distribute dispersedly after drying, relating with a 

large pd , small conD , and hence large p . Figure 4.8(C) and (D) demonstrate that we can obtain 

different particulate distributions in one configuration by adjusting the printing conditions. 

Moreover, the printing conditions can be regulated with the particle transport parameter ( p ). 

The printing resolution is not as high as water-based ink printing since the hydrogel’s 

viscosity may decrease the jetting performance. Nevertheless, this result still provides a shred of 

evidence that the inkjet printing technique, along with the modulation of water-matrix interaction, 

digital hydrogels with the intra-drop resolution, and spatially digitized composition, can be 

achieved. 
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Figure 4.8. (A) Schematic of the printing process; (B) photo of the printed P pattern; (C) 

fluorescent image of P pattern; (D) zoom-in view of the fluorescent image showing particle 

distribution in high magnification (scale bar: 500 μm). 

4.6 Discussion 

Controlling particulate distribution within polymer drops is critical to design and develop 

inkjet printing for manufacturing particulate-embedded hydrogel constructs [168]. Incorporating 

particulates with hydrogel scaffolds has gained substantial interest over the years since it can 

achieve new or reinforced mechanical, electrical, optical, magnetic, remote-control, self-healable, 

stimuli-responsive, controlled drug delivery biological properties [169]. Although many studies 

have demonstrated particulate-hydrogel composites [170,171], the spatial distribution of 

particulates is poorly controlled. The ability to control the spatial distribution of particulates within 

the hydrogel scaffolds enables a new generation of advanced materials with spatially digitized 

functionality, named “digital hydrogels.” 
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Our experimental results confirm that the controlled particle transport and the resulting 

particle distribution can be achieved by modulation of the water-matrix interaction (i.e., p ). As 

illustrated in Figure 4.9, the balance between two competing mechanisms allows the control of 

particle distribution in polymer drops. A transport mechanism (small p ) suggests fast particle 

transport or slow water evaporation. So, the particles can easily transport to a drop’s periphery, 

resulting in a ring-shaped distribution. On the contrary, a hindrance mechanism (large p ) 

indicates impeded particle transport or rapid water evaporation, in which particles will distribute 

uniformly after drying. Furthermore, since the particle transport parameter ( p ) can be related to 

the curing condition of printing ( mh ), ink formulations ( conD ), and particle size ( pd ), the similarity 

between the p  and wI  demonstrates that p  
provides a quantitative guideline to adjust the inkjet 

printing protocol to achieve the desired intra-drop particulate distributions.  

In this context, the proposed particle transport parameter ( p ) shows the potential to predict 

the particle distribution within hydrogels. Previously, several studies have been done to 

characterize pattern formation in the drying of colloidal drops (i.e., particle-laden liquid drops) 

[172,173]. After drying, different particle distributions were demonstrated by varying the surface 

properties, substrate incline angle, and drop shape. Recently, Hu et al. [174] proposed a general 

crystal-ink formulation to improve the reproducibility for inkjet printing of 2D crystals. However, 

these existing studies are mostly empirical practices [175] and primarily focused on drying liquid 

solvents instead of polymer solutions [176,177]. Therefore, this proposed particle transport 

parameter ( p ) can serve as guidance on adjusting the inkjet printing conditions, including 

temperature, polymer ink properties, and particulate size, to regulate the water-matrix interaction 

and achieve desired particle pattern after dehydration of polymer ink drops. 

Moreover, the concept of biphasic particle distribution can be applied in the biphasic drug 

release system. It is an innovative drug delivery scheme designed to release a drug at two different 

rates or in two periods within the same tablet: quick/slow or slow/quick. For example, small drugs 

will be localized at the periphery when printing a polymer ink loaded with drug particles of two 

different sizes. In contrast, large drugs will be uniformly distributed across the drop. Because of 

this biphasic distribution, small drug particles will be released rapidly, and large drug particles will 
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be released slower. Then, using layer-by-layer deposition can construct a 3D hydrogel rod structure 

with desired particle distribution to achieve a biphasic drug release system. 

Although the current study provides an approach to achieving controlled particle distribution 

within hydrogels, a few limitations need to be addressed. The effects of locally varying mass 

transfer coefficients ( mh ) [125] are not considered. Although we assume an average mh  on the air-

drop interface, higher evaporation is anticipated near the contact line, resulting in rapid interstitial 

water transport and collapsed matrix. Besides, the changes in microstructure during the curing 

process of hydrogels will need further investigation. When an ink drop is deposited on a substrate, 

it polymerizes and evaporates, further inducing matrix shrinkage. The shrunken matrix will hinder 

the interstitial water flow and experience altered mechanical stress. These phenomena will affect 

not only the particle movement but also the microstructural properties of the printed hydrogels.  

In the present study, the scaling law is developed based on the results obtained with spherical 

particles. However, it is anticipated that the particle shape and stiffness may affect the intra-drop 

particle transport and therefore affect the distribution after curing. Although further research is 

warranted, the present scaling law may be applicable to non-spherical particles while the size is 

approximated to the equivalent hydrodynamic diameter. 

Moreover, as printing occurs in multiple layers, the layer-layer interaction will add additional 

complexities to the process. It is crucial to understand the parameters that direct the packing and 

drop deformation when building a 3D network since they affect printing resolution and fidelity. 

Various attempts have aimed to understand the close packing and subsequent deformation of drops 

in drop-based 3D printing [178,179], but it remains unclear. Further efforts are still needed to 

develop bigger or taller 3D particulate-laden hydrogel-based structures. 
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Figure 4.9. Illustration of particle transport in the polymer matrix. 

4.7 Conclusions 

In the present study, a general scaling law is proposed to predict the distribution of 

particulates in inkjet-printed polymer drops. This scaling law is based on the water-matrix 

interaction in polymer drops, which regulates the interstitial water transport and the hindrance by 

matrix microstructure. The results confirm the similarity of the water-matrix interaction and 

correlate the particle distribution to a new particle transport parameter. This dimensionless 

parameter provides a quantitative guideline to formulate polymer inks and design the printing 

conditions for a wide variety of hydrogels and achieve the desired intra-drop particulate 

distribution. The present study demonstrates the concept of inkjet-printed ‘digital hydrogel.’ Its 

functionality can be pixelized (or voxelized) with a sub-drop resolution by printing patterns with 

controlled intra-drop particle distributions. 
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5.2 Introduction 

Three-dimensional (3D) cell cultures have shown a great potential to more closely mimic 

the in vivo microenvironment than the 2D cultures [180], which have been adopted for a broad 

range of applications, from basic cell biology research to pharmaceutical drug developments [181]. 

Primarily, 3D models are applied to oncology studies as the number of publications regarding 3D 

tumor models has been rapidly increasing in the last several years [182]. Recently emerged 3D 

tumor models provide a physiological relevant and practically manageable representation of the 

complex tumor microenvironment (TME), including spheroids, organoids, scaffold-based culture, 

tumor-on-chips, and 3D printed tissues [182–186]. Among these, spheroids and organoids are the 

most commonly used models for cancer research [187,188]. They have overlapping purposes but 

differ in cellular sources and protocols. Spheroids are of lower complexity but capable of 

recapitulating the main features of solid tumors: structural organization, cellular layered 

assembling, hypoxia, and nutrient/oxygen gradients [189]. Techniques to prepare spheroids 

include hanging drop methods, formation on low-attachment surfaces, magnetic levitation, spinner 

flasks, and matrix encapsulation [190]. On the other hand, organoids histologically and genetically 

resemble the original tumors where they were derived since they are generated from 

patient/mouse-derived cancer cells or by engineering induced pluripotent stem cells [190,191]. 

Moreover, spheroids and organoids have recently been used as promising platforms for preclinical 

research in personalized/precision medicine [192].  
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A particular challenge for organoids/spheroids is modeling complex interactions between 

cells derived from different origins. For example, integrating cancer cells and cancer-associated 

fibroblasts (CAFs) will enable complex models that could more closely resemble in vivo TME 

since complex tumor-stroma interaction is a critical activity that drives tumor progression, 

metastasis, and drug resistance [190,193]. Therefore, the latest 3D model that incorporates 

different cell types and enables spatial tissue organization has newly emerged, called assembloids 

[194–196]. Assembloids have been achieved by connecting/fusing organoids/spheroids 

resembling multiple cell/tissue types [197]. The emergence of assembloids is expected to generate 

highly complex, tissue-mimetic 3D models for studying the cellular interaction or processes of 

tumor progression. For the first time, Kim et al. [131] have developed patient-specific tumor 

assembloids comprising patient-derived bladder tumor tissue, CAFs, immune cells, and a muscle 

layer. These tumor assembloids closely mimic the pathological characteristics of in vivo TME. 

More recently, several groups have shown the concept of using spheroids/organoids as building 

blocks, combined with 3D bioprinting, to form millimeter to centimeter-scale tissues at defined 

organizations [198,199]. These results further demonstrated that by integrating 3D bioprinting with 

organoid/spheroid models, we could ultimately achieve large-scale, complex, and personalized in 

vitro models that provide comparable functional outcomes to animal models. 

Advances in 3D tumor models allow better recapitulation of the complex TME in vitro. 

However, these models still have limitations that need to be improved. Reaching a high cell density 

comparable to a native tissue (108 ~ 109 cells/cm3 [200]) requires a long culture duration using 

current techniques from the cell seeding density of typical 106 cells/cm3. Achieving matured 3D 

tumor models with the highest cell density of 108 cells/cm3 compatible with native tumor tissues 

takes several days or weeks. For example, the cell seeding density of the traditional methods of 

creating tumor spheroids/organoids is 105 cells/cm3. And the growth of tumor cells into functional 

spheroids takes dozens of days [201,202]. Preparing tumor organoids is even longer since 

organoids are usually derived from stem cells and need specific differentiation [203,204]. The cell 

seeding density in the scaffold-based models is 106 ~ 107 cells/cm3, and it takes a few weeks to 

obtain an engineered tissue with the highest cell density of 108 cells/cm3 [205,206]. Although the 

fabrication process is relatively faster for 3D bioprinting, the cell density of the bio-inks remains 

low (106 cells/cm3) [207,208]. Consequently, the two critical drawbacks of current 3D tumor 

models are low cell seeding density and time-consuming preparation. 
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In this study, we report a new method capable of rapid creation (< 1 day) of tumoroids with 

tumor-stroma interface and extremely high cell density (~108 cells/cm3). The method is based on 

a hypothesis that cancer cells and CAFs can exert contractile forces on the polymer matrix and 

actively compact the matrix. Thus, by inkjet printing of "two colors" cell-laden polymer inks (i.e., 

cancer cells and CAFs), tumoroids with densely-packed cells will be formed by cell-derived 

compaction. The polymer inks are prepared by mixing each cell line into interpenetrating-polymer 

inks (IPIs), formulated with poly(N-isopropylacrylamide-co-acrylamide) and Type I collagen. 

First, the rapid formation of tumoroids by active shrinking is demonstrated and analyzed by time-

lapse microscopy. Next, confocal microscopy and immunohistochemistry are conducted to 

characterize the cell density, detailed morphology, and specific biomarkers of printed tumoroids. 

Then, tumoroids’ stiffness is measured by indentation tests to compare with murine tumors. 

Moreover, further experiments of inkjet-printing of cell-laden IPIs at different conditions are 

performed to investigate the force balance between cells’ contractile force and the matrix 

resistance, which verifies our hypothesis. Overall, these results show that by this method, we can 

rapidly create 3D tumor-stroma models that closely recapitulate the in vivo TME. And the 

formation process could be further controlled by regulating the cells’ contractile forces and matrix 

stiffness. 

5.3 Materials and Methods 

5.3.1 Cells culture and reagents 

Human pancreatic cancer cells (Panc10.05, labeled with tdTomato) and pancreatic cancer-

associated fibroblast (CAF19, labeled with GFP) are primarily used. Panc10.05 and CAF19 were 

cultured in Dulbecco’s Modified Eagle Medium (Advanced DMEM, Life Technologies, CA, USA) 

supplemented with 10% v/v fetal bovine serum (FBS), 2 mM L-glutamine (L-glu), and 100 μg ml-

1 penicillin/streptomycin (P/S).  

For testing the effect of cell type in this study, pairs of human prostate cancer cells (PC3) 

and prostate cancer-associated fibroblast (5286), and pairs of murine pancreatic cancer cells 

(KPC2) and murine cancer-associated fibroblast (mCAF) are also used. Human prostate cancer 

cells and the CAFs are cultured in the same medium as described above. The murine cancer cells 
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and the CAFs are maintained in RPMI 1640 supplemented with 5% v/v FBS 2 mM L-glu, and 100 

μg ml-1 P/S.  

All cells are cultured in 25 cm2 T-flask at 37˚C and 5% CO2. Cells are harvested for the 

experiments using 0.05% trypsin and 0.53 mM EDTA (Life Technologies, CA, USA) when the 

cells reach 70–80% confluency. 

5.3.2 Formulation of cell-laden interpenetrating-polymer inks (IPIs) 

An interpenetrating-polymer ink (IPI) is formulated by mixing rat tail collagen type-I 

(Corning Inc., NY, USA) with poly(N-isopropylacrylamide-co-acrylamide) (P(NIPAM-AM), 

PolySciTech, West Lafayette, IN). The P(NIPAM-AM) is dissolved in deionized water at 4 °C to 

achieve 1% w/v concentration. A stock solution of rat tail collagen type-I is mixed with 10X PBS, 

1 N NaOH, 0.1 M HEPE solution, 5% v/v FBS, 2 mM L-glu, 100 μg ml-1 P/S, and cell-culture 

grade distilled water at appropriate proportions to obtain a final collagen solution that had neutral 

pH, isotonic ionic strength, and a collagen concentration of 3 mg ml-1. The IPI is then prepared by 

mixing 3 mg ml-1 collagen with 1% w/v P(NIPAM-AM) with a 3:1 or 2:1 volume-to-volume ratio 

in the study to investigate the effect of polymer stiffness. Finally, cancer cell inks and CAF inks 

are prepared by mixing the IPI with harvested cancer cells and CAFs, respectively. The standard 

cell density of a cell-laden ink is 5×106 cells cm-3. The cell densities of 105 and 106 cells cm-3 are 

prepared to investigate the effect of cell density. 

5.3.3 Inkjet printing setup 

The drop-on-demand (DOD) printing setup consists of a PipeJet dispenser (BioFluidiX, 

Germany) and a stage controller (Physik Instrumente, USA). The PipeJet dispenser is driven by a 

tunable high voltage pulse generated by the drop firing program and associated electronics. A 

piezo stack actuator driven by the high voltage pulse will extend and partially deform the tube/pipe 

installed in the dispenser. The deformation causes local volume change within the pipe that pushes 

a drop of ink/liquid out of the orifice/nozzle of the pipe. Cancer cell inks and CAF inks are supplied 

to the pipes from a connected ink reservoir above the dispenser. A pipe with a 500 μm diameter 

nozzle is used. An XY stage provides addressable substrate movement to 0.2 μm. Cell-laden ink 

drops with a diameter of ~1000 μm are deposited on a glass well-plate. 
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5.3.4 Inkjet printing of cell-laden interpenetrating-polymer inks (IPIs) 

Prepared cancer cell ink and CAF ink are printed and cured using the inkjet printing setup. 

First, five cancer cell-laden drops are deposited on a glass well-plate, forming a line array. Then, 

the drops are cured at 37 °C for gelation of IPI. Next, five CAF-laden drops are deposited adjacent 

to the first line and cured again. The cell medium is added afterward. Finally, the polymer matrix 

would be compacted by the contractile force generated by the cells. A 3D tumor-stroma model 

(i.e., tumoroid) will be formed as the matrix compacts. In addition, the tissue compaction process 

is recorded by time-lapse fluorescent microscopy (Olympus IX71, Japan).  

5.3.5 Confocal microscopy  

Before conducting confocal microscopy, cells in tumoroids are labeled for cell nuclei 

(Hoechst 33342, Sigma Aldrich, MI). The stained tumoroids are fixed on day 3 with 4% 

formaldehyde for 10 mins. Z-stacked confocal images are acquired at 10 μm intervals using a 

confocal microscope (A1R-MP, Nikon, Japan). At each focal plane, fluorescence illuminations are 

obtained. The fields of view of confocal fluorescence are reconstructed as 3D using ImageJ to 

highlight the configuration of the cells in 3D. Moreover, the nuclei signals at multiple stacks are 

used to count the cell number.  

5.3.6 Preparation of mouse tumor 

KPC tumor cell lines are generated from individual primary tumors derived from KPC 

(KrasG12D/+, p53R172H/+, ElasCreER/+) mice at Purdue University Biological Evaluation Core. Cells 

are maintained in RPMI1640 medium containing 10% FBS and 1% penicillin/streptomycin. When 

cells are grown to about 70% confluency, they are lifted with 0.05% trypsin which is then 

neutralized via the addition of the medium containing 10% serum. Cells are washed 2x, and 

orthotopic injections of 50 µl are performed in C57Bl/6 mice at a concentration of 2 × 106 cells 

cm-3 in sterile PBS per mouse. Finally, the tumor tissue is harvested three weeks after injection.  

5.3.7 Immunohistochemistry 

Printed tumoroids are washed in PBS and fixed in 4% paraformaldehyde (PFA) for 10 mins 

on day 3. Then, the fixed tumoroids are embedded in 4% low melting point agarose gel [209]. 
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Next, it is subjected to routine histological processing. Finally, according to standard protocol, 

samples are paraffin-embedded, sectioned, and stained with H&E, Ki67, Vimentin, E-cadherin, 

and DAPI. 

Mouse tumors are fixed in 10% neutral buffered formalin for up to 48 hrs and are then placed 

in 70% ethanol. Next, samples are paraffin-embedded, sectioned, and stained with H&E according 

to standard protocol. 

5.3.8 Indentation tests for characterization of elastic modulus 

Normal indentation testing combined with a contact mechanics analysis is used to quantify 

the mechanical properties of the 3D printed tumoroids. A custom-built mechanical testing device 

is used to perform indentation experiments (Figure 5.7). The device consists of a linearly encoded 

piezoelectric actuator (PI N-381 NEXACT) that controls motion and records displacement values, 

a 10g capacity load cell (Futek LSB200 S-Beam) that records load values, and a cylindrical glass 

probe with 1mm diameter (Edmund Optics). The setup has been described previously [210]. The 

flat end of the cylindrical probe compresses the spherical tumoroids (with ≈ 500 μm diameter) 

until reaching a pre-defined load of 500 µN, then retracts until the probe and tumoroid are no 

longer in contact. Additionally, these experiments are performed while the tumoroids are 

submerged underwater. The cell line is centered under the probe using a mechanical stage 

positioned over an inverted optical microscope (Leica DMi 8). First, cyclic testing (n=3) is 

performed on a tumoroid to ensure that only elastic (reversible) deformation occurs during contact. 

Figure 5.1 displays the load-displacement data for cyclic testing of a tumoroid. The mechanical 

behavior of cycle 1 slightly differs from cycles 2 and 3. We presume this change is due to water 

loss within the bulk of the tumoroid. However, this discrepancy does not significantly affect the 

calculated modulus. 
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Figure 5.1. Load versus displacement during cyclic indentation of the tumoroid. 

Hertzian contact mechanics theory is used to calculate the elastic modulus of tumoroids 

[211]. Hertzian mechanics describes the contact between two non-adhesive, elastic bodies. The 

relationship between load, P, and displacement,   of two spherical bodies in contact, can be 

described by the following equation: 
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where E  and R  are the effective modulus and effective radius of body 1 and body 2 respectively 

and are defined as 
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  . The tumoroid is assumed to be 

incompressible, so that   = 0.5. Equation (5.1) can be adapted for the stiff, flat punch and soft, 

elastic sphere used in the experimental system here. The effective modulus simplifies to 
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 since the elastic modulus of the probe ( pE ) is much larger than the elastic modulus 

of the tumoroid ( CLE ) ( p CLE E ). The effective radius simplifies to 
1 1

CLR R
  since the flat 

punch’s effective radius is infinite. Equation (5.1) is reduced to a non-dimensional form by 

normalizing both sides of the equation by the radius of curvature of the tumoroid.  
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where K   is 24 3E R . Using equation (5.1) and the experimental load acquired by the testing 

device, theoretical displacement values are calculated [212]. The non-dimensional parameters in 

equation (5.2) are then plotted using the experimental displacement vs. experimental load (brown 

line in Figure 5.7) and the theoretical displacement vs. experimental load (gold line in Figure 5.7). 

Elastic modulus of the tumoroid ( CLE ) is used as a fitting parameter using a least-squares 

regression to fit the theoretical and empirical data. The best fit CLE  is taken as the modulus of the 

sample tested. 

Flat punch indentation testing is also used to determine the modulus of a tumor. First, a flat 

sheet having a thickness of 1mm is cut from the tumor. Next, a punch (a = 1mm) is indented into 

the tumor until reaching a max compressive load of 1 mN, then retracted. The relationship between 

displacement and load for a cylindrical punch in contact with a flat elastic sheet is given by [213]: 
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Theoretical displacement values are calculated using the experimental load values and 

equation (5.3). Then, the theoretical displacement vs. experimental load data is fitted to the 

experimental displacement vs. experimental load data using the elastic modulus as a fitting 

parameter. 

5.3.9 Cell contraction assay 

Each cell type is harvested, counted, and seeded in the interpenetrating polymer ink (IPI) 

with a cell density of 5×106 cells cm-3. A cell-laden drop with 2 μl volume is pipetted in a glass 

well-plate. Then, the drop is cured at 37 °C for gelation of IPI. The culture medium is added 

afterward. Time-lapse images recording the contraction of cell-laden drop are taken for 24 hr. Then, 

ImageJ software is used to measure the diameter of the drop. Finally, the contraction index is 

defined as the diameter changed at 24hr versus the original diameter of the drop. 
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5.4 Results  

5.4.1 Rapid formation of 3D tumor-stroma models by differential cell-derived contraction 

Cancer cells and cancer-associated fibroblasts (CAFs) can exert contractile force on the 

polymer matrix, and CAFs exhibit stronger contractility than cancer cells, as illustrated in Figure 

5.2(A). Figure 5.2(B) shows the structural and the mechanical characterization of the 

interpenetrating-polymer inks (IPIs) used in the study (Note Materials and Methods section). The 

ratio labeled in Figure 5.2(B) suggests the P(NIPAM-AM) to collagen volume-to-volume ratio. 

The result shows that IPI with more collagen (1:3 IPI) has a slightly higher stiffness but a less 

porous microstructure. In contrast, IPI with less collagen content (1:2 IPI) is softer and more 

porous. Furthermore, it is noted that although the inks are formulated with P(NIPAM-AM) and 

type-I collagen, the fibrous structure of collagen dominates the microstructures of IPIs.  

The contractility of the cells, namely human pancreatic cancer cells (Panc10.05) and the 

pancreatic cancer-associated fibroblasts (CAF19), is evaluated by contraction assay in Figure 

5.2(C). The time-lapse images showing the contraction process of each cell type and the 

corresponding contraction index suggest that CAF19 is more contractile than the Panc10.05. This 

result is expected since studies have shown that fibroblasts are highly contractile and play an 

essential role in wound healing [214]. As a result, the differential contractile forces generated by 

cancer cells and CAFs will drive the matrix compaction and determine the folding pattern, as 

illustrated in Figure 5.2(D). Finally, the cells with stronger contractility (CAF19) are anticipated 

to form in the inner side surrounded by the cells with weaker contractility (Panc10.05).  
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Figure 5.2. The hypothesis of cell-derived active shrinking. (A) Illustration of contractile forces 

generated by a CAF and a cancer cell on the polymer matrix; (B) SEM images showing the 

microstructures and the elastic modulus showing the mechanical stiffness of the interpenetrating-

polymer inks (IPIs) (the ratio indicates the P(NIPAM-AM) to collagen ratio) (scale bar: 1 μm); 

(C) contraction assay of human pancreatic cancer cells (Panc10.05) and pancreatic cancer-

associated fibroblasts (CAF19) (scale bar: 500 μm); (D) schematic of the hypothesized 

mechanism of tissue compaction. 

To analyze the stress distribution within the cell-laden matrix, a simple model mimicking 

the two-layer tissue compaction is performed by COMSOL Multiphysics. The computational 

model of tissue compaction is developed by analogizing the tissue compaction to the thermal 

expansion with decreasing temperature. Two tissue layers are considered linear elastic materials 

with identical properties except for the coefficients of thermal expansion (α), as illustrated in 

Figure 5.3(A). Large α1 indicates stronger contractility generated by the cells (CAFs). In contrast, 

small α2 represents weak contractility (Panc10.05). Furthermore, both tissues are served as heat 

sinks (Q) with a prescribed heat rate, indicating the whole matrix is contracted by the cell-derived 

force. The values for α1, α2, and Q are determined based on the contraction assay of CAF19 and 

Panc10.05 (Figure 5.2(C)). Besides, four boundaries are free to deform. Finally, the model 

provides a quantitative result of stress resulting from the deformation during the tissue compaction. 
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Figure 5.3(B) shows that the whole matrix is experiencing compressive stress because of the cell-

derived active shrinking. However, at the cancer cell-CAF interface, cancer cells are under 

compression with respect to the Panc10.05 layer, while CAF cells are under tension with respect 

to the CAF19 layer, as illustrated by the white arrows. The residual stress at the cancer cell-CAF 

interface captures a key feature of in vivo tumor microenvironment: the tumor interior is 

experiencing compressive stress while the surrounding stromal tissue encounters tensile force 

[215–217]. 

 

 

Figure 5.3. (A) The computational model of 2-layer tissue compaction; (B) stress distribution of 

2-layer tissue at t = 0hr and t = 24hr of compaction. 

5.4.2 Rapid formation and long-term culture of 3D tumoroids with tumor-stroma interface  

The hypothesized mechanism is accomplished by inkjet printing of cell-laden 

interpenetrating-polymer inks (IPIs), as illustrated in Figure 5.4(A). After adding the culture 

medium, the cell-embedded matrix will detach from the substrate and actively shrink due to the 

cells’ contractile force. The fluorescent time-lapse images in Figure 5.4(B) reveal the forming 

process in 24hr, confirming that cells’ contractile force compacts the matrix, and the mismatched 

strain determines the folding manner. Then, the volumetric strain is quantified by measuring the 

matrix area in the time-lapse images, as shown in Figure 5.4(C). The corresponding volumetric 

strain shows that the matrix size reduces significantly and that the 3D structure has been formed 

in 12 hours. In addition, the created tumoroid exhibits a tumor-stroma interface with CAF19 

(marked in green) inside and Panc10.05 (marked in red) outside, resulting from the contractility 

difference between cancer cells and CAFs, as shown in Figure 5.4(B) at t = 24hr. This confirms 
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that the cells with higher contraction will self-assemble to the inner part of the tumoroid, whereas 

the cells with lower contraction will form on the exterior. The result verifies our hypothesis, 

illustrated in Figure 5.2(D). 

Next, the changes in cell density and collagen concentration are quantified based on the 

volumetric strain. The cell density increases rapidly with the rapid size decrease, as shown in 

Figure 5.4(D). The predicted cell density of the 3D tumoroid on day 1 reaches 108 cells/cm3, close 

to the cell density of native tumors [200]. However, the cell density might be underestimated since 

cell growth is neglected in the initial 24 hours of compaction. Similarly, the collagen concentration 

increases with the size decrease, as shown in Figure 5.4(D). The collagen concentration change 

serves as a conservative estimation since the collagen would degrade or be synthesized by the 

fibroblasts, which is not considered. Nonetheless, the quantification data provide a shred of 

evidence that the printed tumoroids have a composition with highly-packed cells and dense 

collagen content, close to the in vivo TME. 

Moreover, the printed tumoroids could be cultured for at least two months, as demonstrated 

in Figure 5.4(E). During the two-months culture, the shape of the tumoroid remains uniform 

(sphere with 500 μm diameter). Therefore, as the cells grow continuously in a confined space, the 

tumoroid becomes dense and experiences mechanical compressive stress within the structure. This 

environment replicates a key feature in actual tumors that total stress is compressive in the tumor’s 

interior in all directions. In contrast, the tumor’s periphery is experiencing compressive stress in 

the radial direction but tensile stress in the circumferential direction [215]. 
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Figure 5.4. Rapid creation and long-term culture of tumoroids by active shrinking. (A) Schematic 

of inkjet printing of cell-laden interpenetrating polymer inks; (B) 0-24hr time-lapse images of 

active shrinking (red channel: Panc10.05, green channel: CAF19); (C) quantification of 

volumetric strain; (D) quantification of cell density and collagen concentration; (E) bright-field 

and fluorescent images of the different days of culture. (Scale bar: 500 μm) 
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5.4.3 Microscopic and molecular characterization of tumoroids printed  

Analysis of confocal images provides a more detailed morphology of the printed tumoroids. 

As shown in the 3D reconstruction in Figure 5.5(A), CAF cells (CAF19, marked in green) arrange 

as an inner core of the tumoroid and surrounded by cancer cells (Panc10.05, marked in red). In 

addition, the result shows that CAF cells will grow extensively from the core to the surrounding, 

while cancer cells will grow homogeneously around the core of the CAFs. Furthermore, the cells’ 

nuclei are visualized using the Hoechst staining (marked in blue). Figure 5.5(B) shows that nuclei 

signals at multiple z-stacks are obtained, allowing cell counting. Then, the tumoroid’s volume is 

calculated by ImageJ based on the confocal image stacks. Finally, the average cell density of 

3.6×108 cells/cm3 is measured, verifying our estimation of cell density (Note Figure 5.4(D)). The 

high cell density of the printed tumoroids is again proved to be comparable to native tumor tissues 

and can more closely mimic the in vivo tumor microenvironment (TME). 

 

 

Figure 5.5. Confocal microscopy analysis of tumoroids. (A) 3D reconstruction of Panc10.05, 

CAF19, overall structure, and nuclei by confocal microscopy; (B) schematic of image stacks at 

multiple z-depths, and the images showing the nuclei at z-depths of 0, -30, -60, -90, -120, -150, -

180, and -210 μm. 
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The morphological study of the printed tumoroids is attained by immunohistochemistry, as 

shown in Figure 5.6. Hematoxylin and eosin (H&E) staining is performed on tumoroids to assess 

cell morphology and cellular arrangement. H&E staining revealed a compact internal cellular 

arrangement with defined peripheral cells (i.e., cancer cells) and a morphology containing the 

spindle-shaped CAFs and round-shaped cancer cells. The morphology of the tumoroid (Note 

zoom-in H&E staining of mid-section tumoroid) is very similar to that of an actual tumor (Note 

zoom-in H&E staining of mouse tumor). Overall, the H&E staining demonstrates that the printed 

tumoroids closely recapitulate the in vivo TME.  

The Ki67 expression is used as a proliferation marker of cancer cells, and Vimentin, also 

known as intermediate fibroblast filament, stains virtually spindle cell neoplasms. High Ki67 

expression is observed in the surrounding region at the mid-section of the tumoroid, indicating the 

cancer cells are mostly localized at the exterior of the tumoroid. Furthermore, the expression of 

Ki67 is strongly associated with tumor cell proliferation and growth, implying the proliferation of 

the tumoroid. On the other hand, Vimentin is detected in the central region at the mid-section of 

the tumoroid, suggesting the fibroblasts are majorly organized in the core. At the top section of the 

tumoroid, the cancer cells and CAFs are more distributed, but cancer cells are still in the peripheral 

region. The distribution of cancer cells and CAFs at the mid/top sections of the tumoroid strongly 

agree with the 3D reconstruction in Figure 5.5(A). In addition, Vimentin and Ki67 expression 

show that the CAFs exhibit an elongated shape, and the cancer cells are of rounded morphology. 

In order to determine the cell-cell interaction, the E-cadherin staining (green) is performed 

on the tumoroids, and nuclei are counterstained with DAPI (blue). The consistent and high E-

cadherin expression at both top and mid-sections suggests a solid cell-cell adhesion within the 

structure. This indicates that we can form functional tumor tissues instead of cell aggregates by 

using the method. Additionally, the DAPI signal showing the nuclei of cells demonstrates that the 

tumoroid is constituted of highly-packed cells. 
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Figure 5.6. Morphological and histological examination of tumoroids. Representative images of 

H&E, Ki67, Vimentin, and DAPI with E-cadherin stained mid/top sections of the tumoroid 

(corresponding zoom-in windows are shown for mid-section of the tumoroid); representative 

image of H&E stained mouse tumor (with a zoom-in window). (Scale bar: 100 μm) 

5.4.4 Stiffness characterization of printed 3D tumoroids 

The elastic modulus of the tumoroids is measured by indentation testing. The setup is shown 

in Figure 5.7(A), and the response of a tumoroid tested during loading and unloading is 

demonstrated in Figure 5.7(B). The tumoroid size increases with the probe’s displacement due to 
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the compression of the probe on the tumoroid. When the probe senses the prescribed maximum 

load, the tumoroid is experiencing a maximum compression and therefore has the largest size, as 

seen at “Max load” in Figure 5.7(B). Besides, we can observe that both CAFs and cancer cells 

deform by expanding radially outward upon compression. During unloading, the tumoroid size 

decreases and finally recovers to the original shape, as seen at “Unload,” indicating an elastic 

deformation of the tumoroid.  

Figure 5.7(C) shows the data acquisition from the device and the calculation of elastic 

modulus from the regression analysis. The left plot presents raw load and displacement data 

acquired during indentation testing. These values have been corrected for compliance with the 

apparatus. The experimental data is plotted in a non-dimensional form of load, P K  , and 

displacement,  
3 2

R , in the right plot (dark brown data). The elastic modulus of the tumoroid 

can be determined by fitting theoretical load and displacement values to the experimental values 

gathered during testing, using the elastic modulus as a fitting parameter. The theoretical values are 

calculated using Hertzian contact mechanics theory [211], as previously shown by Briscoe et al. 

[212]. The fitting parameter that yields the best fit between the experimental and theoretical data 

(determined by a least-squares fitting method) is taken as the elastic modulus of the tumoroid. 

We also perform indentation tests on the mouse tumor slices for comparison. Finally, the 

elastic modulus of fresh tumoroids, fixed tumoroids, and mouse tumors is obtained in Figure 

5.7(D). Fixed tumoroids have a relatively larger modulus since studies have shown that a fixative 

is expected to harden tissue components and prevent decomposition, putrefaction, and autolysis 

[218]. Nonetheless, the modulus of printed tumoroids and actual mouse tumors share the same 

order of magnitude, suggesting the tumoroids created by our method have a comparable stiffness 

with native tumor tissues. 
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Figure 5.7. Elastic modulus measurement by indentation tests. (A) Photo and the corresponding 

schematic of the indentation setup; (B) fluorescent images of the Panc10.05, CAF19, and whole 

tumoroid at the initial state before loading, the maximum load, and the final state after 

unloading; (C) displacement-load curves during loading & unloading of a tumoroid tested, and 

the corresponding non-dimensional displacement-load curves retracted from loading 

(experimental). The theoretical data (gold) is fitted to the experimental data (brown) using elastic 

modulus as a fitting parameter; (D) elastic modulus of fresh tumoroids, fixed tumoroids, and 

fixed tumors. 

5.4.5 Force balance between cell and matrix 

The compaction process is governed by the force balance between cells’ contractile force 

and matrix resistance. Therefore, polymer stiffness and cell density are expected to regulate the 

matrix compaction. Specifically, the matrix will compact more significantly at a softer matrix or 

with more cells of high contractility.  

The effect of the polymer stiffness is investigated by preparing interpenetrating-polymer inks 

(IPIs) with different stiffness. It is noted that the collagen concentration is constrained by both 

jetting and gelation behavior. The matrix won’t be gelled if the polymer is too diluted (low 

stiffness), whereas the IPI cannot be ejected from the nozzle if the polymer is too viscous (high 
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stiffness). Therefore, 3 mg/ml collagen is mixed with 1% w/v P(NIPAM-AM) at 3:1 and 2:1 

volume-to-volume ratios; and the final collagen concentration is 2.25 and 1.5 mg/ml, respectively. 

A collagen concentration of 2.25 mg/ml indicates a high polymer stiffness. On the other hand, 1.5 

mg/ml collagen concentration represents a low polymer stiffness. As illustrated in Figure 5.8(A), 

it is anticipated that cells can compact a softer matrix more significantly due to a weak matrix 

resistance. In contrast, a stiff matrix with a higher rigidity will impede the compaction. The time-

lapse images showing the tissue compaction and the corresponding volumetric strains at high and 

low polymer stiffness demonstrate that the matrix notably shrinks when cells are embedded in a 

softer polymer matrix. However, a stiffer matrix providing a stronger resistance slows down the 

cell-derived matrix compaction.  

The effect of the cell density is examined by mixing the cells in IPI (2.5 mg/ml collagen 

concentration) at 105 and 106 cell/cm3 seeding density. The cell density of 106 cell/cm3 represents 

a higher seeding density than 105 cell/cm3, representing a low seeding density. As Figure 5.8(B) 

predicted, more cells contributing a stronger contractile force compact the matrix more 

significantly, while fewer cells hardly compact the matrix. Time-lapse images revealing matrix 

compaction and the corresponding volumetric strains show that decreasing cell density (low cell 

density) significantly hinders tissue compaction. In contrast, more cells (high cell density) 

generating a stronger contractile force enable rapid compaction. 

Moreover, adjusting the contractile forces by changing the number of cancer cells and CAFs 

is expected to influence the matrix compaction, as illustrated in Figure 5.8(C). To test this 

hypothesis, we mix the Pacn10.05 and CAF19 with a 1:1, 1:2, and 2:1 ratio but fix the total cell 

number and then print them in a single drop. The time-lapsed images in Figure 5.8(C) show that 

increasing the CAF numbers (1:2) has no significant effect on tissue compaction but decreasing 

the CAF numbers (2:1) notably hinders the compaction. As a result, the difference in volumetric 

strains between the 1:2 (red line) and 1:1 (black line) ratios is negligible. However, reducing the 

CAF cells (blue line) impedes the compaction and affects the final tumor size on day 1. The results 

suggest that CAFs dominate the contraction, but a threshold amount of CAF is enough to compact 

the matrix significantly. In addition, time-lapse images in Figure 5.8(C) demonstrate that the 

contractility difference between cancer cells and CAFs enables cell sorting. The cells of higher 

contractility (CAF19) are enveloped by the cells of lower contractility (Panc10.05) finally.  
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Overall, the results imply that the regulation of force balance between cells’ contractile force 

and matrix resistance could potentially control the contraction to achieve the desired formation. 
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Figure 5.8. Effects of the balance between cellular contractile force and matrix stiffness. (A) 

Effect of polymer stiffness: schematic of contractile forces generated by a cell on soft and stiff 

polymer matrix, 0-24hr time-lapse images of active shrinking at low and high polymer stiffness, 

and quantification of the volumetric strain at low and high polymer stiffness. (B) Effect of cell 

density: schematic of contractile forces generated by fewer cells and more cells on polymer 

matrix, 0-24hr time-lapse images of active shrinking at low and high cell density, and 

quantification of volumetric strain at low and high cell density. (C) Effect of Pan10.05 to CAF19 

ratio: schematic of contractile forces generated by more CAFs and fewer CAFs on polymer 

matrix, time-lapse images of active shrinking, and the corresponding volumetric strains at 1:1, 

1:2, and 2:1 Panc10.05 to CAF19 ratio. (Scale bar: 500 μm) 
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5.4.6 Tumoroids by Active Shrinking of Various Cell Types 

We hypothesize that the contractile force generated by cells drives the matrix compaction. 

Thus, the intrinsic contractility of different cell types is anticipated to affect the process. The effect 

of cell type on tissue compaction is assessed by applying various combinations of cancer cells and 

the associated fibroblasts to the proposed method. Mouse pancreatic cancer cells (KPC2) with 

mouse cancer-associated fibroblasts (mCAF) and human prostate cancer cells (PC3) with prostate 

cancer-associated fibroblasts (CAF5286) are used. First, to evaluate the contractility of each cell 

type, we perform the cell contraction assay, as described in the method section. Figure 5.9(A) 

shows the contraction process of each cell type and the associated contraction index. Both mouse 

and human cancer cells (KPC2 and PC3) are less contractile than their associated fibroblasts 

(mCAF and CAF5286). The comparable contraction indices of mCAF (0.64) and CAF5286 (0.62) 

indicate that mouse and human fibroblasts have similar contractility in the interpenetrating-

polymer matrix. 

The time-lapse images showing the matrix compaction driven by different cell types are 

shown in Figure 5.9(B). The compaction processes differ from each other, which arises from 

intrinsic cells’ behaviors. Nonetheless, CAFs of higher contraction form in the center of the 

structure, while cancer cells with low contractility organize on the exterior. Moreover, the 

volumetric strains of both combinations are characterized in Figure 5.9(C). There is no significant 

difference in volumetric strain between cases since the contraction indices of all CAFs are similar 

(CAF19: 0.65, mCAF: 0.64, CAF5286: 0.62). The result suggests that CAFs dominate the tissue 

compaction regardless of the contractility of cancer cells. These results signify that the proposed 

method is applicable for different cell types as long as the cells have contractility, verifying our 

hypothesized mechanism. The cells’ contractile forces exerted on the polymer matrix enable the 

matrix compaction and, finally, the formation of 3D tumoroids.  
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Figure 5.9. Tumoroids from other types of cancer cells and CAFs. (A) Time-lapse images of 

tissue compaction of mouse pancreatic cancer cells (KPC2), mouse cancer-associated fibroblasts 

(mCAF), human prostate cancer cells (PC3), and human prostate cancer-associated fibroblasts 

(CAF5286); the corresponding contraction indices of KPC2, mCAF, PC3, and CAF5286; (B) 

time-lapse images of active shrinking of KPC2 with mCAF, and PC3 with CAF5286; (C) 

quantification of volumetric strain. (Scale bar: 500 μm) 

5.4.7 Layer-by-layer printing of tumoroids with cavity structure by active shrinking 

The inkjet printing of cell-laden interpenetrating-polymer inks (IPIs) can be further extended 

to create a more complex structure – a 3D cavity structure relevant to acinus shape. A three-layer 

configuration is printed to demonstrate the capability, as illustrated in Figure 5.10(A). The 3D 

geometry contains a bottom layer of 3×3 CAF19-laden drops, a middle layer of a Panc10.05-laden 

drop at the center, and a top layer of 3×3 CAF19-laden drops. The bottom layer is printed first, 

and the middle layer is printed afterward. Finally, the top layer was printed. 

Figure 5.10(B) shows the matrix compaction after the 3D organization is printed at a 25°C 

substrate. At 0hr, we can observe that the Panc10.05-drop printed at the center spreads out on the 

bottom layer, caused by the IPI rehydration. Therefore, Pacn10.05 cells (marked in red) are 

transferred through the porous matrix to the periphery (as specified by the light blue dash arrows). 

After adding the medium, the matrix is compacted by the cells’ contractile force, and the 

differential contractile forces govern the folding manner. We can notice that the CAF19 of higher 
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contractility dominates the tissue folding and eventually self-assembles at the center. On the other 

hand, the Panc10.05-laden matrix with lower contraction is driven by the CAF19-laden matrix and 

finally organizes in the peripheral region. Moreover, the folding direction is labeled with the white 

dash arrow at 2 hr. Compared with the previous line-pattern folding, the tissue folding with a 

surface interface represents tissue folding in a 3D manner, which resembles a 3D cavity shape. 

Nevertheless, the final tumoroid still possesses an organization with CAFs inside surrounded by 

cancer cells. 

To achieve better control of the printed configuration, we increase the substrate temperature 

to 35 °C to promote the gelation of IPI. As shown at 0hr in Figure 5.10(C), Panc10.05 cells (marked 

in red) are well constrained at the core of the pattern. The polymer matrix becomes stiffer due to 

the elevated gelation that hinders the tissue compaction. Time-lapse images exhibit a slow 

formation of tumoroid and CAF19 (marked in green) enclosing Panc10.05 (marked in red) during 

the process. In this case, the tissue compacts from all directions, as indicated by the white dash 

arrows at 6hr. The result demonstrates that we can achieve tumoroids with a structure in which 

CAFs surround cancer cells by adjusting IPI’s properties upon inkjet printing. 

 

 

Figure 5.10. Creation of tumoroids with 3D geometries. (A) Schematic of layer-by-layer printing 

of cell-laden IPIs. (B) Time-lapse images of active shrinking of 3D cavity shape after printed at a 

25°C substrate. (C) Time-lapse images of active shrinking of inner cancer cells-outer CAF 

configuration after printed at a 35°C substrate (Scale bar: 500 μm). 
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Moreover, the 3D reconstructions by confocal microscopy show a more detailed morphology 

of tumoroid formed by layer-by-layer printing on a 35 °C substrate. The enhanced gelation 

increases the stiffness of the polymer matrix and well constrains the cancer cells (Panc10.05) at 

the core of the pattern, as shown in Figure 5.10(C). The 3D reconstruction in Figure 5.11 shows 

that Panc10.05s are localized at the center of the tumoroid and are surrounded by the CAF19s. 

Unlike the normal tumoroid, CAF19s cover the whole structure while the Panc10.05s are 

uniformly distributed at the structure’s interior. Besides, the tumoroid is formed by a well-defined 

periphery of CAFs. Overall, the 3D reconstructions further demonstrate that we can achieve a 

tumor-stroma tumoroid with a configuration of cancer cells inside and CAFs outside. 

 

 

Figure 5.11. 3D reconstruction of Panc10.05, CAF19, and whole tumoroid formed by layer-by-

layer printing on a 35 °C substrate. 

Besides, more complex and large-scale structures could be further achieved by the fusion of 

tumoroids. Studies have shown that tissue fusion is a fundamental biological process that is highly 

relevant to the biofabrication [219]. When two or more spheroids/organoids/tumoroids make 

contact, they will coalesce over time to form one larger structure. As shown in Figure 5.12, the 

CAF tumoroids are placed at the surrounding of a cancer tumoroid. The cancer cells will finally 

be enclosed by CAF cells through the fusion process. The result shows that we could form a 

structure similar to the one formed by layer-by-layer printing on a 35 °C substrate by tissue fusion.  
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Figure 5.12. Bright-field and fluorescent images of fusion of tumoroids on Day 0, Day 1, Day 2, 

and week 1. 

5.5 Conclusions and Discussions 

A wide variety of three-dimensional (3D) tumor models have been developed and have 

shown great potential to exhibit physiologically relevant cell-cell and cell-matrix interactions, 

heterogeneity, and structural complexity that replicate in vivo tumor microenvironment (TME). 

However, two critical limitations of the existing 3D tumor models are low cell seeding density and 

time-consuming preparation. In addition, due to the inherent differences in complexity and 

functionality, the choice of model usually depends on the application [220]. The current models 

lack reproducibility and a standardized protocol for any given cell type [221,222]. 

The present new method of IPI formulation and inkjet printing is demonstrated for its 

capability to rapidly (< 1 day) create 3D tumoroids with tumor-stroma interface at extremely high 

cell density (~108 cells/cm3). It is based on a mechanism that cancer cells and cancer-associated 

fibroblasts (CAFs) can exert contractile forces on the polymer matrix and compact the matrix to 

form a tumoroid with densely-packed cells. The developed method could address the limitations 

of current 3D tumor models. Besides, the printed tumoroids can be cultured for at least two months, 

demonstrating the potential for long-term culture, which is crucial for examining the long-term 

effects of TME or drug treatments at later-stage of disease [223,224]. 

The proposed method enables a large tumor size (~ 500 μm in diameter) compared to the 

spheroids or organoids prepared by the conventional techniques. A large tumoroid possesses an 

external proliferating zone for metastasis and other aspects of the disease’s pathophysiology. Large 
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tumor size also enables an oxygen and nutrient gradient within the tumor, representing a key 

feature of in vivo TME. Furthermore, a centimeter-scale tumoroid can be achieved by fusing 

multiple printed tumoroids. Many studies have attempted to use spheroids/organoids as building 

blocks to create large-scale tissues in a spatially controlled manner by patterning and fusion of 

spheroids/organoids [199,219,225]. These engineered tumor models of prescribed spatial 

organization could be a promising alternative to more precisely mimic the TME. 

The presence of residual stress is a unique feature. At the cancer-CAF interface, cancer cells 

experience compression while CAFs are under tension (note Figure 5.2(E)), which is anticipated 

in the in vivo tumors. Although the CAFs are located interior of the tumoroids, the tumor-stroma 

interface captures both biological and mechanical features of the TME. In addition, the method is 

tested with various conditions, which verifies the hypothesis that the active shrinking is governed 

by the force balance between cells’ contractile force and matrix stiffness. Therefore, by adjusting 

the printing conditions, this study further demonstrates that the tumoroids with cancer cells 

organized at the center enveloped by the CAFs can be created. However, more precise control of 

the shrinking process is a crucial step that needs improvement to create the desired shape of 

tumoroids. As discussed, the mechanism is based on the force balance between the cell’s 

contractile force and the matrix’s stiffness. Therefore, adding crosslinkers upon printing or 

substituting polymers might be solutions for adjusting the matrix’s mechanical properties. 

Incorporating growth factors or varying cell density are approaches to regulating the cells’ 

contractile force.  

Overall, the results demonstrate that the proposed method provides a solution that can 

rapidly create 3D tumor models at extremely high cell density to address the limitations of existing 

models. Long-term culture ability, big size, highly-packed composition, and residual stress at the 

cancer-CAF interface closely recapitulate the in vivo TME. Besides, it is shown that the present 

method is generalizable and can be implemented with multiple types of cancer cells and CAF. 

Furthermore, this method suggests a new concept of "digital cell printing" to create more complex 

structures and mechanical status beyond current 3D bioprinting techniques. The tumoroids created 

by the present method will be useful in constructing a more reliable therapeutic screening platform 

for cancer research. 
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