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Abstract 

Functionally graded materials (FGMs) with spatially varying material properties in 3D 

space are highly desired for a wide range of applications. Although FGMs are ubiquitous in 

biological materials, the fabrication of FGMs with continuous non-linear spatial variation of 

material properties remains a great challenge. Here we present a self-developed extrusion-

based additive manufacturing system capable of fabricating FGMs with sophisticated material 

property distributions. The workflow involves property function modeling, gray-scale 

representation and control codes generation, digital material feeding and active multi-material 

mixing. The effectiveness of the technology is demonstrated by the successful printing of a 

diverse range of objects with complex spatial variations in color and Al2O3 concentration. In 

addition, by controlling the dynamic change of the different components during reactive 3D 

printing process, we can fabricate polyurethane (PU) objects with various gradient patterns in 

material mechanical properties. The results of the cantilever bending test and simulation show 

that the material gradient can effectively relieve the stress concentration. The proposed 

gradient 3D printing system opens a new avenue for manufacturing FGMs with exquisite 

material property distributions thus far only accessible by biological materials grown in nature. 

 

Keywords: continuous gradient, spatial gradient, non-linear gradient, variable properties, 

extrusion-based 3D printing 
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1. Introduction 

Functionally graded materials (FGMs) are composite materials whose compositions, or 

microstructures vary progressively in one or more dimensions, resulting in a gradual change 

of material properties as a function of position [1]. FGMs are commonly seen in biological 

materials like squid beaks [2], arthropod exoskeleton [3], mussel byssus threads [4], spider 

fangs [5], cancellous bones [6], where material and structural efficiency has been 

evolutionarily optimized based on local adaption of the microstructure to demanding 

environment [7]. This has inspired technology for the design and fabrication of FGMs, which 

have great potential for biomedical, thermal, structural, optical and electronic applications [8-

12]. However, most of the conventional techniques developed for fabricating FGMs, such as 

thermal spray, centrifugal casting, squeeze casting, electrophoretic deposition, and freeze 

drying, are only capable of constructing FGM objects of simple shapes with simple gradient 

patterns [13]. To produce FGM objects with complex geometries and three-dimensional (3D) 

compositional gradients, advanced manufacturing techniques are required. 

Additive manufacturing (AM), also known as three-dimensional (3D) printing, offers a 

very effective platform for generating complex 3D objects from digital models [14, 15]. In 

terms of FGMs, this technique benefits from its flexibility in fabrication as well as the 

possibilities in specifying spatial distribution of material compositions [16, 17]. Material 

extrusion AM technique has been demonstrated to be one of the most promising 3D printing 

techniques for fabricating FGMs [18]. Recently, extrusion-based technique has received 

attention for the fabrication of composites such as fibre reinforced composite[19-22], and has 

been suggested to be compatible with a wide range of materials and process conditions [21-26, 

37]. 

In early studies, direct ink writing printing, an extrusion-based method, was developed to 

fabricate flat ceramic FGMs with linearly gradient of Al2O3 concentration along a certain 

direction [27, 28]. Oxman and co-workers developed a material extrusion device capable of 
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mixing and fabricating silicone/polyurethane sheets with one-dimensional (1D) linear gradient 

hardness [30] and hydrogel samples with linearly varying chitosan/sodium alginate 

concentration [29]. Ober et al. designed active mixing print heads for multi-material printing 

of polymer structures whose local color, chemical reactivity and electrical resistivity can be 

tailored [31]. In addition, 3D printing of materials with gradient mechanical properties is a 

research hotspot of material extrusion technique, which can effectively reduce stress 

concentration [32, 41]. Recently, this technique also enables the fabrication of novel 

functionally graded 3D plasmonic constructs [33]. Overall, these attempts have appreciably 

pushed the limits of capability of fabricating FGMs, even though all these studies were 

limited to creating linear and unidimensional gradients with low precision. The state-of-the-

art commercial 3D printers enable the fabrication of multi-material composite with complex 

spatial distribution of material properties [34, 35]. However, this technique is only applicable 

to photosensitive resins. The privatization of materials greatly limits their further application. 

Therefore, the fabrication of FGMs objects with spatial and non-linear variation of material 

properties remains a challenge. 

In this paper, we present a material extrusion AM method that enables programming and 

fabrication of 3D complicated FGMs for a wide range of materials. This is achieved by 

integrating function modeling of material properties, gray-scale representation, control codes 

generation, and extrusion-based 3D printing with digital materials feeding. Here, we first 

introduce the extrusion-based AM system, which is followed by a description of the 

construction of gradient function model and the generation of control codes with gray-scale. 

The effectiveness of the method is demonstrated by printing sophisticated FGMs objects with 

varying colors in 1D, 2D and 3D, and graded nano-Al2O3 particles concentration distribution 

in 3D. Finally, we harness the system to fabricate polyurethane objects with different gradient 

patterns in material mechanical properties by reactive 3D printing. In addition, the cantilever 

bending experiment and simulation are performed on the object with linear gradient modulus, 

http://www.wbur.org/onpoint/2018/02/05/how-to-push-the-limits-of-human-endurance
http://www.wbur.org/onpoint/2018/02/05/how-to-push-the-limits-of-human-endurance
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demonstrating that the gradient materials can effectively relieve the stress concentration 

compared to homogeneous materials. The method presented here is also versatile and can be 

adapted to a wide range of materials for fabricating FGMs objects with unprecedented 

properties. 

2. Experimental program 

2.1. Mechanical setup and printing control system 

The mechanical setup consists of a 3-axis motion gantry, an active mixing device and a 

digital material feeding device (Fig. 1a). The self-made 3-axis stage with a travel of 250 × 250 

× 150 mm3 was used to provide space for printing process. The self-developed active mixer 

has a rotation speed ranging from 0 to 100 revolutions per second, and was used to mix 

materials from three separate feeding pipelines in real-time. The three feeding pipelines were 

constructed by using flexible Teflon tubes with a diameter of 5.5 mm, syringes (Musashi 

Engineering, Japan), linear motion converters (THK, Japan), two stage gear reducers (Oriental 

Motor Ltd., Japan), and servo motors (MiGe, China). The printing control system is made up 

of a 6-axis controller and self-developed software. The 6-axis controller (Leadshine 

Technology Ltd., China) was used to receive data from the software and generate G-codes to 

control the motions of the feeding syringes and 3-axis stage. The custom software was used to 

model gradient model and export data to the 6-axis controller.  

2.2. Materials preparation 

The red and blue color inks contain isocyanate solution, photosensitive resin (PR), FS 

particles and red/blue stain. The quantity of each ingredient is chosen to ensure the smooth 

extrusion of the mixed inks (Table S1). Isocyanate solution, the main ingredient of A 

component in 8400 flexible rubber (Hei-Cast, Japan), is used as matrix material. 

Photosensitive resin (White photosensitive resin, Formlabs, U.S.A.) is adopted to make the 

inks photocurable. Fumed silica particles (FS, AEROSIL R202, Germany, purity > 99.8%) 
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are added as rheological modifier to adjust the viscosities of the mixed inks. The red/blue 

stain is added to distinguish the two inks. The inks are prepared by firstly adding the 

photosensitive resin into the matrix solution, followed by the addition of thickeners. After the 

stains are added to the inks, a mixer (FSH-2A, China) is used to homogenize the inks for 10 

min at 2,000 rpm. 

To prepare materials for printing objects with graded nano-Al2O3 concentration, Alumina 

nanopowder (nano-Al2O3, Hongwu Nanometer, China, purity > 99.99%, average particle size 

100nm) is dispersed into the isocyanate solution, followed by the addition of 0.5 wt.% of 

surfactant (Sodium dodecyl benzene sulfonate, Guangfu Fine Chemical Research Institute, 

China, purity > 90.0%) to homodisperse nano-Al2O3, and the addition of photosensitive resin. 

Thereafter, FS particles are added to modify the rheological behavior to make the inks 

printable. Finally, the mixture is stirred for 10 min at 2,000 rpm and subsequently sonicated 

for 40 min in a bath sonicator to remove gas bubbles. 

For the material preparation of objects with gradient mechanical properties, three different 

inks are formulated for synthesizing PU elastomers. The raw materials (Hei Cast, Japan) 

consist of three components: component A containing 4,4'-Diphenyimethane diisocyanate 

(MDI), component B consisting of an oligomer of polyether polyol, a catalyst, and a cross-

linking agent, and component C serving as an addition to the mixture to adjust material 

hardness and modulus. FS particles (AEROSIL R202, Germany) are added to modify the 

viscosity. Additionally, coupling reagent KH-550 (Lvxun Electronic Materials Co., Ltd., 

China) is used to adjust the reaction speed. The fractions of FS particles and coupling reagent 

are shown in Table S3. To homogenize the inks, a mixer (FSH-2A, China) running at 2,200 

rpm is employed for 10 min. 

2.3. Description of printing 

https://cn.bing.com/dict/search?q=modulus&FORM=BDVSP6&mkt=zh-cn
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The printing parameters used to fabricate all exemplary objects in this study are listed in 

Table S4, and the sample's dimensions are listed in Table S5. Acrylic plates are adopted as the 

substrate when printing color and nano-Al2O3 concentration gradient objects because they 

have good light transmission. In the printing process, ultraviolet (UV) light with a wavelength 

of 395 nm remains illuminated on the printing platform. To make objects better cured, extra 

exposure is needed. The exposure time is about five to ten minutes depending on the 

dimensions of the printed objects. Teflon plates are used as the substrate in printing of PU 

objects with gradient mechanical properties because of their good anti-adhesion property. 

During the printing process, the as-printed PU objects cannot be completely solidified. In 

order to cure thoroughly, further post-processing procedures are needed. The printed objects 

together with the Teflon plates were placed in a blast temperature oven at 60°C for 2-3 hours 

to achieve complete cure.  

2.4. Characterization 

All rheological property experiments are conducted with a rotational viscometer 

(Brookfield DV-II+ Pro Viscometer, America) using the HB 5 type of spindle. The measured 

results were calculated in a logarithmic scale. A portable Spectrophotometer (CM 2600D, 

Konica Minolta, Japan) was employed to measure the color variation performed with D65 

light source at 360nm to 740nm with a 10 nm interval and 10 degrees standard observe. The 

selected test positions are shown in Fig. S2a and more than three measurements were 

conducted for each test position. Observing changes of reflectance spectra at different 

positions around the peaks of about 450 nm (blue) and 660 nm (red) can indicate the change 

of color as a function of position. 

The printed cube object with 3D varying nano-Al2O3 concentration is scanned using a 

spiral CT machine with 256 rows (Brilliance iCT 256, Philips, Netherland) performed with an 

interval of 0.45 mm, and at an X-ray voltage of 120 kV and a current of 30 mA. The CT scan 
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images are processed to reconstruct the 3D object by using Philips IntelliSpace Portal 

software (Philips, Netherland). Using this software, the distribution of nano-Al2O3 particles 

on either surfaces or any section could be observed. Additionally, the CT attenuation value 

can reflect the concentration distribution of particles contained. We selected three sections 

(the middle section and the two sections closer to the two sides respectively) in each of the 

three axis directions (X, Y, and Z), then extracted the CT values. On each section, totally 64 

test zones (forming an 8 × 8 equidistant grid) were conducted. The size of each zone is 3 mm 

× 3 mm, and the average CT value of each zone is taken as statistics.  

Material hardness is measured by using a durometer of Shore A-Hardness (Aidebao 

Instruments Co., Ltd., China). For the printed long plate objects, totally 11 positions are tested 

along the direction of length. The measurement is repeated three times at each position. For 

the printed square block objects shown in Fig. 9b, totally 64 points (forming an 8 × 8 

equidistant grids in the plate plane) are measured. The test is repeated three times at each 

position. Elastic modulus at different positions is calculated by the compression experiment. 

Compressive tests were carried out using a precision test system (ZQ-990A, China). Seven 

test samples with the size of 8 mm × 8 mm × 5 mm were cut out of the printed long plate 

objects, the positions of which are shown in Fig. S7a. All samples were tested at a strain rate 

of 1 mm/min, and tests were stopped when the strain reaches 60%. An average of 3 samples 

for the same position in the different objects was tested. The stress-strain curves of linear and 

parabolic plate objects are respectively shown in Fig. S7b and c. Elastic moduli were 

determined by the fitting of initial linear region. 

2.5. Cantilever bending test and simulation of graded PU plate. 

The printed plates with a linear gradient modulus was considered as a cantilever beam with 

the flexible end fixed, and then a upward force was applied at the rigid end to enable bending. 

Finite element simulations were conducted to analyse the beam bending, where discrete 

gradients were used instead of continuous gradients. The plate was divided into seven 
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segments, each with a dimension of 3.4 mm × 2.4 mm × 1 mm. The modulus of each segment 

is sequentially set to the measured data obtained by the compression test, and the force is 

applied in the same direction as in the test. In addition, the simulations of a bending beam 

with the same dimension and also homogeneous materials were also performed, where the 

constant modulus was set to be the median value of the whole plate obtained from the 

compression test. 

3. Results and Discussions 

3.1. Gradient 3D printing system. 

In this paper, we successfully developed a gradient 3D printing system that is capable of 

fabricating objects with complicated spatially varying material properties. The 3D printing 

system consists of two parts: mechanical part and control part. The mechanical part is 

composed of 3-axis motion gantry, active mixing device and digital material feeding device 

(Fig. 1a). The digital material feeding device is equipped with three independently 

addressable syringes connected to the active mixing device with flexible tubes. The active 

mixing device is mounted on the 3-axis gantry for dynamically mixing of different materials. 

The 6-axis controller regulates the XYZ motions of the gantry and also the UVW material 

delivery for each separate pipeline of the digital feeding device. The controller is capable of 

coordinating XYUVW variables simultaneously, which can accomplish the delivery and 

printing of multiple materials according to predefined spatial distributions (More details are 

described in Experimental program).  

The gradient 3D printing process includes property function modeling and gray-scale 

representation, control codes generation, and digital feeding and gradient printing (Fig. 1b). 

Property function modeling refers to the use of mathematical functions to describe the 

gradient distribution of material properties (details are described in Text S1). In essential, 

material information is numerically stored in the form of data generated by functions. Gray-
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scale images are employed to represent material composition information virtually, and the 

variation of gray-scale values can reflect the site-specific material composition. This is 

followed by the generation of control G-codes from gray-scale image, which contain the 

material composition data. A gray-scale image corresponds to the material property 

distribution in one 2D slice of a 3D object. From 0 to 254, the gray-scale image values are 

thereafter converted to material proportion data based on specific mapping algorithms (see 

Text S2 for the details). Specially, the maximum gray-scale value of 255 is defined as no 

extrusion. In this way, the boundary of a pre-defined pattern can be determined (an example 

was shown in Fig. 3a). Finally, using the generated G-codes, the 6-axis controller can 

dynamically regulate the material feeding rate for each individual pipeline and the 3D gantry 

motion to implement gradient 3D printing. The above process is integrated into a custom 

software, which has the design flexibility and material versatility. To demonstrate the capacity 

of this system to print objects with spatially non-linear gradients, graded materials with 

varying color, nano-Al2O3 concentration, and mechanical properties are fabricated, and their 

functionalities brought by the gradient are discussed in the following sections. 
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Fig. 1. Gradient 3D printing system. a) Schematics of the gradient 3D printing mechanical 
setup and printing control system. b) Process of gradient 3D printing.  

 

3.2. Printing of objects with gradient color. 

To demonstrate our ability to print gradient objects, we firstly fabricated exemplary objects 

with spatially varying color because it is intuitive and visible to discern the spatial variation of 

color. Two inks based on isocyanate solution with red and blue dyes are prepared (Fig. S1a 

and Table S1). The effect of fumed silica (FS) concentration on the ink rheological property 

(viscosity) was investigated to ensure the inks printability (Fig. S1b). In the process of 

printing, two inks are mixed in real-time following the G-code instructions. Essentially, the 

change of color reflects the variation in material composition. 

We printed thin plate objects with smooth continuous 1D color gradients along their length 

directions (Fig. 2a-c). The color variations are expressed by the change of the relative gray-

scale (RG) data along the objects (Fig. 2a-c). As shown by the printed object with a linear 
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color variation (Fig. 2a), the gray-scale value was converted to the mixture ratio between the 

two inks. The greater is the gray-scale value, more blue ink is contained in the material. The 

same conclusion can be derived from the variation of the corresponding reflection spectrum at 

different positions (Fig. S2). By modifying the linear color variation into nonlinear functions, 

we also fabricated objects with typical nonlinear color distributions, such as parabolic type 

(Fig. 2b) and sinusoidal style (Fig. 2c). 

 
Fig. 2. Printing of objects with 1D gradient color. The tops are color distributions along the 
objects' lengths expressed by relative gray-scale data and corresponding gray-scale 
representations, and the bottoms are the printed 1D gradient objects: a) linear distribution, b) 
parabolic distribution, c) sinusoidal distribution.  

 

 
Fig. 3. Printing of objects with 2D gradient color. The tops are the gray-scale representations, 
the middles are color distributions in the plates, and the bottoms are printed 2D plates: a) 
radial gradient, b) saddle-like function, c) a representative complex 2D distribution.  
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 Moreover, we demonstrated that the system is also capable of generating objects with 

complex 2D material distribution (Fig. 3a-c). Similarly, the smooth continuous color 

distributions in the plane of the plate objects are specified by gray-scale maps. Fig. 3a shows a 

printed circular plate object with a radial color gradient. It is apparent that the blue content 

uniformly decreases from the center to the outer surface, whereas the red content uniformly 

increases when moving outwards from the center (Movie S1). Two rectangle plate objects 

with more sophisticated nonlinear color distributions in the plate planes were also fabricated 

(Fig. 3b and c). The generation of objects with complicated spatial property distributions 

depends on precise material allocation and accurate position control. Theoretically, as long as 

one defines a variation of material composition in the XY plane, the system could potentially 

produce the gradient object as pre-specified (more printed objects with complicated 2D color 

distributions are shown in Fig. S3).  

By comparing the gray-scale images with the printed objects, we could intuitively observe 

the color variations along the plates or in the plate planes. This strongly demonstrates the 

capability of the system to print objects with 1D/2D color gradients. To further illustrate the 

potential of this printing system in generating 3D gradients, we printed a cube with color 

gradient along the 3D diagonal direction (Fig. 4b and Movie S2). Although the material 

variations insides the object cannot be observed, the color distributions on the surfaces present 

color gradient patterns as pre-defined (Fig. 4a). 
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Fig. 4. Printing of objects with 3D gradient color along the 3D diagonal direction. The left is 
the gray-scale multi-layer representations and the color gradients represent surface material 
distribution. The right is the printed object and the observed top and side surfaces. 

3.3. Printing of objects with 3D distributed nano-Al2O3 concentration. 

In order to print objects with 3D distributed material contents, we prepared two inks (Table 

S2), with only one containing nano-Al2O3 particles. The nano-Al2O3 particle concentration is 

controlled by regulating the mixture volume fraction of the two inks. To ensure ink 

printability, moderate FS particles were added in the initial mixture solution to modify ink 

viscosity, and the rheological behavior was investigated (Fig. S4a). We chose nano-Al2O3 

particle here to visually identify the particle spatial concentration via CT images. In this way, 

we can investigate the nano-Al2O3 particle distribution inside 3D objects using CT scans, 

where a larger CT value means more nanoparticles is contained. 

A cube object was printed with 3D distributed nano-Al2O3 particle concentration along its 

diagonal direction (Fig. 5a). Adjacent layers vertically staggered in the printing process, the 

printed object kept well the pre-defined shape after curing (Fig. 5b). The printed gradient cube 

was analyzed and reconstructed using CT scans (Fig. 5c and Movie S3). The concentration 

distribution in transverse cross-sections perpendicular to all three axis directions (X, Y and Z) 

can be observed (Fig. 5d and Movie S4), which are in line with the pre-defined gradient 

pattern along 2D diagonal direction. Fig. 6a and b show the distributions of CT values of XZ 

cross-sections at Y coordinate equals to 5mm, 17.5mm and 30mm respectively. It can be 

drawn that there is a similar distribution trend in each cross-section (Fig. 6b). In addition, 

there is also a linear correspondence (Fig. 6a) between the magnitude of the CT values and the 

position of Y at the same point. Similar distribution trends can also be derived from the 

distribution of CT values in the X and Z directions (Fig. S5 and S6). The CT scans results 

indicate that the nano-Al2O3 particles were successfully distributed in the 3D object as 

designed. 
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Fig. 5. Printing of objects with 3D graded nano-Al2O3 concentration. a) Multi-layer gray-scale 
images showing the 3D diagonal concentration distribution. b) The printed object with 3D 
diagonal concentration gradient. c) 3D reconstruction of the printed object using CT scans. d) 
Representative cross-sections perpendicular to the direction of X, Y, and Z axis, respectively, 
from the reconstructed 3D objects. The color depth on different sections indicates the 
concentration distribution of nano-Al2O3 particles. 
 

 

Fig. 6. CT value distributions of different sections (XZ planes), extracted from the CT 
reconstructed objects with printed 3D diagonal gradient. a) 3D color map surfaces of CT 
values. b) XYZ contours of CT values.  
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3.4. Reactive 3D printing of objects with gradient mechanical properties 

To demonstrate the system's ability to print functional parts, we fabricated exemplary 

objects with graded material mechanical properties based on synthesis of polyurethanes (PU) 

by reactive 3D printing [36, 37]. Reactive 3D printing is a new 3D printing strategy, in which 

a material is formed by chemical reaction during deposition [38, 39]. Here, we used three 

different components (A, B, and C) to synthesize PU objects with gradient mechanical 

properties by controlling the variation of their fractions during printing process. The variation 

of material mechanical properties is controlled by modifying the content fraction of 

component C because it determines the number of urethane bonds -NH-COO- formed by -OH 

and -N=C=O- groups in the final mixture compound (Fig. 7). In the printing process, three 

different components are delivered separately with delivery ratios of 1:1 for components A 

and B. In order to ensure the normal conduct of reaction, the content fraction of component C 

is controlled not to exceed 5/7 (corresponding to the softest setting). Whereas, the hardest 

material is synthesized with isometric volumes of A and B without C. Notably, reaction rate 

control is essential to avoid nozzle clogging, and the extruded filament should be able to keep 

its shape. In this scenario, rheological modifiers were used to thicken the raw materials (Table 

S3) and the rheological properties were investigated (Fig. S4b).  

 

Fig. 7. Schematics of the process of modifying material mechanical properties. The density of 
grid line indicates the density of the urethane bonds produced by the reaction. 
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Fig. 8. Mechanical properties of printed long PU plates. The hardness a) and the modulus b) 
of the printed plates with linearly distributed components along their lengths as a function of 
position. The hardness c) and the modulus d) of the printed plates with parabolic distribution 
as a function of position. 

We printed out a long PU plate with linearly gradient hardness (Fig. 8a and b). Along the 

longitudinal direction, the value of Shore A hardness increases linearly more than twice from 

the left end to the right end (Fig. 8a). Similar to the change in hardness, there is also a linear 

trend in the variation of elastic modulus (Fig. 8b). We also fabricated a long PU plate with 

parabolically varying hardness in the length direction (Fig. 8c and d). Both measured hardness 

(Fig. 8c) and elastic modulus (Fig. 8d) peak in the middle of the plate with an average trend 

matching the theoretical distribution function well. 

Further, the distribution of mechanical properties could also be present in 2D. A square 

plate with a saddle-like component distribution in the object's plane was printed out (Fig. 9a,b 

and Movie S5). The measured hardness distribution over the plate gradually decrease as the 

measuring point moving towards the top right and bottom left corners from the center whilst 

progressively increases when moving towards the top left and bottom right corners (Fig. 9c), 

which is consistent with the pre-designed distribution of different components. This 
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demonstrates that the proposed 3D printing technique is capable of producing functional 

objects with gradient material mechanical properties as designed. 

 
Fig. 9. a, b) Gray-scale design used for saddle-like material distribution in the object's plane 
and printed graded plate. c) The measured hardness distribution of the printed square plate 
with a saddle-like component distribution.  

To better understand the effect of the gradient on the mechanical properties of the material, 

we performed a cantilever bending test on the printed object with linear gradient modulus (Fig. 

10a). The flexible end was as fixed, which has a higher strain capacity. When bending force 

was applied, more bending occured on the side closer to the soft material, resulting in a 

significant variation in the bending degree from one side to the other. This is very similar to 

the finite element simulation result (see Fig. 10b). In contract, under the same loading 

conditions, the bending degree of the homogeneous cantilever beam does not change so much 

(Fig. S8). In addition, by comparing the stress distributions of homogeneous part and gradient 

part, the stress at the fixed end of the gradient part is smaller than that of the homogeneous 

part, which indicates that the material properties gradient can effectively alleviate the stress 

concentration. 
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Fig. 10. Cantilever bending test of the printed object with linear gradient modulus a) and finite 
element simulation of the model with linear gradient modulus b). 

4. Conclusion 

In summary, we have developed a gradient 3D printing system based on material 

extrusion AM technique to produce FGMs objects with complicated 3D distributed 

properties. This technique integrates function-driven modeling, gray-scale 

representation and codes generation, combined with multi-material mixing, digital 

material feeding and extrusion-based 3D printing, forming a systematic workflow to 

fabricate FGMs objects. The printing of complex FGMs objects with different material 

properties, including color, nano-Al2O3 concentration, and mechanical properties, 

demonstrates the effectiveness and superiority of this system, which is not available 

using state-of-the-art technologies. Moreover, being applicable to a wide range of 

materials endows our system with more possibilities to create FGMs that have more 

superior performance in mechanical [40, 41], optical [32], thermal and electrical [42]. 

Due to the lack of ability to manufacture complex FGMs objects, the superior properties 

and great potentials of FGMs have not yet been fully explored. Our strategy presents an 

effective tool to autonomously design and fabricate complex 3D gradient objects. As 
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demonstrated by the printed exemplary samples, the proposed gradient 3D printing system has 

the ability to produce heterogeneous objects with non-linearly varying material properties in 

the 3D space. Although printing precision and shaping complexity could be further improved, 

it is undoubtable that significant progress has been made in this report compared to previous 

works. We have succeeded in extending the gradient printing from producing simple 1D 

gradient to fabricating objects with complicated 2D and 3D non-linear distributions of a large 

variety of material properties. Future exploration and acknowledgment of FGMs will enable 

us to make the best use of their performances and facilitate the advances and developments of 

many areas, including aerospace, energy [43], defence, biomedical [44], opto-electronics, 

robotics etc. All together, the proposed gradient 3D printing system opens a new avenue 

for manufacturing FGMs with exquisite material property distributions thus far only 

accessible by biological materials grown in nature. 
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