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Abstract 

In order to mimic the natural heterogeneity of native tissue and provide a better micro environment for cell culturing, multi-

material bioprinting is becoming a common solution to construct tissue models in vitro. With embedded printing method, 

complex 3D structure can be printed soft biomaterials with reasonable shape fidelity. However, the current sequential multi-

material embedded printing faces a major challenge, which is the inevitable trade-off between the printed structural integrity 

and printing precision. Here, we propose a simultaneous multimaterial embedded printing method. With this method, we can 

easily print a firmly attached and high precision multilayer structure. With multiple individually controlled nozzles, different 

biomaterials could be precisely deposited in a single crevasse, which minimizes the uncontrolled squeezing and guarantees 

no contamination of embedding medium within the structure. To achieve this, the dynamics of the extruded bioink in the 

embedding medium are analyzed both analytically and experimentally, and the effects of printing parameters including 

printing speed, nozzle angle and rheology of embedding medium on the 3D morphology of the printed filament are 

quantitively evaluated. Double layer thin-walled structure with each layer less than 200 μm was printed. It was demonstrated 

that intestine and liver models could be printed with 5% GelMA, crosslinked and extracted from the embedding medium 

without significant impairment or delamination. The peeling test further proves that proposed method offers a better structural 

integrity than conventional sequential printing method. The proposed simultaneous multimaterial embedded printing method 

could serve as a powerful tool to support the complex heterogenous structure fabrication and open unique prospects for 

personalized medicine. 
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1. Introduction 

Recently, the application of three-dimensional (3D) printing has been extended to tissue engineering by creating custom tissue 

constructs that contain tissue-specific cells for a closer mimic of the structure in native tissues [1-3]. Compared to other 

manufacturing technologies, 3D bioprinting has enabled better controlled special distribution of cells and biomolecules in 

engineered structures, via the deposition of cell-laden biomaterials (bioinks) on the demand of computer aided design (CAD) 

models [4-6]. Conventional bioprinting technologies now face several challenges, which may be concluded as the 

contradiction between overall mechanical stability and the biological microenvironment of the construct. Native organs and 

tissues in the human body are heterogeneous which contain a variety of cell types and extracellular matrix. Different cells 



perform various biological functions while different extracellular matrix provides multiple mechanical properties and 

biological microenvironment. Heterogeneous structure plays an important role in the realization of organizational functions. 

Researchers have come to realize that it is unrealistic to build fully functional tissues/organs in vitro with just a single material 

[7, 8]. As a solution to the current challenges, multi-material bioprinting technology provides different choices of cells and 

biomaterials for the in vitro construction of heterogeneous structures that may be a better representation of natural 

tissues/organs. At present, multimaterial bioprinting technology has been used in the biological manufacturing process of skin, 

tendon, cartilage and other tissues [9-12]. Multi-material printing, such as electronic printing, metal printing, ceramic printing 

and etc, can also be used for manufacturing industrial parts and products [13-15]. In conventional bioprinting, rigid bioinks 

are required to support themselves to maintain a good shape fidelity, which can later impair cell viability, migration or function 

[16, 17]. In order to resolve the contradiction between printability and biocompatibility, a new 3D printing technology has 

been developed based on the deposition of bioinks in embedding medium, which can be referred as embedded printing[18, 

19]. With the structural support provided by the yield stress of the embedding medium with self-healing ability, low-stiffness 

bioinks can be printed and deposited continuously in the embedding medium. Multi-material embedded printing technology 

has been used for hollow structures with overhanging and internal voids [20], the manufacture of tissue models [21], 4D 

printing and other research [22].  

In the conventional direct ink writing in air, bioink is deposited on a platform and construct 3D structures in a stack-by-stack 

manner. With the effect of gravity, the extruded bioink only stops when it reaches a solid surface, which guarantees the 

adhesion between upper and lower layers (figure 1(a)). Due to its rheological properties, the deposited bioink cannot hold the 

defined shapes and collapses so that it is easy for adhesion of the neighbouring fibres in horizontal direction. Therefore, the 

distance between the tip of the nozzle and the deposition plane known as stand-off distance, is normally greater than a layer 

height. In the extrusion printing process, the velocity flow fields and shear rate fields were generated in the vicinity of the 

nozzle, and for the conventional printing in air, this disturbance is always negligible. While in the embedded printing, shear 

stress is applied on the embedding medium, and makes it transfer from solid-like state to liquid-like state, known as Bingham 

plastic fluid. The embedding medium has a much greater inertia than air. Therefore, the disturbances generated by the nozzle 

translation would affect the continuous deposition of the extruded bioink more significantly (figure 1(b)-(c)). Furthermore, 

the bioink is deposited in the embedding medium and kept almost in situ, which means it can only move a limited distance 

before it is kept in the embedding medium and the ink does not collapse in the bath. There’s no guaranteed adhesion between 

the adjacent filaments (figure 1(e)). It has been observed, in certain printing conditions, the filaments printed in sequence 

cannot be laterally attached as expected[23, 24]. A simple and commonly used solution is that the adjacent filaments are 

designed spatially overlapped to ensure that they can be connected with each other[25, 26]. The distances between the 

designed adjacent printing paths would be less than the width of the printing filaments to achieve better lateral attachment of 

neighboring filaments. The overlapping method has been proven effective when printing continuous structures with a single 



material. For complex structures with multiple materials, the overlapping of filaments may induce the uncontrolled stacking 

and squeezing of the adjacent filaments and jeopardize the spatial distribution of different materials in the printed structure. 

Therefore, the overlapping between different materials should be avoided in the printing of complex structures with a good 

precision. It has been a challenge to print heterogenous structures with precise material distribution while maintain a 

reasonable overall structural integrity. 

In this paper, we proposed a simultaneous multi-material embedded printing method that used individually controlled nozzles 

to construct multi-layered structures (figure 1(d)). Firstly, the dynamics of the extruded bioink in the embedding medium were 

analyzed both analytically and experimentally, which enabled us to precisely control the deposition of the ink. Secondly, with 

multiple individually controlled nozzles, different bioinks could be extruded simultaneously (figure 1(f)). Without overlapping 

the nozzles, the optimized system operation could allow the ink to transport a certain distance and firmly fuse within each 

other. The squeezing and stacking behaviour of the bioinks was controlled, guaranteeing the effective adhesion between 

different materials/layers and high printing fidelity. The effects of printing parameters including printing speed, nozzle angle 

and rheology of embedding medium on the 3D morphology of the printed filament were quantitively evaluated. The proposed 

printing method was validated in making double layered hemisphere and tubes with each layer less than 200 μm. Further 

demonstrations were made to print intestine and liver models with 5% GelMA, all of which could be crosslinked and extracted 

from the embedding medium without significant impairment or delamination. Finally, a peeling test was carried out to prove 

that the 3D structures printed by the proposed simultaneous printing method had better structural integrity compared with 

those printed by the conventional sequential printing method.  



 
Figure 1. (a) A schematic diagram of extruding process in the air. (b) A schematic diagram of extruding process in the 
embedding medium. (c) An illustration of horizontal separation of sequentially embedding printed filament. (d) Multi-nozzle 
bioprinter. (e) Microfluorescence of the filaments with lateral attachment and lateral separation. (f) A comparison between 
sequential printing and simultaneous printing process. 
 

2. Materials and methods 

2.1 Preparation of the embedding medium, the bioink, and the removal bath 

The embedding medium is comprised of the Pluronic F-127 (PF-127, Sigma-Aldrich, USA), and the hydrophobically 

modified hydroxypropylmethyl cellulose (H-HPMC, commercial name Sangelose 90L, Daido Chemical Co., Japan). The PF-

127 powder was dissolved in 1 × phosphate buffer saline (1 × PBS) and stored overnight at 4 ℃. The PF-127 solution was 

heated to 50℃ with agitating in a magnetic stirrer, then the H-HPMC powders were gradually added to the PF-127 solution 



which was stirred at a speed of 800 rpm. Once the powder is completely dissolved, the temperature of the magnetic stirrer 

was then decreased to room temperature (RT, 26 ℃) gradually with continuous low-speed stirring. Foam was removed from 

the surface of the embedding medium. The embedding medium was then transferred into a transparent box. 

Gelatin methacryloyl (GelMA, EFL-GM-60, China) was used to prepare the biomaterial ink. In this study, 5% (w/v) GelMA 

was prepared by dissolving GelMA in 1 × PBS containing 0.5% (w/v) lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP, EFL, China) at 37 °C for 2 h. 0.1% (w/v) fluorescent particles (4 μm in diameter, Beisile, China) with different 

excitation wavelength were added into the GelMA solution respectively to observe the morphology of the printed filament. 

For better observation of the printed structures, 0.1% (w/v) food dyes with different color were added into the GelMA solution 

respectively. 

The polyethylene glycol 400 (PEG400, SCR, China) was used as removal baths. 5% (v/v) PEG400 was dissolved in 1 × PBS 

with continuous oscillation until forming homogeneous solution. 

 

2.2 Rheological measurements 

A rotational rheometer (MCR102, Anton Paar, Austria) equipped with a parallel plate rotator (25 mm diameter) is used for 

rheological measurements. The gap was set at 1 mm for all tests. In rheological measurements, various concentrations of H-

HPMC/PF-127(2.5%/10%, 3%/9%, 3%/10%, 3%/11%, 3.5%/10%) were used. The ambient temperature of our printing 

experiments was controlled at 26℃. Therefore, the steady shear rheology measurements were performed at 26 ℃ by 

increasing the shear rate from 0.01 to 100 s-1. The embedding medium material could be modelled as a Herschel-Bulkley fluid 

(HB), which is expressed as follows:  

 τ = #𝐾|�̇�|!"# +
𝜏$
�̇� *

�̇�	for	𝜏 > 𝜏$ (1) 

 �̇� = 0	for	𝜏 ≤ 𝜏$ (2) 

where σ is the shear stress, 𝜏! is the yield stress, �̇�	is the shear rate, 𝐾 is the consistency index, and 𝑛 is the flow index [27]. 

The dependence of shear stress and viscosity on shear rate could be obtained. The thixotropy of the embedding medium was 

assessed by measuring the viscosity in transient shear rate step tests at 26 ℃. Samples were subjected to a 0.1 s-1 shear rate 

for 60 s, a 10 s-1 shear rate for 10 s and a 0.1 s-1 shear rate for 60 s to simulate the printing process (figure S1).  

 

2.3 Simultaneous printing in the embedding medium 

A bespoken bioprinter with up to six individually controlled nozzles is used[8]. Prior to the printing, bioinks (5% GelMA with 

different fluorescent particles) were transferred into multiple 10ml syringes and the syringes are installed on the nozzles 

(figure S2). The temperature of bioink was controlled at 26 °C under all experimental conditions. Two sets of embedding 

mediums are used, including 3% H-HPMC and variable PF-127 contents (9%, 10%, 11%) and 10% PF-127 and variable H-



HPMC contents (2.5%, 3.5%). In addition, 80 kPa extrusion pressure with a 25-gauge (25G) nozzle was utilized. The angle 

of the nozzle respect to the horizontal plane was adjustable from 60° to 80°. Under different printing conditions, printing 

velocity steps (2, 4, 8, 12, 16, and 20 mm/s) and embedding medium with different proportions to explore whether the 

filaments attached. For a linear 2D sample, the two nozzles moved at the same speed along the Y axis and the bioinks were 

extruded out by applying pressure while the X, Z axis positions were unchanged. The printed filaments were designed to be 

20mm in length before exposed to a UV light system (405 nm, 25 mW/m2) for one minute. The filaments were removed from 

the embedding medium by the 5% (v/v) PEG400 removal bath at room temperature. We selected the middle of the printing 

filament for analysis in order to ignore the impact of the extrusion start and stop process on the experimental results. The 

printed filaments were placed on a slide and observed with a fluorescence microscope (DM IL LED, Leica, Germany). When 

no black area was found between the fluorescence areas in 80% or more length along the axial direction in the filament, the 

simultaneous printed filaments were considered to be attached.  

In order to better investigate the morphology of printed filaments, imaging of the filaments was taken using a confocal laser 

scanning microscopy (Leica TCS SP8, German) or inverted fluorescence microscopy (DM IL LED, Leica, Germany). The 

fluorescent particle of the image in each z-stack during the 3D scan were extracted by MATLAB. Combining the x and y 

information of the image and the z information of the image, the fluorescent particle contour was reconstructed in 3D space 

(figure S3).  The outermost contour formed by the fluorescent particle was considered as the two-dimensional morphology 

of the filament. The width of the filament was measured as the largest length of the filament in horizontal direction. Aspect 

ratio was evaluated according to the shape of the contour. The average value of the obtained data was taken as the estimation 

value of the width and aspect ratio of the whole filament. 

 

2.4 Multi-layer 3D structure printing 

To print three-dimensional structures using simultaneous printing methods, the 3D models were designed using SolidWorks, 

followed by slicing by Cura 4.7 with 0.2 mm layer height and manually reprogrammed for the simultaneous printing. The 

printing process is shown as the figure S4. The bioinks (5%GelMA with different food dye) is used. To print complex 

structures, the bioink was deposited into the embedding medium (10% PF-127 and 2.5% H-HPMC) in a transparent box, 

using 80 kPa pressure, 8 mm/s velocity, and 25G nozzles. To eliminate the boundary effect in the process of bioprinting, the 

three-dimensional structure was printed in the center of the box. When completed, the embedded structure was exposed to a 

UV light system (405 nm, 25 mW/m2) for five minutes. The steps for extracting the structure were the same as mentioned. 

Then, the structure was transferred into 1 × PBS. The structure was dissected along the axial direction and observed with an 

optical microscope to evaluate the characteristics of the simultaneous printing method with multi-materials. Bioinks with 

different crosslinking methods and rheological properties (5%w/v GelMA and 3%w/v Alginate) were also used for printing 

multi-layer 3D structures in 10% PF-127/3% H-HPMC embedding medium with 0.1% CaCl2 added. 



 

2.5 Peeling sample testing 

In order to quantitatively investigate the adhesion of the two bioinks in the simultaneous printing process, a peeling test is 

conducted. In order to compare with the simultaneous printing method, we prepared the specimen printed by sequentially 

under the same trajectory and the samples by casting. Specimen test methods were based on ASTM D1876-08: Standard Test 

Method for Peel Resistance of Adhesives (T-Peel Test). Two strips were pulled apart from an initially T-shaped sample using 

a universal testing machine (ElectroForce 3200, TA Instruments, USA) [28]. One side of the sample was firstly secured in the 

upper grip. The free side of the sample was allowed to rest naturally, before it was secured in the lower grip. The upper grip 

was then fine-tuned upward until the secured part straighten, but with no initial tension (figure S6). The peeling test was 

performed with a constant ramp of 1 mm/min until the sample failure happened or the maximum test range reached. The 

recorded data were tensile force, time, and displacement. Force data was normalized to the average width of each sample 

interface. And the peel properties were presented by variation of adhesion force, form of adhesion failure and average 

interfacial toughness. 

 

2.6 Statistical analysis 

Data is presented as mean ± standard deviation of independent replicates. Statistical analysis is conducted using ANOVA. All 

analyses were performed using the “R” statistical package using R-Studio v 1.4.1103. The P values were provided and 

significance levels are as follows: *(p < 0.05), **(p < 0.01), ***(p < 0.001), ****(p < 0.0001). NS indicates no significant 

differences between groups (p > 0.05). 

 

3 Results and discussions 

3.1 The extrusion printing and precise deposition in embedding medium 

Dynamics of the extruded bioink in the embedding medium are essential to structural integrity and printing precision in 

making complex 3D structures but have been rarely discussed in the literature. This section investigated the deposition process 

of the bioink, from the ink exiting the nozzle to a steady state that the relative speed between the printed and its surrounding 

embedding medium is zero (figure 2(a)). A simplified model is built, with the following assumptions: a) the bioink and the 

embedding medium are both incompressible. b) the deposition process is an adiabatic process. c) In the process of printing, 

the viscosity of embedding medium varies as a gradient induced by the shear rate gradient around moving nozzles. d) The 

viscosity of the bioink is constant after being extruded. And there is no velocity gradient within the analysed bioink.  

For a constant printing speed in a specific embedding medium, the shear rate field and viscosity field around the nozzle could 

be estimated. Therefore, with a known extrusion pressure, the bioink travel distant in the embedding medium could be 



analyzed for a selected micro-mass unit. According to the Newton's second law and the law of conservation of mass, the 

following equation was satisfied when the bioink was extruded into the suspension medium to form a stable filament: 

 𝐹 + (𝑚𝑔 − 𝜌%&'(𝑔𝑉)𝑠𝑖𝑛𝛼 − 𝜇𝐴
𝑣
𝑙
= 𝑚

𝑑𝑣
𝑑𝑡

 (3) 

where 𝐹 is the force transferred by bioink during extrusion, 𝑚 is the mass of the extruded bioink, 𝜌"#$% is the density of the 

embedding medium, 𝑉 is the volume of the extruded bioink, 𝛼 is the angle of the nozzle with respect to the horizontal plane, 

𝜇 is the viscosity of the embedding medium, 𝐴 is the surface area of the extruded bioink, 𝑣 is the velocity of the extruded 

bioink, 𝑙 is the size of the region where the embedding medium is yielded. Integrating Eq (3) from time t to t1 gives:  

 D 𝐹 + (𝑚𝑔 − 𝜌%&'(𝑔𝑉)𝑠𝑖𝑛𝛼 − 𝜇𝐴
𝑣
𝑙
= D 𝑚

𝑑𝑣
𝑑𝑡

)

)!

)

)!
 (4) 

The velocity of the extruded bioink can be determined as: 

 𝑣 =
𝐹𝑙 + (𝑚𝑔 − 𝜌%&'(𝑔𝑉)𝑙𝑠𝑖𝑛𝛼

𝜇𝐴 #1 − 𝑒"
*+('"'!)

./ * + 𝑣#𝑒
"*+('"'!)./  (5) 

The extruded distance k could be calculated by integrating the velocity with respect to time: 

 𝑘 = D 𝑣𝑑𝑡
'

'!
 (6) 

By substitute Eq (5) in to Eq (6), k could be written as: 

 
𝑘 =

𝐹𝑙 + (𝑚𝑔 − 𝜌%&'(𝑔𝑉)𝑙𝑠𝑖𝑛𝛼
𝜇𝐴

(𝑡 − 𝑡#) + (
𝑚𝑙0[𝐹 + (𝑚𝑔 − 𝜌%&'(𝑔𝑉)𝑠𝑖𝑛𝛼] − 𝑣#𝑚𝑙𝜇𝐴

𝜇0𝐴0
)(𝑒"

*+('"'!)
./

− 1) 
(7) 

where v1 is the velocity of bioink at the time t1. The change of viscosity with velocity field of embedding medium can be 

approximated [29]: 

 𝑢 = 𝑈𝑒"
1
23" (8) 

 𝜇 = 𝑓(𝑢) (9) 

where 𝑢 is the local velocity of the embedding medium, 𝑈 is the nozzle translation velocity (printing speed), 𝑘 is the 

distance from the nozzle, 𝐷& is the nozzle diameter, and 𝑓 is a parameter related to the embedding medium. Viscosity is 

considered as a function of local velocity which can be obtained through rheological test (figure 2(b)). 

In Eq (7), the force transferred by bioink during extrusion 𝐹, is determined by the outlet pressure 𝑃'($ of the bioink at the 

exit of nozzle, which is dependent on the extrusion pressure 𝑃)&. According to the Bernoulli equation for viscous fluids, with 

a given 𝑃)&, syringe and nozzle geometry, 𝑃'($ can be calculated via the dynamics in the syringe and nozzle: 

 𝑃45' = 𝑃6! +
1
2
𝜌O𝑣6!0 −𝑣45'0 P + 𝜌𝑔(𝑧 − ℎ7) (10) 

 𝐹 = 𝐴8𝑃45' (11) 

where 𝑃)& is the initial pressure of the bioink in the syringe, 𝜌 is the density of the bioink, 𝑣)& and 𝑣'($ are the velocity of 



the bioink, 𝑧 is the height of the bioink, 𝑃'($	is the pressure of the bioink extruded from the nozzle, 𝐴* is the applied area 

of pressure, ℎ+ is the loss of non-mechanical energy which is the summation of friction loss ℎ, and local loss ℎ-: 

 ℎ7 =Sℎ2 +Sℎ9 (12) 

 ℎ2 = 𝜆
𝑙2𝑣0

2𝑑𝑔
 (13) 

 ℎ9 = 𝜉
𝑣0

2𝑔
 (14) 

 𝜆 =
64
𝑅𝑒

 (15) 

where 𝜆 is a coefficient related to the friction loss which can be empirically calculated as Eq (15), 𝑙,	is the characteristic 

axial dimension of the bioink flow, 𝑣 is the average velocity of the bioink, 𝑑 is the characteristic radii dimension of the 

bioink flow, 𝜉 is a coefficient related to the local loss which is estimated to be 0.5 according to empirical results, 𝑅𝑒 is the 

Reynolds number. The friction loss flow through the syringe or nozzle is taken into account, while the local loss happened 

when the bioink is extruded into the nozzle or embedding medium. Therefore, we could calculate the pressure 𝑃'($, and 

therefore force 𝐹 on the bioink during extrusion. 

In an infinitesimal period of time (t1-t0), we assume that the forces applied on the bioink are constants. With given initial 

conditions (printing speed, nozzle angle, and rheological characteristics of embedding medium) and constant parameters 

(nozzle diameter, density of the embedding medium, disturbance range, friction loss coefficient) (Table S1), the bioink speed 

v and extruded distance k1 within a time step can be calculated through Eq. (5) and Eq. (7). While the viscosity of the 

embedding medium, speed and extruded distance in last timestep are functions of bioink speed v and extruded distance k, the 

initial conditions of next timestep (t2-t1) are therefore determined, and iterate until speed v converge to 0. The total extruded 

distance k could be determined by the summation of the extruded distance k1 through kn in each time segment (figure 2(c)). 

This extruded distance k is defined as the displacement from the extruded bioink exit the nozzle to the fully stop in embedding 

medium. With a tilted nozzle, the displacement component in vertical and horizontal direction can be precisely controlled 

which enhanced the deposition precision of the bioink. 



 
Figure 2. (a) A schematic diagram of embedded printing. (b) Shear thinning characteristics of the embedding medium. (c) 
The extruded distance in theory with different (i) nozzle angles and (ii) embedding mediums. 
 

3.2 Simultaneous embedded printing with muti-material  

To address the current challenges existing in embedded printing, a simultaneous printing method is proposed to realize the 

construction of multi-layered structure in the embedding medium with multiple materials (figure 3). Briefly, in one horizontal 

layer, adjacent strands of different bioinks were deposited simultaneously by individually controlled nozzles. To minimized 

the disturbance and enhance the lateral attachments and produce a clear interface between the inner and outer layer structure. 

The nozzle tips need to be kept closely, but not directly attached during printing to deposit bioinks within a single liquefied 

region of the embedding medium (figure 3(a)). In the liquefied region, the embedding medium had low viscosity due to 

shearing which resulted in small disturbance to the extruded bioinks within this region. When the bioinks exited the nozzle, 

they would keep moving in the liquefied region for a short distance before they reached each other and kept in situ. During 

the printing process, multiple nozzles are moved simultaneously according to multiple adjacent motion tracks accompanied 

by extrusion and deposition of various bioinks at the same time.   



As shown in figure 1, the viscosity of the embedding medium, the angle of the nozzle and the printing speed would affect the 

bioink extruded distance k, therefore affect the attachment of the filaments in the simultaneous printing process. During the 

experiments, a consistent flow rate of bioink is used. The influence of different nozzle angles and printing speeds on the 

adhesion of adjacent filaments are investigated (figure 3(c)). According to the parameters during printing mentioned above, 

in the extrusion process, the extrusion pressure had an obvious effect on the movement of bioink. In contrast, the influence of 

the viscosity gradient of the embedding medium, and the effect of gravity and buoyancy were weak. Therefore, when the 

printing speed and nozzle angle were changed, the extruded distance was kept in a certain range with little variation. However, 

with different nozzle angles respect to the horizontal plane, the projection of the extruded distance k was different. Therefore, 

the relative distance between the nozzle tips can be larger while still keep the attachment of the adjacent filaments, which 

helps avoiding the interference between nozzles. This distance is determined by filament diameter, extruded distance and 

relative distance between nozzles. With nozzles of the same diameter, the required minimum extruded distance 𝑘./  and 𝑘0/  

can be calculated: 

 

𝑘#:𝑐𝑜𝑠
𝛼# + 𝛼0

2
+ 𝑘0: 𝑐𝑜𝑠

𝛼# + 𝛼0
2

+ [(
𝐷# + 𝐷0

2
)0 − (𝑘0: − 𝑘#: )0𝑠𝑖𝑛0(

𝛼# + 𝛼0
2

)

= [𝐷!0(𝑠𝑖𝑛
𝛼# + 𝛼0

2
)0 + 𝐷&0 + 𝐷!𝐷&(𝑠𝑖𝑛𝛼# + 𝑠𝑖𝑛𝛼0) 

(16) 

Where 𝐷. and 𝐷0 are the diameter of extruded bioink, 𝛼. and 𝛼0 are each angle of the adjacent nozzles, 𝐷& is the diameter 

of the nozzle, 𝐷# is relative distance between the tip of nozzles. when the required minimum extruded distance 𝑘./  was equal 

to 𝑘0/  which could be considered as 𝑘′ , A difference 𝑘1 can be defined as Eq. (17) 

 𝑘; = 𝑘 − 𝑘: (17) 

When 𝑘1 was more than zero, the filaments could attach laterally in theory, and when 𝑘1 was less than zero, the filaments 

would separate. With two nozzles at the same tilted angle, the minimum extruded distance needed to reach the attachment 

state is calculated.  When printing speed increases, the printed filament has smaller diameter, leading to an increase in the 

required extruded distance. When the nozzle angle is changed, the distance needed for attachment would also be altered. 

Therefore, when the nozzle angle decreases, the required extruded distance decreases, and the two bioinks were easier to 

achieve lateral attachment. In the experimental results, we found that lateral attachment was more difficult to achieve at high 

printing speed while maintaining the same nozzle angle, which was consistent with our theoretical analysis (figure 3(e)). The 

experimental results showed that lateral attachment occurred with decreased nozzle angles under the same printing speed, 

which was also as expected. But having the nozzle angle too small would cause collision between the nozzle and the 

embedding medium container, increasing the difficulty especially in printing relatively large structures. Therefore, the angle 

of the nozzle should be selected in an appropriate range to match printing speed, structure size and other printing parameters.  

We also investigated the effect of embedding medium characters on bioink attachment. The embedding media used in this 



research have regulatable rheological properties[30]. We also calculated the difference of the extruded distance and the 

minimum extruded distance needed to reach the attachment state based on the above fitting curves (figure 3(d)). At the same 

printing speed, embedding medium with low yield stress would produce large velocity field resulting in low viscosity. 

Therefore, the extruded bioink was subjected to a small viscous effect and therefore stopped further away from the nozzle. 

This phenomenon could be shown by our calculation results. In experiments, we observed that in the embedding medium 

with low yield stress, adjacent filaments could contact with each other at high nozzle movement speed, whilst that could not 

happen in the embedding medium with low yield stress (figure 3(f)). The experiment results were consistent with our 

theoretical analysis. When the yield stress of the embedding medium was too low, the supporting ability to the printed structure 

would also reduce and degrade the morphological feature preservation of the structure. Therefore, the concentration of 

embedding medium should be selected within a reasonable range.  



 

Figure 3. Phase diagram of filament attachment. (a) A schematic diagram of simultaneous printing. (b) Example of bioink 
deposition process (scale bar: 500 μm). (c)-(d) The subtraction of the extruded distance and the required extruded distance in 
theory. Printing phase diagram of printing speed and nozzle angle (e) printing speed and embedding medium (f) on filament 
attachment. 
 

3.3 Quantitative characterization of simultaneous bioprinting 

In the process of printing, the morphology of the printed filament has a great influence on the forming of the 3D structure. As 



the basic unit of 3D printing structure, the morphology characteristics of the filament can be used as the characterization index 

of the printing process. The printed filaments are evaluated in two aspects: aspect ratio and filament width (figure 4(a)), the 

aspect ratio 𝑓	is defined as: 

 𝑓 =
𝐷
𝐻

 (18) 

Where 𝐷 is the width of the filament in horizontal direction and 𝐻 is the height of the filament in vertical direction. We first 

evaluated the morphology of individual filament printed. The value of aspect ratio 𝑓 close to 1 is preferred, as the filament 

cross-section is closer to the circle and similar to the setting in the slicing software so that the complex structures designed 

can be printed accurately. In the previous study, aspect ratio of printed filaments could be expressed by linear regression as 

follows[30]: 

 𝑓 = 𝑎 × 𝜇' + 𝑏 (19) 

where 𝑎 and 𝑏 are fitted coefficients. 𝜇$ is the transient viscosity of embedding medium obtained from the shear rate sweep. 

Ideally, the cross-section shape of the filament was considered to be consistent. We could assume that the flow, cross-section 

area and printing speed satisfied the following formula: 

 𝑄 = 𝐴 × 𝑈 (20) 

where 𝑄  is the volume flow rate, 𝐴  is the cross-section area of the printed filament, and 𝑈  is the printing speed. 

Theoretically, the area of a filament was directly proportional to the product of its height and width. Therefore, the width of 

the filaments, transient viscosity and printing speed could be substitute into Eq. (18) with a constant extrusion flow rate: 

 𝐷 = [𝑐 × 𝜇' + 𝑑
𝑈

+ 𝑒 (21) 

where 𝑐, 𝑑 and 𝑒 are fitted coefficients. We obtained Eq. (21) by rheological experiment and printing experiment, and the 

results showed a high goodness of fit (R2 = 0.93) (figure 4(b)). According to Eq. (21), for a constant flow rate, with the 

increase of the printing speed or the viscosity of the embedding medium, the width of the printed filament decreased 

significantly, thus we could predict the morphology of individually printed filaments. We defined the similarity index 𝑆1 

which was the ratio of the morphological features of the filaments by printing simultaneously and individually to evaluate the 

approximation level of filament morphology by the two printing methods. 

 𝑆; =
𝐷<6.5/'&!=45<
𝐷6!;6)6;5&/

 (22) 

The aspect ratio of the simultaneous printing filaments was defined as the average of the respective aspect ratio. And the width 

of the simultaneous printing filaments was defined as the average of the respective filament width. the morphology of laterally 

attached filaments formed by simultaneous printing and single filament by individual printing were evaluated (figure 4(d)). 

The width of the individually printed filament could be predicted according to Eq. (21), as a function of the embedding 



medium viscosity and the printing speed, these width dimensions were used as a baseline to evaluate the printed filament 

resolutions. For simultaneous printing, it was difficult to directly estimate the filament width with printing parameters due to 

the complexity of the printing process. We therefore proposed the similarity 𝑆1 to predict the nozzle induced effects of the 

additional nozzle used in the simultaneous printing method. As the results shown in figure 4(c), the minimum width of the 

printed filaments for both printing methods were around 100 μm. The similarity index 𝑆1 was always less than 1, but for a 

greater printing speed the similarity 𝑆1 was greater and closer to 1, which meant when the shear rate of the medium was at a 

high level, and the local viscosity of embedding medium was low, the additional printing nozzles used in the simultaneous 

printing would have less impact on the printing resolution. This indicated the proposed simultaneous printing method might 

work better at a higher printing speed.  

In order to construct an accurate three-dimensional structure, it was also important to have a precise control on the height of 

the printed filaments, the width and the height of the filaments were highly related. Therefore, we defined the aspect ratio of 

a filament cross-section as Eq. (18), to evaluate the effect of additional printing nozzle on the vertical direction. As the results 

shown in figure 4(e), the aspect ratio f was always less than 1, which meant the height was always greater than the width of 

an embedded printed filament. This might be induced by the up flow of the ink when the nozzle moved away and the crevasse 

started to heal, and as expected the filament printed in the medium with longer thixotropic time scale had a lower aspect ratio. 

For the proposed printing method, due to the existence of an additional nozzle, the nozzle induced crevasse was almost double 

sized compared with the conventional printing method, embedding medium with lower local viscosity was preferred, so the 

height of the printed filament could be controlled. 

Based on the experimental results above, with the selected printing parameters and embedding medium, high-precision 

filaments could be simultaneously printed with good position fidelity, which enabled us to manufacture complex heterogenous 

structures.   



 
Figure 4. Quantitative characterization of simultaneous bioprinting. (a) A schematic of the investigation of the 
characterization. (b) The fitting results of printing speed and embedding medium viscosity on the width of the filament. (c) 
The width of filament which were printed (i) individually and (ii) simultaneously in different embedding medium at various 
printing speeds. (iii) Compare with the width of filaments printed individually and simultaneously. (d) (i) Cross-sections of 
filaments that were printed in various baths at 4mm/s. (ii) Cross-sections of filaments that were printed in 10% PF-127/3% 
H-HPMC at various printing speeds (scale bar: 200 μm). (e) The aspect ratio of filaments which were printed (i) individually 
and (ii) simultaneously in different embedding medium at various printing speeds.  
 

3.4 Freeform writing of heterogenous structures 

There are many multicellular tissues such as blood vessels and the heart, the common multi-layer tubular structure and multi-

layer capsule structure were selected as printing demonstrations. Three-dimensional models were sliced and toolpaths were 

generated, different materials were marked with color dyes for different layers. We chose different three-dimensional 

structures, so that in the axial direction the boundary lines between the two layers of different bioinks were straight line, 

curves and broken line. Double-layer hollow straight tube, double-layer hemisphere and double-layer Y-shaped tube were 

printed in the embedding medium respectively (figure 5(a)-(c)). The container was exposed in UV light for five minutes, so 

the printed structures were crosslinked and then released from the medium. The printed samples were transferred into 37 ℃ 



PBS and showed good structure integrity. In the process of removing the printing structure from the embedding medium and 

cleaning in PBS, there was no delamination between layers observed. In particular, from the top view, it could be clearly seen 

that two layers with different colors bonded together to form a uniform multi-layer structure. In order to further evaluate the 

attachment between the multi-layer structures and the printing accuracy, we cut the printed three-dimensional structure along 

the axial and observed the section with a bright field microscope. From the profile, we could observe that the two layers of 

the structure were closely attached together, while remaining a clear interface between two layers indicating that uncontrolled 

mixture is minimal. Furthermore, there was no embedding medium remained between the two layers. The thickness of the 

two layers was identical and measured as approximately 200 μm, proving that our printing parameter selection could precisely 

control the accuracy of the printing structure and maintained a good consistency with the designed parameters. These 3D 

structures were further printed with bioinks of different rheological properties and crosslinking methods (5%w/v GelMA and 

3%w/v Alginate) with same printing parameters (figure S5). The axial cut profile also showed a good position fidelity of the 

two sub filaments. During printing, the sodium alginate ink quickly formed a crosslinked surface as the filament deposited 

into the embedding medium, which made the trans-layer fusion behavior between different inks different. 

We also printed two layers of concentric rectangles with simultaneous printing or sequential printing method in the above 

printing condition. The same printing trajectory was used for both printing methods. We could find the embedding medium 

existed between the two printed layers by sequential printing while it doesn't happen by simultaneous printing (figure 5(d)(i)-

(ii)). With the microscope, we could observe the separation of the two layers more clearly (figure 5d (iii)). The results showed 

that simultaneous printing could achieve better bonding of multilayer structures under certain printing conditions. Finally, we 

printed the similar double-layer structure of small intestine and liver (figure 5(e)-(f)). The intestine showed a structure similar 

to the circular fold shape of the real organ. By magnifying the sections of the two human organ models, the results showed 

that the two-layer structure achieved good adhesion. For structures with complex shapes, simultaneous printing method could 

accurately print the double-layer structure with optimal attachment and morphology. 



 

Figure 5. Multilayer constructions printed simultaneously. The front view of (a) double-layer hollow straight tubes (b) double-
layer hemisphere and (c) double-layer Y-shaped tube in (i) the embedding medium and (ii) PBS (scale bar: 3 mm). The lower 
left corner is the corresponding top view. (iii) Axial cross section of (a) double-layer hollow straight tubes (b) double-layer 
hemisphere and (c) double-layer Y-shaped tube (scale bar: 200 μm). The parts between the dotted lines are structures made of 
different materials. (d) The multilayer rectangular structures were printed simultaneously (i) and sequentially (ii) under the 
same trajectory (scale bar: 2 mm). (iii) Local magnification of sequentially printed structures (scale bar: 1 mm). (e) The 
double-layer structure of intestine in (i) the embedding medium and (ii) PBS (scale bar: 3 mm). (iii-ⅳ) Local amplification of 
printing structure (scale bar: 500 μm). (f) The similar double-layer structure of liver. (iii-ⅳ) Local amplification of printing 
structure (scale bar: 500 μm). 
 

3.5 Evaluation of the structural integrity of the printed structure 

The structural integrity problems of the multilayered structure printed by the embedding printing method has been reported[23, 

24]. A peeling test was carried out to investigate the bonding strength between simultaneous printed specimen, results were 

compared with the casted and sequential printed specimen. The peeling test results of three groups of specimens have shown 

failure types (figure 6). For the casted and simultaneous printed specimen, tensile failures happened on one of the tabs before 

the grips reached the maximum test range, which shows that the bonding strength of these two cases were greater than the 

material strength, and the casted GelMA have a better ultimate break strength. While for the sequential printed specimen, they 

were gradually peeled and no tensile failure were observed before the maximum range, which means for the sequential printed 

specimen, the bonding strength is less than the strength of the soft material itself. 

The normalized maximum force relative to the sample width is chosen as the evaluation characteristic of interfacial toughness. 



We found that the bonding strength of the samples by simultaneous printing was significantly greater than that of the samples 

by sequential printing under the same trajectory. It could be induced by the contaminated embedding medium between the 

two tabs during the sequential printing, and have created discrete interfaces. The embedding medium used in this research is 

designed to be removed after printing and it cannot be crosslinked, as a result it was not offering any tensile strength. Therefore, 

the bonding strength would decrease if any contaminated medium is kept between inner and outer layers of the printed 

structure. The proposed simultaneous printing method has minimized the chance of the contamination of the embedding 

medium for the 3D printing of multilayered and multi-material structures. And it could be a direct solution of the present 

structural integrity problems for such structures. 



 

Figure 6. Results of peeling test. (a) A schematic of sample preparation and peeling test. (b) Sequential printed samples can 
be separated into two parts after being removed from the embedding medium. (c) Representative test data of samples obtained 
by three preparation methods. (d) Summary of measured interfacial toughness for samples obtained by three preparation 
methods. 
 



4 Conclusion 

In this study, a simultaneous multi-material embedded printing method is proposed, which enables us to print multi-layered 

heterogeneity structures with better structural integrity and precision. The dynamics of the extruded bioink are analyzed with 

a simplified model and verified in experiments. It was found that with the commonly used printing parameters and embedding 

medium, the extruded ink can travel up to about 500 μm from the nozzle tip before it is fully stopped and kept in the bath. 

This feature partially explains that during embedded printing, the printed structures often delaminate in horizontal direction 

as nozzles are typically placed in vertical direction. Utilizing the dynamic characteristics of the ink, we proposed a multi-

material printing method, using multiple individually controlled nozzles, in tilted angles, to deposit different materials into a 

single crevasse in the embedding medium, the filaments were firmly fused and deposited in an accurate spatial position. For 

the simultaneous printing method, we improve the printing accuracy and structure morphology by adjusting the printing speed 

and rheology of embedding medium. For verification, a variety of tubular and globular multilayer structures were printed, 

and the results showed good precision with the error less than 200 μm, and the bonding strength (7.12 J/m2) between layers 

has been doubled compared to the conventional sequential printing method. The major challenge on the proposed printing 

method is the design of the toolpath trajectory for the simultaneous printing, which needs to satisfy the proper orientation of 

multiple sub-filaments while avoid the physical interference between nozzles within a millimeter space. When bioinks with 

different cross-linking mechanisms are used in the printing, the inter-layer fusion behaviors are becoming complex, which 

leads to more fusion control strategies being investigated in detail in the future. Nevertheless, the proposed printing method 

provides the potential to fabricate multi-material multilayer structures with high precision and good structural integrity, which 

can be widely used in manufacturing heterogeneity structures with soft biomaterials and soft composites. We also believe that 

the simultaneous printing method has a potential to be used in multi-material additive manufacturing applications of other 

polymer materials [31, 32], which also required a good precision as well as the structural fidelity. 
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