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A B S T R A C T

While ink-based printing methods have been explored for creating novel materials and structures, the underlying 
impact of ink drying on printed materials, especially in the context of multi-axis, multi-material additive 
manufacturing (AM), is not well understood. Here, we investigate how different drying shapes affect the printing 
performance (e.g., composition, printing offset) using additive manufacturing of gradient materials as a case 
study. Different drying scenarios of coffee-ring effects are identified using shape functions, and their resulting 
influences on the uniformity and control of compositional gradients are showcased. While ideal deposition aims 
for continuously gradient materials, we observe that uneven ink drying poses a non-negligible effect on the 
composition of printed gradients. This has led to a required minimal offset (i.e. printing resolution in the AM 
process) for maintaining deposition gradient stability. This study presents a mathematical model to explain how 
the cross-sectional shape of a droplet, printing gradient resolution, and material gradient stability are related, 
predicting whether a uniform gradient will form based on the droplet’s shape function after drying. Additionally, 
it introduces a drying-focused resolution optimization framework, capable of handling various droplet shapes, 
regardless of symmetry or concavity, to estimate the minimum printing resolution required for multi-material 
combinatorial fabrication.

1. Introduction

Ink-based printing, as a popular additive manufacturing approach,
involves the deposition and subsequent drying of dispersions or slurries 
for rapid prototyping of functional materials and devices [1–3]. This 
technique has attracted tremendous research interest as this process is 
compatible with a wide range of materials [4]. In contrast to relatively 
mature single-material printing, compositional control via 
multi-material 3D printing remains at its early stage as the vastly 
different properties of dissimilar materials make it difficult to deposit 
different materials within one printing system precisely under reason
able printing resolution. In the effort to address this challenge, various 
deposition mechanisms of multi-material printing (MMP) have been 
explored, including extrusion printing [5], inkjet printing (IJP) [6,7], 
and aerosol jet printing (AJP) [8–11]. These findings have led to prog
ress in several engineering areas, including combinatorial material li
brary [12] and functionally graded materials [13–15]. For example, AJP 
handles multiple materials by switching inks, which were independently 

atomized via ultrasonic or pneumatic methods and then focused using a 
sheath gas through a nozzle. This allows precise deposition of complex 
patterns for printed electronics [16–18] and the creation of 
multi-material structures with varying properties [12]. Despite these 
successes, it remains unclear regarding the practical impact of ink 
spreading/drying on printing resolution and the resulting structures of 
multi-material samples. Filling this knowledge gap will benefit the 
design and precise manufacturing of next-generation complex materials 
with controlled compositions.

There are several factors dictating the accuracy of printing. For ink- 
based printing (e.g., inkjet printing, aerosol jet printing, solvent-based 
extrusion printing), the way ink droplets interact with substrate sur
face during drying process plays a crucial role in printed structure (e.g., 
shape fidelity for single material deposition; composition fidelity for 
multi-material deposition). A particularly common and arguably unde
sirable outcome of this process is the "coffee-ring effect," observed 
during the drying phase of the ink [15]. This phenomenon emerges due 
to the uneven evaporation of the solvent within the droplet: evaporation 
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tends to occur more rapidly around the droplet’s periphery (Fig. 1A), 
and this uneven drying leads to an outward convection current carrying 
along dispersed ink nanomaterials. As a result, these materials accu
mulate at the edges of the droplet, often leaving the center nearly empty 
of any material. The uneven deposition of materials often causes depo
sition variation for ink-based printing, whereas the coffee ring effect can 
be useful sometimes for certain applications such as transparent elec
tronics and aligning 1D nanomaterial for enhanced electrical property 
[19]. The formation of coffee-ring effect can be strongly influenced by 
various factors including temperature [20], particle surface charge (zeta 
potential) [21,22], particle size [23], concentration [24], leading to 
different shapes of deposited materials. While several reports have 
studied the mitigation of the coffee-ring effect experimentally [25–29], a 
comprehensive understanding of how it affects the printing variability 
(e.g., compositional accuracy) is missing, consequently limiting the 
development of an optimization strategy for ink-based printing. Exper
iments with parametric optimization have been developed in several 
single-material additive manufacturing processes [30–32] to improve 
their printing resolutions and material performances. However, for 
MMP, such optimization techniques are still notably absent as the un
derlying relationship between printing resolution and compositional 
accuracy remains evasive.

This paper proposes a drying-oriented resolution optimization 
(DORO) approach along with a new analysis framework that quantifies 
the relationship between the cross-section droplet shape, the printing 
resolution, and the gradient stability. This framework reveals the impact 
of the coffee-ring effects on printed functionally graded materials 
(FGMs), explains the well-observed compositional gradient stability 
associated with concave-shaped droplets, and provides tools for opti
mizing printing resolution while maintaining multi-material stability. 
While the mitigation of coffee-ring effect is considered, it is not the 

central focus of this work. Instead, this work emphasizes the impact of 
coffee-ring drying on printing performance based on the dried droplet 
shapes, which can vary depending on other factors such as drying 
temperature, concentration of materials, solvents, etc. Fig. 1B demon
strated a few classic scenarios of deposited materials after droplet dry
ing, where the uneven distribution of material is caused by different 
degrees of coffee-ring effect. The severity of this effect influences 
whether the deposition forms a ’ring shape’, with material concen
trating at the droplet edges, or a ’hill shape’, with material accumulating 
at the center. To better visualize this uneven distribution, a color coding 
is used: darker shades indicate higher material content, while lighter 
shades are for less material. Red and blue represent different materials in 
multi-material printing to differentiate their distribution patterns. To 
quantify this effect on MMP, we propose a shape function of dried 
droplets and showcase its influence on the uniformity and stability of 
compositional gradients mathematically (workflow as shown in Fig. 1C). 
Additionally, we compared the composition gradient stability of printed 
materials with our DORO model, showing a clear, consistent trend for 
printing resolution prediction. A brief literature survey on the current 
studies is listed in Table 1 to emphasize the unique contribution of this 
work.

2. Material and methods

2.1. Materials

The materials used in this study include silver nanoparticle ink (Ag, 
30 wt% dispersion, Sigma-Aldrich), kaolinite (Sigma-Aldrich), halloy
site nanoclay (Sigma-Aldrich), ethylene glycol (EG, ≥99.0 %, VWR 
Chemicals), and isopropyl alcohol (IPA, ≥99 %, J.T.Baker®). Bismuth 
telluride (Bi2Te3) was synthesized via previously reported method [39]. 

Fig. 1. Overview of the coffee-ring effect on material deposition. A) Schematics of ink drying process in additive manufacturing (single droplet scenario). B) Ex
amples of dried droplets under different drying effects such as slight, severe, and no coffee-ring effects. Droplets can be ’ring-shaped’ with material concentrated at 
the edges or ’hill-shaped’ with material concentrated at the center. Darker colors indicate higher material content, while lighter colors show lower content. Red and 
blue represent different materials. Each droplet’s diameter is normalized assuming consistent deposition (drying effect of deposited ink line is similarly applicable 
though coffee ring effect of ink lines will be one dimensional). C) Workflow of drying-oriented resolution optimization (DORO) approach.
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Specifically, Bi(NO3)3⋅5 H2O (18 mmol), Na2TeO3 (27 mmol), NaOH 
(5 g), and polyvinylpyrrolidone (40,000 g mol−1, 2.4 g) are added to a 
200 mL ethylene glycol. The mixture was heated under reflux conditions 
overnight to ensure reaction completeness. Bi2Te3 particles are sepa
rated by centrifugation at 5000 rpm and subsequently washed 3 times 
with ethanol to remove residuals.

2.2. Ink formulation

In a standard aqueous ink formulation, Bi2Te3 were dispersed in a 
solvent mixture of water and EG. Here, EG acted as a co-solvent, 
enhancing ink stability and printability. To mitigate foam during ul
trasonic atomization, a minor quantity of IPA was incorporated as an 
antifoaming agent. To prevent particle aggregation and ensure homo
geneous dispersion, the inks underwent sonication for 15 minutes using 
a Hilsonic bath sonicator at 300 W. The nanomaterial concentration was 
confirmed using the dry weight method.

2.3. Printing and characterization

The ink-based multi-material printing is based on a custom-built 
aerosol jet printer. The printer’s motion control interface manages its 
X, Y, and Z axes, enabling tracking of position and velocity during both 
targeted movements and jogging operations. Concurrently, the printer 
adjusts the flow rates of two aerosol inks based on the stage’s location, 
yielding gradient material films. After initial ink priming through 
30 minutes of sonication, the inks were atomized using ultrasonication 
and then carried to the printhead using nitrogen gas. To narrow the 
aerosolized ink stream and enhance printing precision, a sheath flow 

technique is employed. For the gradient structure of Ag-Bi2Te3 films, the 
glass substrate was first treated under air plasma. Subsequently, 
gradient material layers were applied. During the printing of these 
gradient layers, the ink ratio of Ag ink to Bi2Te3 ink was gradually 
adjusted from 1:0–0:1. A heated stage (Thermo Scientific CERAMIC+) is 
applied to speed up the evaporation of ink solvents. All substrates were 
positioned at the center of the hotplate to maintain a minimal temper
ature difference. The optical profilometer (Profilm3D, KLA) was used to 
map the thickness and surface morphology of the deposited materials. It 
operates by capturing high-resolution 3D surface images through white 
light interferometry, and this provides measurement of surface height 
variations with high vertical resolution. This non-contact technique is 
ideal for quantifying the shape functions of printed lines, which will be 
used to evaluate surface morphology and thickness uniformity across the 
sample. For temperature control, a heating platen was applied with a 
stage size of 7.25 in x 7.25 in (Max temperature capacity: 540◦C). 
Additional parameters used in the multi-material AJP printing are 
summarized in Table 2.

2.4. Modelling of 2-drop

To quantify the effect of coffee-ring drying patterns on printing un
certainty and gradient stability, we first consider a simple 2-drop sce
nario (multiple drop situation is also considered and can be found in the 
next section). This section introduces the analytical tools for investi
gating the coffee-ring effects in a 2-drop setting. We use a shape function 
σ : R→[0,∞] to represent the cross-section shape of a droplet with a 
normalized unit width and have the following assumptions.

Assumptions: 

• Shape function σ is second-order differentiable almost everywhere 
(a.e.) and satisfies σ(x) > 0 for all x ∈ (0, 1) and x = 0 otherwise, 
where non-zero values of σ indicate actual material deposition.

• In the same printing session, every droplet is represented by σ(x−δ)
for some offset δ ∈ (0, 1), where the offset is the minimal spacing 
between two adjacent depositions of material-varying inks. A smaller 
offset indicates a higher printing resolution.

• Shape functions are additive (i.e., the printing thickness is additive): 
for two droplets σ(x) and σ(x−δ), the composed material has the 
shape function σ(x) + σ(x−δ).

For a given shape function σ(x), we can further define the (2-drop) 
composition ratio function r(⋅) for two droplets with offsets 0 and δ as 
follows. The composition ratio relates to the experimentally measured 
volume fraction of secondary materials in functionally graded materials 
(FGMs). 

Volume Fraction of2nd Material :

r(x) =
σ(x − δ)

σ(x) + σ(x − δ)
; x ∈ [0 , 1 + δ]

(1) 

This represents an MMP scenario where both drops have distinct 
printing materials. Thus, the value r(x) indicates the composition ratio 
of the second material at location x. In the ideal case, this value increases 
gradually from zero to one, forming a smooth transition in material 
composition. However, the coffee-ring effects can compromise such 

Table 1 
A brief summary of current studies on the drying process in additive 
manufacturing, suggesting a knowledge gap on composition effect from drying 
phenomena. PEDOT: Poly(3,4-ethylenedioxythiophene); PSS: Poly(styrenesul
fonate); PVDF: Poly(vinylidene fluoride).

Printing 
Method

Materials Contributions to drying process 
in additive manufacturing

Ref.

IJP PEDOT:PSS Print uniform lines with controlled 
coffee ring effects and improve the 
precision of electronic devices.

[33]

IJP Organic semi- 
conductors

Improve the film homogeneity and 
uniformity in organic light emitting 
devices (OLEDs) by controlling the 
polarity and viscosity of inks to 
mitigate contact line receding and 
coffee ring effect.

[30]

IJP Graphene Mitigate the coffee-ring effect using 
porous cellulose nanopaper instead 
of non-porous glass substrates.

[34]

AJP Carbon 
nanotubes

Improve uniformity and stability in 
carbon nanotube thin-film 
transistors by optimizing the 
temperature and aerosol dynamics.

[35]

AJP Carbon 
nanotubes

Optimize the concentration of 
sodium dodecyl sulfate in the ink to 
achieve dense film depositions to 
control the coffee-ring effect.

[36]

AJP Ag Propose a machine learning 
framework to optimize printing 
parameters to improve the quality 
and precision of printed electronic 
lines.

[37]

Microplotter 
Printing

PVDF Use high-viscosity ink to reduce the 
coffee-ring effect to achieve 
uniform deposition of materials 
and to improve the quality of the 
printed electronic devices.

[38]

AJP Ag-Bi2Te3 

(gradient 
materials)

Optimization framework to predict 
minimal printing offset for stable 
compositional gradients from 
drying shape of droplets.

This 
work

Table 2 
Summary of parameters of combinatorial multi-material AJP 
printing.

Parameters Values

Nozzle nominal I.D. 22 G
Ink flow rate (sccm) 0–28
Sheath gas flow rate (sccm) 20–160
Platen temperature (◦C) 85
Print speed (mm/s) 4

N. Wei et al.                                                                                                                                                                                                                                     Additive Manufacturing 97 (2025) 104609 

3 



desired properties for small offsets, causing structural instability in the 
resulting composed material. We call such a phenomenon the compo
sitional instability.

Definition (Compositional Stability): In MMP, the composed ma
terial is called compositionally stable if the corresponding composition 
ratio function is non-decreasing and is called compositionally unstable if 
otherwise.

To quantify this property, we define the (2-drop) stability function as 
follows, with the input δ indicating the relative offset between the two 
droplets. 

Stability Function :

ϕ(δ) = min
x∈[δ, 1]

σ(x)σʹ(x − δ) − σʹ(x)σ(x − δ);δ ∈ [0,1] (2) 

The value ϕ(δ) is the minimum derivative of the composition ration 
function under a given offset δ. Therefore, to ensure the FGM with a 
stable gradient, we expect a non-negative value of ϕ at the given droplet 
offset. Otherwise, ϕ(δ) < 0 implies that the offset δ is unstable and leads 
to compositional inconsistency in FGM.

These three functions, shape function σ (describing material depo
sition), composition function r (describing material ratio in FGM), and 
stability function ϕ (determining continuous gradient or not), enable us 
to analyze and quantify the relationship between the droplet shape, the 
printing resolution, and the stability of the composed material.

2.5. Modeling of multi-drop

This subsection extends the proposed analysis framework to the 
more complex multi-drop setting. In this case, n droplets are printed in 
order with the same offset δ. So, their shape functions can be described 
as the set {σ(x − iδ)}i∈[n], where [n] = {0,1,⋯, n−1} is a finite index set. 
Moreover, the composition ratio linearly varies from zero to one among 
all droplets. This means that ri =

i
n−1 is the ratio of the second material in 

the ith droplet. Then, the composition ratio function for the multi-drop 
case is the following, 

Volume Fraction of2ndMaterial :

r(x) =
Σi∈[n]riσ(x − iδ)
Σi∈[n]σ(x − iδ)

; x ∈ [0 ,1 + (n − 1)δ]
(3) 

Then, the same definition of compositional stability applies to this 
multi-drop case. The corresponding multi-drop stability function can be 
defined as follows. 

Stability Function :

ϕ(δ) = (n − 1) −1 min
x∈[δ, 1+(n−2)δ]

∑

i<j∈[n]
(j − i)ϕ̂(x − iδ, (j − i)δ) (4) 

where ϕ̂(x,δ) = σ(x)σʹ(x − δ) − σʹ(x)σ(x − δ) with δ ∈ [0,1], x ∈ [δ,1].
The intermediate function ϕ̂ is defined only to ease the notation. It is 

easy to check that the 2-drop case is a special case of the above 
composition and stability functions for n = 2. Later, we will show that 
these functions can help to characterize the compositional gradient 
stability of FGM.

3. Results and discussion

3.1. Coffee-ring effect in printing

Functionally graded materials (FGMs) are important composite ma
terials where the composition varies gradually across the volume, 
resulting in gradient variations in properties (e.g., thermal conductivity, 
strength, or magnetic permeability). As shown in Fig. 2A, the custom- 
built aerosol jet printer fabricates FGMs by continuously varying the 
deposition of two inks through controlled atomization and gas flow. The 
sheath flow focuses on the aerosol stream, ensuring high-resolution 
deposition. Monotonic variation in material composition (i.e., chang
ing material composition from one to another monotonically, if not 
linearly) is achieved by adjusting the ink ratio during printing, creating 
smooth transitions between materials. In ink-based printing of FGMs, 
understanding material gradient effects (e.g., stability) is essential for 
optimizing ink deposition and drying processes. Uneven drying of the 
inks causes a flow that carries dispersed nanomaterials toward the 
edges, often leaving the center with minimal material.

To quantify the drying effect on printing FGM, we first prepare inks 
of different materials, including metals (Ag), semiconductors (Bi2Te3), 
and ceramics (halloysite and kaolinite). Fig. 2B shows examples of 
coffee-ring effects from drop-casted ink, demonstrating a wide variety of 
shapes of ink droplets after drying, highlighting the complexity and 
diversity of ink drying process. This complexity is due to the fact that 
solvent, deposition temperature [20], particle surface charge (zeta po
tential) [21,22], particle size [23], concentration [24], etc. can affect the 
drying kinetics and lead to different shape functions. While the print
head travels through the substrate line by line, a “two-peak” shape from 
the coffee-ring effect is shown in Fig. 2C. In both cases, the deposition 
leaves the center with fewer materials, which becomes worse when 

Fig. 2. Multi-material printing and coffee-ring effect. A) Schematics showing the multi-material aerosol-jet printing of functionally graded materials, requiring a 
monotonic shift in material composition. B) Examples of the coffee-ring effect observed with various drop-casted ink formulations, illustrating the common 
occurrence of unwanted drying phenomena. Coffee-ring effect on different suspensions. (1–3) 1 wt% halloysite nanoclay with 5 wt% EG, 15 wt% EG aqueous so
lution, and pure acetone, respectively; (4–6) 1 wt% kaolinite with 5 wt% EG, 15 wt% EG aqueous solution, and pure acetone, respectively; (7–9) 1 wt% Bi2Te3 with 
5 wt% EG, 15 wt% EG aqueous solution, and pure acetone, respectively; (10–12) 1 wt% Ag nanoink with 5 wt% EG, 15 wt% EG aqueous solution, and pure acetone, 
respectively. Scales are 1 mm. C) Optical microscopic image of the AJP-printed single line (1D deposition) showing coffee-ring effect. Gradient thin films consist of 
multiple lines with gradual changes in material composition.
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varying deposition composition during the printing of FGM. To under
stand and possibly address this unwanted and common challenge in ink 
printing, we propose a mathematical model to quantify how this 
drying-oriented deposition variation affects the composition gradients 
in printed FGM.

3.2. Shape effect on 2-drop

In our mathematical model, we consider the printing of FGM from 
two different inks (i.e., ink A and ink B), where the model will predict 
whether a monotonic variation in FGM is achieved (monotonic change 
in volume fraction of B) with a given shape function of the dried droplet. 
Fig. 3 illustrates three different types of shape functions. The first two 
are functions fitted from the experiment data using spline regression 
[40–42], both of which exhibit different types of coffee-ring effects, 
while the last one is a computer-generated symmetric and 
concave-shaped function (i.e., no coffee-ring effect) for comparison. The 
bottom figures are the composition ratio functions r(⋅) (which is corre
spond to the experimentally measured volume fraction of secondary 
materials in FGM) associated with each shape function under the same 
offset δ = 0.3. Each droplet offset δ induces a distinct composition ratio 
function. The stability function then computes the minimum first-order 
derivative of this composition ratio function for the given δ. A 
non-negative output indicates that the composition function is stable 
(non-decreasing), while a negative value suggests decreasing regions, 
which could lead to printing instability. Therefore, this stability function 
helps identify printing resolutions that are stable.

When there is no coffee-ring effect for drops (Fig. 3C), an increasing 
r(⋅) (Fig. 3F) indicates a smooth transition in material composition and 
thus is called compositionally stable. In contrast, the coffee-ring effects 
exhibited in Fig. 3A and B caused the oscillating behaviors of the cor
responding ratio functions for the specific offset δ = 0.3 (the defined 
deposition resolution between each print pass). Moreover, compared to 
Fig. 3A, the drastic coffee-ring effect illustrated in Fig. 3B also led to a 
more pronounced instability shown in Fig. 3E.

Therefore, searching for the theoretical optimal printing resolution 

(smallest offset δ) under compositional gradient stability becomes crit
ical for ink-based MMP tasks. The following conclusions provide 
convenient tools for such purposes. The corresponding technical deri
vations and proofs can be found in the Supplementary Information.

Main Results for 2-Drop: For a given droplet shape function σ, let ϕ 
be the corresponding stability function, we have the following results. 

1. The composed material with an offset distance δ is compositionally 
stable if and only if ϕ(δ) ≥ 0.

2. The gradient of composed material is compositionally stable 
regardless of the offset if the shape function satisfies (σ́ (x))2 ≥ σ́ (́x)
σ(x) for all x ∈ [0,1]. In particular, concave-shaped droplets are al
ways stable.

3. For symmetric droplets with two peaks, the minimum offset to 
ensure compositional gradient stability is δ = 1 − 2p, where p is the 
location of the first peak in the shape function.

The first result implies that the stability function ϕ can be used to 
optimize the MMP resolution. The second result confirms the observa
tions in experiments that concave-shaped droplets always have good 
stability properties (as seen in Fig. 3F), even under a high resolution. The 
last result provides a convenient tool to quickly determine a stable 
resolution if the droplets have a symmetric shape with two peaks. 
Intuitively speaking, the stable resolution is quite low if the two peaks 
are widely separated and becomes high when the two peaks are close to 
each other.

Fig. 4A–C illustrate the stability functions associated with the three 
shapes presented in Fig. 3. The two axes represent the input offset δ and 
the output value ϕ(δ), respectively. The red dotted lines represent the 
constant function of zero. According to the main results, compositional 
gradient stability is guaranteed if and only if ϕ(δ) ≥ 0. Thus, the mini
mum δ with a nonnegative output ϕ(δ) is the smallest offset that ensures 
stability. The split point of the first shape is around 0.53: any smaller 
offset is unstable, while larger ones are stable. The situation becomes 
more complicated for the second shape. In Fig. 4B, a stable offset can be 
first found around 0.51, but this point is very sensitive to small 

Fig. 3. Shape functions of coffee-ring effect and their impact on compositional monotonicity of gradient materials. (A–C) Shape functions of deformed (slight coffee- 
ring) (A), spread (severe coffee-ring) (B), and ideal cases (no coffee-ring) (C) and their composition ratio functions (bottom three D–F) with a deposition interval 
(offset) of 0.3. In inset, H is the height of combined droplet.
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perturbations as it barely touches the zero line. A more robust choice 
could be at any point after 0.7. In contrast, the entire stability function 
ϕ(⋅) is above the zero line for the third concave-shaped droplet, implying 
that the printing resolution would not affect the material compositional 
gradient stability in this case.

These observations are consistent with Fig. 3D-F where the offset is 
fixed at the value of 0.3: since the value ϕ(0.3) is below zero in both 
Fig. 4A and B, Fig. 3D and E indicate that the composed material is 
unstable; the value ϕ(0.3) is positive in Fig. 4C; hence the composition 
function in Fig. 3F is strictly increasing, confirming a compositionally 
stable printing process. On the other hand, when taking the offset δ =
0.53 and 0.7 for the first two shapes, the corresponding composition 
functions are both increasing as shown in Fig. 4D and E, which are 
consistent with the positive values of ϕ(δ) in the stability functions 
shown in Fig. 4A and B. However, when setting δ = 0.65 for the second 
shape, we have ϕ(δ) < 0 in Fig. 4B, thus the associated composition 
function in Fig. 4F has a decreasing segment around the point 0.75.

Another interesting observation demonstrated in Fig. 4 is the use
fulness of the third main result. The first peak in Fig. 3A is approximately 
located at p = 0.21. By the third result, the minimum offset is obtained 
at δ = 1 − 2p = 0.58. Similarly, the first peak in Fig. 3B is around p =
0.22, which gives a stable point δ at 0.56. Both are close approximations 
of the results observed in Fig. 4.

3.3. Shape effect on multi-drop

In this case, multiple droplets with the same cross-section shape 
function are printed subsequently. That is, to print n droplets, the shape 
function of the ith drop is described by σ(x−iδ) for each i ∈ [n]. More
over, each droplet is composed of two materials with the ratio of the 
second material as ri = i

n−1. Then, we have the following main results for 
this multi-drop setting.

Main Results for Multi-Drop: For a given droplet shape function σ, 
let ϕ be the corresponding (multi-drop) stability function, we have the 
following results. 

1. The gradient composite material with an offset distance δ is 
compositionally stable (i.e., a continuous gradient will form) if and 
only if ϕ(δ) ≥ 0.

2. The gradient composite material is compositionally stable regardless 
of the offset if the shape function satisfies (σ́ (x))2

≥ σ́ (́x)σ(x) for all 
x ∈ [0, 1]. In particular, concave-shaped droplets are always stable (i. 
e., a continuous gradient will always form if the droplet shape 
function is concave).

Again, the first result states that the multi-drop stability function ϕ(δ)
exactly characterizes the compositional stability for all δ ∈ [0, 1], and the 
second result confirms that the concave-shaped droplet is still stable for 
arbitrary resolution even in this multi-drop setting. Similar as in the 2- 
drop case, this multi-drop version of stability function computes the 
minimum first-order derivative of the composition function for every 
given δ. Then, non-negative or negative outputs indicate the stability of 
the associated composition function. Hence, it helps identify stable 
printing resolutions in this multi-drop case.

Fig. 5 illustrates the multi-drop stability functions for the three 
shapes in Fig. 3A–C. Compared to their 2-drop counterparts shown in 
Fig. 4A–C, the multi-drop stability functions in Fig. 5 demonstrate more 
complex patterns. We clearly have many more peaks and valleys in all 
three functions. Moreover, in Fig. 5A, it is surprising to observe some 
positive points before δ = 0.17, which were all negative in Fig. 4A. This 
indicates that for certain shapes, a sufficiently small offset (sufficiently 
large resolution) may overcome the compositional instability caused by 
the coffee-ring effects. However, this phenomenon is not displayed in 
Fig. 5B for the second shape, where the stable offsets are similar to its 2- 
drop counterpart shown in Fig. 4B. For the last concave-shaped droplet, 
though its stability function in Fig. 5C is more complex than its 2-drop 
counterpart in Fig. 4C, all the points are still above the zero line, 
which confirms the second main result for the multi-drop case.

Fig. 6 illustrates the multi-drop composition functions for the first 
two shapes in Fig. 3. The top three (Fig. 6A–C) correspond to the first 
shape with offsets δ = 0.15, 0.4, 0.7, while the bottom three (Fig. 6D–F) 

Fig. 4. Top three (A–C): stability functions of the three shapes (slight coffee-ring, severe coffee-ring and no coffee-ring). Bottom three (D–F), the composition ratio 
functions where D corresponds to the slight coffee-ring shape with an offset δ = 0.53, E and F correspond to the severe coffee-ring shape with offsets δ = 0.7 and 0.65, 
respectively. Note that both D and E are increasing functions, while F has a decreasing trend around 0.75.
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are for the second shape with the same set of offsets. For δ = 0.15, the 
composition function for shape one is strictly increasing, implying a 
stable MMP process; in contrast, the composition function for shape two 
has multiple decreasing sections, which renders an unstable process. For 
δ = 0.4, both curves have clear decreasing segments, though the second 
shape demonstrates significant variations due to its severe coffee-ring 
effect. For δ = 0.7, both curves are strictly increasing, showing a rela
tively smooth transition in their composition (i.e., a continuous 
gradient). All these results are consistent with the polarity (positivity or 
negativity) presented in Fig. 5A and B.

The coffee-ring effect can be influenced by various factors such as 
temperature, drying time, ink properties etc., leading to a more complex 
shape upon drying. To clarify our model, we also present an example of 
detailed workflow, as shown in Fig. 7. The model begins by identifying 
the shape function derived from the dried droplet profile, followed by 
predicting an offset that enables a stable, continuous increase in the 
concentration of the secondary hypothetical material B. Based on the 
stability function, our predictions indicate that an offset of 0.4 results in 
an unstable composition of material B, while an offset of 0.75 yields a 
stable composition. We subsequently validate these offset predictions, 
where the difference in printing offset (0.4 vs 0.75) indeed significantly 
affects the FGM material composition.

To demonstrate the robustness of our model, we evaluate two 
additional examples of complex shape functions as shown in Fig. 8. From 
the stability functions associated with the first complex shape, we 
observe positive points around offset, δ = 0.9, means for this shape a 
large offset value may overcome the compositional instability (Fig. 8A- 
B). As shown in Fig. 8C and D, the material transition is smoother at δ =

0.9 than δ = 0.8. In Fig. 8E−H, we have provided another example of a 
complex shape function, where at small offsets, δ = 0.3 and δ = 0.4 both 
showed an almost monotonic increase in the composition as predicted 
by stability functions. Thus, rather than using large offsets, the model 
can optimize the printing resolution for the second shape at high reso
lution (e.g., low offset value).

3.4. Experimental verification

To evaluate our approach during multi-material printing, we used 
bismuth telluride (Bi2Te3) nanoink as a model example where the 
composition of printed FGM samples can be controlled by gradually 
increasing the Ag ink amount (formation of Bi2Te3-Ag gradient com
posite). We first measured the shape function of nanoparticle inks. As 
shown in Fig. 9, a typical ink formulation shows the coffee-ring effect of 
the drying process. We also systematically investigate the processing 

Fig. 5. Multi-drop stability functions for the three shapes in Fig. 3A–3 C. (A) Slight coffee-ring, (B) severe coffee-ring and (C) no coffee-ring effect. The compositional 
gradient stability is guaranteed if and only if ϕ(δ) ≥ 0, otherwise unstable.

Fig. 6. Multi-drop composition functions. The top row for the slight coffee-ring effect with (A) offset, δ = 0.15; (B) offset, δ = 0.4, (C) offset, δ = 0.7, respectively. 
The bottom row for the severe coffee-ring with (D) offset, δ = 0.15; (E) offset, δ = 0.4, (F) offset, δ = 0.7, respectively.
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variables (ink composition and sheath flow) on the printed samples. As 
shown in Fig. 9, the comparison of the coffee-ring effect is presented 
through thickness mapping of printed lines from two Bi2Te3 ink for
mulations: one without ethylene glycol (EG) (Fig. 9A) and with EG 
(Fig. 9B). The inclusion of EG notably minimizes the spreading of 
printed droplets due to Marangoni flow effect, leading to more uniform 
material deposition with less severe coffee-ring effect (Fig. 9C). Addi
tionally, the influence of sheath flow rate on the dispersion of printed 
water-based inks is examined (Fig. 9D), highlighting how aerodynamics 
can lead to a narrowing of the droplet during the printing process and 
consequently a less spreading in shape functions.

As the EG can help mitigate the overspreading of the ink, we pre
pared EG-based inks (Bi2Te3 and Ag) to showcase the effect of printing 
step width on the stability of the compositional gradient, where the Ag 
was gradually added into Bi2Te3 materials during the multi-material 
printing process. The use of heavy-atom Bi2Te3 and Ag is to reduce 
the measurement uncertainty during the elemental analysis using 
energy-dispersive X-ray spectroscopy (EDX). To accurately measure the 
composition of gradient film using EDX, many studies have suggested 
that heavy atoms (e.g., Bi, Te, Ag) can significantly reduce the 

measurement uncertainty in comparison with other light elements (such 
as C, N, O, Si) [43]. With EG-based ink, we tested two cases where the 
offset of each deposition path (also referred to as printing step width or 
printing resolution for other additive manufacturing processes) was set 
to 10 μm and 25 μm. As shown in Fig. 10A-B, the elemental analysis 
using EDX revealed that a small printing step leads to an unstable ma
terial gradient, while a relatively large printing step showed a more 
consistent composition gradient (i.e., monotonic increasing or 
decreasing trend). Such experimental observation is aligned with our 
calculation prediction over the shape function of printed nanoinks, 
where a higher offset value (δ) will favor the gradient compositional 
monotonicity/stability (though not 100 % matching numerically due to 
the potential difference between experimental deposition and droplet 
modeling). In a more complex experimental case, we use an optical 
profilometer to quantify the shape function of a typical printed line 
(Fig. 10C); upon increasing the deposition offset, the compositional 
gradient stability slowly increases from very unstable (Fig. 10D-E) to 
more stable trend (Fig. 10F), where the increasing trend of volume 
fraction (additive phase) gradually stabilize.

Fig. 7. Example workflow of the drying-oriented resolution optimization (DORO) model for dried droplets.
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4. Conclusion

In summary, we propose a model to describe the role of the drying 
effect on materials composition uncertainty and suggest the DORO 

framework for gradient composition optimization (i.e., estimating the 
optimal printing resolution related to shape function of ink droplets). 
Various parameters, including concavity and shape features, have been 
considered and compared for optimized compositional gradient 

Fig. 8. Examples of complex shape functions from drying. (A) Shape function for multi-peak shape, (B) stability function corresponds to the shape, (C) composition 
function with unstable offset δ = 0.8 and (D) composition function with stable offset δ = 0.9 found from the stability function for that shape; (E) Shape function for 
asymmetric shape from drying, (F) stability function corresponds to the shape, (G) composition function with unstable offset δ = 0.3 and (H) composition function 
with stable offset δ = 0.4 found from the stability function for that shape respectively.

Fig. 9. Rich physics in drying shapes and shape functions controlled by various processing variables (ink composition and sheath flow). (A-B) The thickness mapping 
of the printed line with a single pass without (A) and with EG (B) in inks. (C). The profile of the coffee-ring effect where EG can significantly reduce the spread of 
printed droplets. (D) The effect of sheath flowrate on the spread of printed water-based inks (spread width in µm), revealing the aerodynamic narrowing of droplets 
during printing.
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stability. Compared with ideal depositions with no undesired drying, it 
was found that the coffee-ring pattern is able to impose a non-negligible 
uncertainty over the material composition of FGM systems, while such 
effects on the edge are particularly profound for multi-material depo
sition from our two-drop model. This coffee-ring-induced composition 
variability is further exaggerated with higher valley curvature. In 
addition, such findings can be extended to estimate the optimal printing 
offset for printing compositionally graded materials for minimal insta
bility in composition gradient. As we assume that the printing process is 
ideal with each step taking the same offset, future research is needed for 
considering the variability factors such as changing offset and deposition 
error. By considering those factors, it is expected that this model will 
help optimize printing parameters such as printing offset in additive 
manufacturing of FGM in terms of material stability [44–47].
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Fig. 10. Experimental observation and model comparison of printed gradient materials. (A-B) Elemental analysis using EDX shows gradient uncertainty at different 
printing line gaps (10 μm and 25 μm, leads to different offset value), indicating larger line gaps are preferred for monotonic deposition. Error bars represent the 
standard deviation of atomic concentration. (C) Optical profilometer measurement of the shape function for a printed line. (D-F) Validation of gradient uncertainty 
under different drop-to-drop resolutions (i.e., offset), suggesting an increase in monotonicity with higher offset values. The units of offsets in D-F are in µm.
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