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Abstract: In recent years, hydrogels have been used as important biomaterials for 3D printing of three dimensional tis-
sues or organs. The key issue for printing a successful scaffold is the selection of a material with a good printability. 
Rheological properties of hydrogels are believed to pay an important role in 3D printability. However the relations be-
tween rheological properties of hydrogels and 3D printability have not been extensively studied. In this study, algi-
nate-based hydrogels were prepared as a model material for an extrusion-based printer and graphene oxide was added to 
modify the rheological properties and 3D printability of the hydrogels. Rheological studies were performed for the hy-
drogel samples with different formulas. The range of shear rates that the hydrogels suffered during the printing process 
was deduced. This range of shear rates helped us to select a proper shear rate to investigate the thixotropic properties of 
the hydrogels. Furthermore, we also defined some measureable parameters to describe and discuss the quality of 3D 
printing. The present study shows a new approach to analysis of 3D printability of a hydrogel and also provides some 
suggestion for 3D printing of 3D scaffolds. 
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1. Introduction 

ue to the limitations of organ transplantation 
such as the shortage of donors, tissue engin-
eering was introduced in the early 1970s. 

Tissue engineering aims to fabricate artificial organs 
or tissues to replace damaged or diseased ones in the 
human body. The artificial substitute tissues and or-
gans can be customized, which means that a patient’s 
own cells can be used to regenerate substitute organs 
and tissues. It has an obvious advantage that immuni-
zation response and rejection can be overcome. How-
ever, without a three dimensional complex geometry,  

the artificial tissues or organs cannot transport nutri-
ents, exchange oxygen and remove waste. Due to the 
high potential and development of 3D printing tech-
nologies[1–3], fabrication of complex tissues or organs 
may come true.  

Hydrogels have attracted a great attention as bio-
materials for 3D printing due to their soft and wet na-
ture as well as similarities to biological tissues. There 
is a great success for application of hydrogels in the 
area of 3D printing[4–12] for regeneration and repair of 
tissues or organs[4,10–12]. Alginate as one of biomate-
rials is widely used in various pharmaceutical and 
medical applications but displays some unsatisfactory  
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properties such as poor mechanical strength and lack 
of structural integrity, which limits its applications. 
Recently, much effort has been made for improving 
the performance of alginate based scaffolds. Com-
pounding of alginate with other polymers such as pec-
tin[13] or chitosan[14] has been found to provide just a 
marginal effect. Meanwhile, graphene oxide (GO) has 
attracted a great attention in various fields including 
tissue engineering because of its novel properties such 
as good electric conductivity, thermal conductivity, 
mechanical stiffness, and biocompatible properties[15–18]. 
GO sheets have been reported to be ultra-strong and 
biocompatible; therefore, GO is a desirable nanoma-
terial for modifying scaffolds used in tissue engineer-
ing[19]. The functional groups on GO sheets may im-
prove interfacial interaction between GO and a poly-
mer matrix, which paves the pathways for developing 
GO based nanocomposites with remarkable mechani-
cal properties[20]. For example, Fan et al. reported a 
significant increase of elastic modulus of chitosan by 
about 200% with the addition of small amount of 
graphene oxide[17]. Mariana et al. reported that GO/ 
alginate films showed superior thermal and mechani-
cal properties compared with alginate[21]. However, 
the effect of GO on the alginate hydrogel has not been 
extensively studied in the literature. 

In recent years, many researchers and scientists have 
investigated the printability of materials for extru-
sion-based printing. The word, printability, not only 
means how easy a hydrogel can be printed out by a 3D 
printer, but also implies how stable a printed 3D con-
struct or scaffold is. The latter is more important in 
real applications of bio-fabrication. For example, 
Chung’s group found that the alginate-gelatin hydro-
gel had to be printed at low temperatures as the gela-
tion temperature for alginate-gelatin hydrogels is aro-
und 11°C[22]. Jia et al. evaluated the printability of 
hydrogel by using a point-to-point strategy to print 
several dots and found that the plot of dots areas and 
viscosity can directly shows the relationship between 
printability and viscosity of different samples. Mean-
while, the results indicated that the optimal range of 
kinematic viscosity for a piston driven system is from 
about 400 to 3000 mm2/s[6]. Murphy et al. concluded 
that there are many factors influencing the printability 
of materials, such as pressure, flow rate, viscosity, etc. 
They summarized a range of viscosities for different 
3D bio-printers (inkjet, extrusion-based and laser as-
sisted) based on the previous studies and concluded 
that the sample with the range of viscosity (30 mPa.s 

to > 6 × 107 mPa.s) is suitable for an extrusion-based 
printer[3]. Thus, rheological properties of potential 
hydrogels for an extrusion based printer are consi-
dered to be a key factor in controlling the printability 
of the hydrogels and the fidelity of the printed 3D 
structures. However, the relationship between rheo-
logical properties of hydrogels and 3D printability has 
not been systematically studied in the literature.  

A printable hydrogel needs to be optimized to have 
low viscosity during printing and sufficient mechani-
cal strength after printed. So, it is ideal for a printable 
hydrogel to have a thixotropic property and fast re-
covery ability. However, most of the materials could 
not recover their properties immediately and the re-
covery time depends on the materials and shear rate. 
To improve the quality of printing, it is important to 
choose a material with excellent thixotropic properties 
and print the material with a reasonable recovery time. 
For a non-Newtonian fluid, viscosity is a function of 
shear rate in a printing syringe. Finding the relation-
ship between piston speed and shear rate for an extru-
sion based printing process is fundamentally impor-
tant. Furthermore, to study the thixotropic property 
one should know the shear rate that is generated by the 
piston speed. It is also important to know whether the 
breakdown of crosslinks by shearing is reversible after 
removing the shear force.  

In this study, alginate-based hydrogels were chosen 
as a basic printing material for an extrusion-based 
printer. Rheological studies were performed for the 
samples with different formulas. The range of shear 
rate that the hydrogels suffered during printing was 
deduced. This range of shear rates helped us to select 
a proper shear rate to investigate the thixotropic prop-
erties of the hydrogels. Graphene oxide (GO) was 
added to modify the rheological properties and 3D 
printability of the hydrogels. Furthermore, some mea-
sureable parameters were defined for quantifying the 
quality of 3D printing.  

2. Materials and Methods 

2.1 Materials and Sample Preparation  

Sodium alginate was purchased from Sigma-Aldrich, 
Singapore. According to the supplier, the molecular 
weight of the sodium alginate ranged from 100,000 to 
150,000 g/mol and the G block content was 50%–60%. 
Calcium chloride with 99% ACS grade was obtained 
from Sigma-Aldrich, Singapore. Graphene oxide (GO) 
was a product of XF NANO (Nanjing, China). All 
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materials were used without further purification. 
Aqueous solutions of alginate with various concen-

trations (2, 4, 6, 8 and 10 wt.%) were prepared using 
deionized water from a Millipore water purifier. Then, 
calcium chloride solutions with various molar frac-
tions were added to each solution of alginate to obtain 
alginate hydrogels with various CaCl2 contents. In 
order to study the effect of GO on alginate hydrogels, 
alginate composite hydrogels filled with various GO 
contents were prepared as follows. First, the suspen-
sions with various GO contents were produced by ul-
trasonic treatment using deionized water. After that, 5 
g of alginate powder (for a final concentration of 10 
wt.% based on the total weight of DI water) was add-
ed into the suspension of GO under magnetic stirring. 
Finally, alginate composite hydrogels were prepared 
by adding a certain amount of calcium chloride solu-
tion into the solution of GO/alginate under magnetic 
stirring. The alginate concentration in the composite 
hydrogels was fixed 10 wt.% and a CaCl2 content of 
25 mM/L was also kept constant, while GO was loa-
ded to 0.05, 0.15 and 0.25 wt.% based on total deion-
ized (DI) water. The prepared samples were labeled 
with GOa/Algb, where a and b are the weight fraction 
of GO and alginate, respectively.  

2.2 Shear Rate in an Extrusion-based 3D Printing 
Process 

During an extrusion-based 3D printing process, mo-
lecular crosslinks of hydrogels may have broken down 
by shear forces, reducing viscosity, and allowing highly 
viscous hydrogels to be extruded out from the printing 
nozzle. A printable hydrogel needs to be optimized to 
have low viscosity during printing but sufficient me-
chanical strength after printed. So, it is ideal for a 
printed hydrogel to have a thixotropic property and 
then a recovery ability, which means that viscosity of 
the hydrogel is low when a shear force is applied but 
the viscosity recovers quickly after the shear force is 
removed. A material is said to be thixotropic when its 
apparent viscosity decreases with time under a con-
stant shear rate. As for thixotropic materials, the best- 
known example is the thixotropic paints and the other 
examples include concentrated suspensions, drilling 
fluids, emulsions, protein solutions, laponite, and silk 
nanofibril-based hydrogel[23–26]. 

The 3D printing head consists of a piston, a syringe, 
and a nozzle. The syringe and nozzle possess different 
inner diameter. Before printing, the hydrogels are lo-
aded into the syringe firstly, and then it is extruded to 
the nozzle under the pushing action of a piston. Based 

on the fluid mechanics[27], the viscosity is a function 
of shear rate. At a constant volume flow rate, the linear 
flow rate in a pipe will change when the cross section 
area of the pipe is changed. Therefore, the linear flow 
rate will change due to the change in the cross section 
area from the syringe to the nozzle, which also results 
in a change in the shear rate. Shear rate is an important 
factor for an extrusion based printer. In this study, the 
range of shear rates in the syringe is estimated from a 
given piston moving speed of the 3D printer. 

Consider a laminar and steady flow of a time-ind-
ependent and incompressible fluid in a circular pipe of 
radius, R, as shown in Schematic 1A. Since there is no 
angular velocity, the force balance in the z direction on 
a fluid element situated at a radius r (0 < r < R) can be 
written as  
 2 2( ) ( ) 2p r p p r rLπ π τπ− + ∆ =  (1) 

 
2

P r
L

τ −∆
=  (2) 

where p is the pressure, τ is the shear stress on the 
surface of the cylindrical element and L is the length 
of the element. Equation (2) shows the shear stress 
distribution across the cross-section of pipe, whereas 
the shear stress being zero at the axis of the pipe 
(Schematic 1B). Note that Equation (2) is applicable 
to both turbulent and laminar flows of any fluid since 
it is based on a simple force balance and also no as-
sumption has been made[27].  

For a power-law fluid in a pipe, shear stress is a 
function of shear rate as follows[28]: 
 ( )nmτ γ=   (3) 
where n and m are the power-law index and power- 
law consistency coefficient, respectively, whereas γ  
is the shear rate. The viscosity for the power-law fluid 
can be described by 

 ( ) 1nmη γ −=   (4) 

So, the shear rate can be written as  
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where u is the flow velocity at r. Integrating the equ-
ation, we can get the velocity in the pipe  

 

 
 

Schematic 1. (A) Flow through a pipe, and (B) Stress and ve-
locity distribution of non-Newtonian flow in a pipe. 
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Rheological study was conducted on the alginate 
based hydrogels with different concentrations using a 
plate rheometer. Based on the power-law model and 
experimental data, the constant m and n for each sam-
ple can be obtained through curve fitting. These two 
parameters will be used in further calculation to de-
duce the shear rate that the hydrogel undergoes during 
the printing process. 

Assuming that in the syringe there is a uniform 
flow rate (V), the volumetric flow rate (Q) of a non- 
Newtonian fluid can be written as follows[27] 
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where L and Δp are length of the syringe and the 
pressure drop, respectively. 

Then the pressure drop can be expressed as follows 
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The shear rate γ  in the pipe can be described as 
follows 
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Assuming that the volume of hydrogels does not 
change before and after printing, 
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where D1 is the inner diameter of the syringe, V1 is the 
speed of the piston, D2 is the inner diameter of the 
nozzle, and V2 is the speed of extruded hydrogel in the 
nozzle, 

From equation (9), the shear rate γ  in the syringe 
can be calculated from the following equation  
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The shear rate γ  in the nozzle can be calculated 
from the following equation  

2
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2.3 Rheological Evaluations of Alginate Hydrogels 

The rheological properties of the alginate hydrogels 
were measured by using a rotational rheometer (DHR, 
TA Instruments, USA). A 40 mm parallel plate with a 
measurement gap of 0.55 mm was used. First of all, 
strain sweeps in the range of 0.1%−100% at the fr e-
quencies of 0.1−2.0 Hz were carried out in order to 
determine the linear viscoelastic range of the samples. 
The following three rheological experiments at room 
temperature were adopted in order to explore the rhe-
ological properties of samples: (1) frequency sweep 
tests over an angular frequency range of 0.01–100 rad/s 
at a constant strain of 2%; (2) steady-state flow tests 
in a range of shear rate 0.5−500 s –1; and (3) recovery 
tests under a low shear rate.  

2.4 Fabrication of 3D Structure 

An extrusion-based printer for scaffold fabrication 
was employed in this study. The printing system con-
sists of two parts: a high precision displacement pump 
(TechnoDigm, PDP 1000, Singapore) and a desktop 
xyz motor (TechnoDigm, DR3331T-EX, Singapore). 
The printing head was mounted on the printing system 
to print along the preprogrammed tracks with an ad-
justable speed (15 mm/s used in this study). The prin-
ting head consists of a piston, a syringe, and a chan-
geable nozzle. The displacement pump drives the pis-
ton with a controllable speed (0.009 mm/s) to extrude 
hydrogels from the syringe on a glass slide. The 3D 
scaffolds were fabricated at room temperature. Firstly, 
a 3D structure to be printed was preprogrammed on 
the 3D printing system to define the extrusion route 
for the hydrogel. Secondly, the hydrogel was loaded 
into the syringe and then the syringe was installed on 
the dispensing unit. Under the action of the piston at 
the speed as mentioned previously, the hydrogel 
loaded in the syringe was extruded through a 0.25 mm 
nozzle while the dispenser was moving at a defined 
speed. Once the first layer was formed, the nozzle was 
lift up and then continued to move along the prepro-
grammed tracks at the same speed to form the second 
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layer. Subsequent layers were added layer-by-layer in 
the vertical axis. 

3. Results and Discussion 

3.1 Sol-gel Transition 

Alginate is able to form a gel in the presence of CaCl2. 
Figure 1 illustrates the dependence of storage modulus 
G' and loss modules G" on angular frequency ω for 
the aqueous solution of 2 wt.% alginate containing 
various CaCl2 contents. At low CaCl2 contents, such as 
2.5, 3.75 and 5 mM/L, G" is larger than G' in the low 
frequency region. These correspond to the viscoelastic 
properties of a polymer fluid without entanglements. 
After adding 6.25 mM/L of CaCl2 into the alginate 
solution, both the G' and G" become much higher than 
those at 5 mM/L of CaCl2 in the whole frequency reg-
ion. It is noted that G' is larger than G", showing a 
characteristic of a solid-like material. There is an obvi-
ous gap between the curves for 5 mM/L and 6.25 mM/L. 
The large increase from the G' curve at 5 mM/L of 
CaCl2 to that 6.25 mM/L of CaCl2 implies that the ge-
lation of alginate solution takes place at a CaCl2 ions 
concentration between 5 mM/L and 6.25 mM/L. The 
frequency dependences of G' and G" for the solutions 
of other alginate concentrations are similar to that ob-
served in Figure 1 (data not shown). The only differ-
ence is that the CaCl2 content corresponding to the 
region of the gelation increases with increasing algi-
nate concentration. 

Based on Figure 1, it can be found that the sol-gel 
transition takes place between 5 mM/L and 6.25 mM/L 
of CaCl2 for 2 wt.% alginate solution. In order to de-
termine the exact critical gel concentration, we fol-
lowed a method developed by Winter and Chambon[29]. 
The main feature of this method is the scaling law at  

 

the gel point: both G'(ω) and G"(ω) are proportional to 
ωn (0 < n < 1) at sufficiently low frequencies, ω. The 
definition of the gel point by this power-law is excel-
lent because the gelation variable will lose its depen-
dency of frequency at the gel point. Several works 
have shown that this method is reliable and valid for 
determination of the gel point for various polymer 
gels with different gelation mechanisms[30–33]. Figure 
2(a) shows the application of the Winter-Chambon 
method to the solution of 2 wt.% alginate within the 
sol-gel transition region. The gel point is determined 
through the multi-frequency plots of loss tangent ver-
sus CaCl2 content. All curves pass through the com-
mon point at a certain CaCl2 content of 5.73 mM/L, 
and this point is defined as the critical gel concentra-
tion (Cg) for the solution of 2 wt.% alginate. The sim-
ilar multi-frequency curves of loss tangent versus 
CaCl2 content have also been observed for other algi-
nate solutions, and the critical gel concentrations ob-
tained are shown in Figure 2(b). It is observed that Cg 
increases linearly with increasing alginate concentra-
tion, indicating that much more CaCl2 are required to 
cross-link alginate chains into infinite gel networks at 
a higher alginate concentration.  

3.2 Rheological Evaluation  

One of the aims in this study is to determine whether 
3D extrusion printing could be used to print hydrogels 
formed through ionic association. In order to under-
stand the printability of alginate hydrogels, it is im-
portant to know its rheological properties. Figure 3(a) 
shows the flow curves over a range of shear rates 
(0.5−500 s–1) for alginate hydrogels at a fixed CaCl2 
content of 25 mM/L. A shear-thinning behavior was 
observed for all samples and the effect of alginate 

0.1 1 10 100
10-3

10-2

10-1

100

101

102

 

 

   G'  CaCl2(mM/L)
 2.5
 3.75
 5
 6.25
 7.5
 12.5
 17.5
 25

G
' (

Pa
)

Frequency (rad/s)

(a)

 

0.1 1 10 100
10-3

10-2

10-1

100

101

102

   G''  CaCl2 (mM/L)
 2.5
 3.75
 5
 6.25
 7.5
 12.5
 17.5
 25

 

 

G
'' (

Pa
)

Frequency (rad/s)

(b)

 
 

Figure 1. Dependence of G' and G" on angular frequency for 2 wt.% alginate solution with various contents of CaCl2. 
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Figure 2. (a) Dependence of tan δ on CaCl2 content for 2 wt.% alginate solution at different angular frequencies in rad/s as indicated 
in the inset, and (b) relationship of the Cg with alginate concentration. 

Figure 3. (a) Viscosity as a function of shear rate at room temperature, and (b) effect of various alginate concentrations on the recov-
ery behavior of alginate hydrogels at a fixed CaCl2 content of 25 mM/L. 

concentration on viscosity is significant. The viscosity 
increases with increasing alginate concentration and 
decreases with shear rate. This is the most common 
behavior of a non-Newtonian fluid[27]. Specially, the 
influence of shear rate on viscosity for the 2 wt.% algi-
nate solution is more significant than that for the 10 wt.% 
alginate solution. This viscosity will affect the amount 
of hydrogel extruded from the printing nozzle and the 
printing quality. 

An ideal printable hydrogel should be highly thixo-
tropic, which means that viscosity of the hydrogel 
become low quickly when applying a shear force but 
the viscosity recovers quickly after the shear force is 
removed. It is also important to know how the cros-
slinks of the hydrogel can recover before the next 
layer starts to be printed. Thixotropic properties and 
recovery times were investigated by applying a steady 
shear rate. Thus, before conducting the rheological 

test, we should know the appropriate value of shear 
rate. As discussed in the Section 2.2, the shear rate can 
be calculated using Equation (12). Firstly, rheological 
measurements were performed on hydrogel samples 
using a rheometer. Based on the power-law model as 
described in Equation (4) and experimental data, the 
constants m and n for each sample can be obtained 
through curve fitting. The details of the samples and 
the values of m and n are given in Table 1. The vis-
cosity of 2 wt.% alginate hydrogel is too low, so that 
the printed scaffold could collapse quickly. Thus, this 
sample is not appropriate for 3D printing. For the other 
concentrations of hydrogels (see Table 1), the maxi-
mum shear rate in the nozzle for each sample is aro-
und 100 s–1 at the printing speed of 0.009 mm/s used 
in this study, where the diameter of the syringe and 
the nozzle are 3.88 mm and 0.25 mm, respectively. 
Thus, we will examine the thixotropic properties 
of each 
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Table 1. Changes of m and n obtained through curve fitting as 
well as the maximum shear rate in the nozzle for each sample 
with alginate concentration at a fixed CaCl2 content of 25 mM/L 

Samples m n Shear rate (s–1) 

Alg2 12.5 0.147 170.5 

Alg4 25.4 0.288 112.8 

Alg6 64.8 0.329 105.2 

Alg8 115.3 0.390 97.0 

Alg10 172.5 0.424 93.4 

GO0.05/Alg10 223.9 0.399 96.0 

GO0.15/Alg10 257.4 0.355 101.4 

GO0.25/Alg10 360.2 0.305 109.5 

 
sample under a shear rate of 100 s–1.  

The whole test consisted of three steps. At Step I, a 
shear rate of 0.1 s–1 was applied for 60 seconds. This 
step simulated the initial state of a hydrogel before 
printing. At Step II, the shear rate was increased to 
100 s–1 and held for 10 seconds. This step simulated 
the condition for a hydrogel under a certain shear rate 
during the printing process. At Step III, the shear rate 
was reduced to 0.1 s–1 and held for 60 seconds to si-
mulate a condition similar to the final state of the hy-
drogel after printing. Figure 3(b) shows the recovery 
behavior of the viscosity of CaCl2 /alginate hydrogels. 
In the case of the Alg10 hydrogel at step I, the initial 
viscosity was 582 Pa.s. Then, the viscosity sharply 
decreased to 11.87 Pa.s when the shear rate was in-
creased to 100 s–1. After removing the shear rate, the 
viscosity built up to 465 Pa.s in about 10 seconds, 
which was a 79.7% recovery of the initial value. If the 
hydrogel was given a much longer recovering time (20 
seconds), the viscosity could recover to 484 Pa.s (83% 
of the initial value). The hydrogel could recover its 
viscosity by 85.5% of the initial value after 30 sec-
onds, but the viscosity could not recover further even 
with longer recovery time. The reason for the viscosi-
ty of a hydrogel to recover after a period of rest is be-
cause the broken crosslinks caused by shearing need 
some times to rebuild. The recovery time decreases as 
the alginate concentration increases, but most of the 
samples tested in this study could not recover in few 
seconds and they need more than 30 seconds to re-
cover their viscosities to 83% of the initial values. 

From Table 1, several features can also be observed. 
As the concentration of alginate increased from 2 wt.% 
to 10 wt.%, its power-law consistency coefficient (m) 
and power-law index (n) increased. This is explained 
through an increased number of polymer chains at a 

higher mass concentration. Thus, the viscosity incre-
ases as the polymer concentration increases[34]. Simi-
larly, m and n gradually increased as the viscosity in-
creases. For a shear-thinning fluid, n should be smaller 
than 1[27]. All the tested samples showed that the val-
ues of n are smaller than 1, indicating that all samples 
have the shear-thinning properties, as proved in Figure 
3(a). Furthermore, as the concentration of alginate 
increased from 2 wt.% to 10 wt.%, the extent of shear- 
thinning became gentler. This implies that an alginate 
hydrogel with a higher concentration shows a weaker 
shear-thinning behavior than the one with a lower al-
ginate concentration; whilst the former has a bigger 
value of n. This phenomenon was also mentioned and 
discussed in Chhabra and Richardson’s book[27]. If the 
value of n can achieve one, the viscosity will be a 
constant and not dependent on shear rate. For the case 
of shear-thinning fluid (0 < n < 1), the fluid behaves 
more like a Newtonian fluid when the value of n ap-
proaches to 1. 

3.3 Fabrication of 3D Structures 

Printing a hydrogel into a 3D scaffold in the vertical 
direction is very challenging. The strength of the hyd-
rogel material must be strong enough to withstand the 
weight of the entire structure. This is quite difficult for 
hydrogels as they are soft materials with high water 
content. Insufficient structural strength of the hydrogel 
base can result in the collapse of the scaffold in the 
vertical configuration. Thus, the viscosity and mechan-
ical strength of the hydrogel material has to be relatively 
high in order to suffer the compressive pressure res-
ulted from the upper layers of the scaffold structure.  

In this study, the controllable push speed of the 
piston is 0.009 mm/s, the inner diameter of the mi-
croneedle is 250 µm, and the volume of the syringe is 
5 cm3. In order to study the stability and quality of 
printing, we took the images of the printed constructs. 
Figure 4 shows the effect of various alginate concen-
trations on the structure of printed hydrogel scaffolds 
at a fixed CaCl2 content of 25 mM/L. The printed sca-
ffold shown in Figure 4 comprised of 9 layers and 
these pictures were taken at the initial time. It is ap-
parent that for the scaffold printed with a higher algi-
nate concentration, the printed filaments were of more 
uniform width and the shape was more stable. If the 
filament width was defined as d, it can be found from 
Figure 4(f) that d decreases with increasing alginate 
concentration. This is because that the hydrogel with a 
higher concentration of alginate was stronger and not  
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Figure 4. The images of printed hydrogel scaffolds with various alginate concentrations. (a) 2 wt.%; (b) 4 wt.%; (c) 6 wt.%; (d) 8 
wt.%; (e) 10 wt.% alginate hydrogels at a fixed CaCl2 content of 25 mM/L; (f) the effect of various alginate concentrations on fila-
ment width. 

 
 

easy to collapse compared to the hydrogel with a low 
alginate concentration. Thus, a smaller width implies a 
better printing quality of the scaffold. 

We also observed the time dependence of the pri-
nted structures from time 0 to 20 minutes. Figure 5 
shows the images of printed hydrogel scaffolds at dif-
ferent ageing times and the relationship between width 
and ageing time for 2 wt.% alginate hydrogels added 
with a fixed CaCl2 content of 25 mM/L. It is obvious 
that the shape of the scaffolds changed with time as 
the hydrogel was soft and easy to collapse. On the 
other hand, the filament width broadens with ageing 
time. The effect of ageing time on the filament width 
for other alginate hydrogels are similar to those ob-
served in Figure 5 (data not shown).  

3.4 Effect of GO on 3D Printability of Alginate 
Hydrogels  

Alginate composite hydrogels filled with various GO 
contents were used as a printing material in this sec-
tion to study on how GO could improve the 3D prin-
tability of alginate hydrogels. The printed scaffold dis-
cussed in this section has 50 layers. From Figure 6(a), 
it is observed that the hydrogels filled with GO also 

show the shear-thinning properties. GO can increase 
the viscosity of hydrogels, whilst viscosity increases 
with increasing content of GO. On the other hand, it is 
shown that the hydrogels with various GO contents 
also reveal the thixotropic properties (Figure 6(b)).  

Figure 7(a) shows the effect of GO on the mor-
phologies of the printed scaffolds with 10 wt.% algi-
nate hydrogels. The higher concentration of GO pro-
duced a structure with a thinner width. GO is essen-
tially an atomic sheet with a large number of func-
tional groups (e.g., hydroxyl, epoxide, and carbonyl 
groups) bound on the surface. After adding GO into 
the alginate solution, the functional groups from GO 
such as (-OH, and -COOH) will interact with the gr-
oups (-OH) from calcium alginate. Thus, a large am-
ount of hydrogen bonds formed between the GO and 
alginate may significantly improve the rheological 
properties of the composite hydrogels. 

Furthermore, the traditional process of 3D printing 
is to print a scaffold layer-by-layer and there is no 
pause between the two layers. However, printing of a 
scaffold continuously on one layer after another with-
out any pause seems unreasonable for an extrusion 
based printer, because the viscosity of the extruded 
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material maybe quickly decrease when being printed 
and it needs a period of time to recover its viscosity. 
We here define the recovery time as the duration from 
the finishing time of a current layer printed until the 
printer starts to print and deposit a new layer on the 
current layer. Therefore, it would be necessary to find 
a reasonable recovery time that can improve the qual-
ity of printing. Based on the previous discussion in 
Section 3.2, a recovery time of 30 seconds was set as 
the extruded hydrogels would recover most of its vis-
cosity after 30 seconds, and the viscosity could not 

recover more significantly with longer recovery time. 
After that, we found that the quality of printing was 
obviously improved, as proved by comparing the im-
ages of the printed scaffolds shown in Figure 7(b).  

Figures 7(c) and (d) show the effect of GO content 
on the width and height of filaments at the recovery 
time, t = 0 and t = 30 seconds, respectively. It can be 
seen that the width of filament with the recovery time, 
t = 0 is bigger than that at the recovery time, t = 30 
seconds. This is because that most of the hydrogel’s 
viscosity already recovered after 30 seconds of rest,  

 

 
 

Figure 5. The images of printed hydrogel scaffolds at different ageing times. (a) 0.5 minutes; (b) 5 minutes; (c) 10 minutes; (d) 15 
minutes; (e) 20 minutes; (f) the effect of ageing time on filament width for 2 wt.% alginate hydrogels added with a fixed CaCl2 con-
tent of 25 mM/L. 
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Figure 6. Effect of various GO contents on (a) shear-thinning behavior, and (b) thixotropic property of 10 wt.% alginate hydrogel. 
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Figure 7. The morphologies of the printed scaffolds for 10 wt.% alginate hydrogels filled with various GO contents at the recovery 
time of (a) t = 0 second, and (b) t = 30 seconds; effect of GO content on the (c) width, and (d) height of the filament. 

 
thus the printing quality is better for those scaffolds 
with a recovery time. At the same time, the filament 
height with a recovery time is greater than that with-
out a recovery time. As the printed scaffold comprised 
of 50 layers and the printing of each layer needed to 
pause every 30 seconds, however, the total printing 
time was 1470 seconds or 24.5 minutes longer than 
that without taking a recovery time. 

From Figure 8(a), it is observed that the value of wi-
dth gradually increases with ageing time. Furthermore, 
as the content of GO increases from 0 to 0.25 wt.%, 
the time effect becomes gentle. It is because that the 
hydrogel with a lower concentration of GO was softer 

and easier to collapse and spread compared to the hy-
drogel with a higher GO concentration. Figure 8(b) 
illustrates the relationship between height and time 
with varying content of GO. The heights of all scaf-
folds decreased gradually with increment of ageing 
time due to the spreading effect. The height of a scaf-
fold with more GO was always bigger than those 
scaffolds with lower GO contents during the observa-
tion period (20 minutes).  

Figure 9 shows the effects of ageing time on the 
width and height of the filaments for 10 wt.% alginate 
hydrogels filled with various GO contents at the re-
covery time, t = 30 seconds. It can be found that the  
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Figure 8. The relationship between (a) width and (b) height of the filaments with ageing time for alginate hydrogels filled with vari-
ous GO contents at the recovery time, t = 0 second. 

 

    
 

Figure 9. The relationship between (a) width and (b) height of the filament with ageing time for alginate hydrogels filled with vari-
ous GO contents at the recovery time, t = 30 seconds. 

 
width gradually increases as the ageing time increases. 
In comparison to the recovery time, t = 0 second 
(Figure 8), it is easy to find that the scaffolds printed 
with the recovery time, t = 30 seconds have a better 
quality. The recovery time also possesses an effect on 
the height (Figure 9(b)). The scaffolds printed with the 
recovery time showed gentler decreased in height with 
ageing time than those scaffolds printed without tak-
ing a recovery time. This is because the constructs pri-
nted with the recovery time were stronger, and thus 
the spread effect became less obvious than those pri-
nted without a recovery time. Therefore, printing of 
3D scaffolds with hydrogels similar to GO-filled algi-
nate hydrogels using an extrusion-based 3D printer 
would take a certain recovery time before printing on 
the other layer, and thus enable it to increase the qual-
ity of printing. 

4. Conclusion 

In this work, alginate-based hydrogels were prepared, 
and its rheological properties as well as 3D printabili-

ty have been studied. We first investigated the effects 
of CaCl2 content and alginate concentration on the ge-
lation properties of alginate in aqueous solution. The 
gel point was determined using the Winter-Chambon 
method. It was found that the critical concentration of 
CaCl2 at the gel point increased linearly with increas-
ing alginate concentration, indicating that much more 
CaCl2 are required to cross-link alginate chains into 
gel networks at a higher alginate concentration. The 
alginate/CaCl2 hydrogels showed a shear-thinning cha-
racteristic, but the shear-thinning or thixotropic prop-
erties of alginate/CaCl2 hydrogels were not significant 
enough for 3D printing. The thixotropic property and 
recovery time of the alginate hydrogels were known to 
be important to control the printability. The thixotrop-
ic property tells us how quickly and how much vis-
cosity of a hydrogel can recover after printing, while 
the recovery time is the time given to the hydrogel for 
recovering its viscosity during a 3D printing process. 
While the alginate hydrogel is not an ideal biomaterial 
for 3D printing with an extrusion-based printer due to 
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its low ability of viscosity recovery, the viscosity re-
covery of alginate hydrogel could be improved by 
adding up a small amount of graphene oxide. Some 
measureable parameters have been defined to describe 
and discuss the quality of 3D printing. The present 
study provides a new approach to the analysis of 3D 
printability of a hydrogel.  
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