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Abstract

While the multi-robot systems (MRS) paradigm has successfully emerged in fused deposition
modeling (FDM) processes for cooperative 3D printing, one of its core goals is the development of
a framework that is adaptable to different forms of additive manufacturing (AM) technologies. Of
particular interest to MRS are processes that benefit from multi-material and multi-resolution capa-
bilities and face inherent scalability issues. Micro-cold spray (MCS) has been historically limited
to systems with single-nozzle configurations, which restrict the range of viable printing applica-
tions. A multi-nozzle, MRS-inspired configuration may allow independent control of deposition
parameters and feature sizes. In this paper, we develop a computational MRS framework as the
first step in enabling multi-nozzle cooperation for MCS and demonstrate it using a dual-nozzle
example. Specifically, we focus on rules for slicing, motion planning, and process scheduling.
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1. Introduction

Since the introduction of robotic systems in manufacturing, numerous processes, such as as-
sembly and production of electronic components, have experienced significant improvements in
speed, reliability, and efficiency [1]. Beyond extending existing robot capabilities, such as the re-
peatability, speed, and reachability (workspace volume) of manipulators, researchers have explored
the potential of adding more robots to collaborate on larger-scale and more complex tasks, for in-
stance, the handling of heavy and flexible objects [2]. This shift in research focus is recognized
as the multi-robot systems (MRS) paradigm. While it may be intuitive to expect a positive cor-
relation between the number of robots involved in a task and the associated manufacturing speed,
MRS introduces several technical challenges that need to be addressed. For instance, although MRS
enables cooperation, it requires meticulous planning for collision-free operations. This added com-
plexity hinders the application of MRS in many manufacturing contexts, particularly those without
inherent scalability issues, such as subtractive manufacturing, where the marginal benefit of adding
more robots is small.

In contrast, additive manufacturing (AM) processes have been benefited significantly from
adopting the MRS approach, typically by integrating multiple deposition tools or end-effectors
within a shared workspace. Many AM technologies are notoriously plagued by poor scalability
in both size and speed, limiting their industrial applications. Therefore, the development of an
MRS-based AM framework holds promise in resolving some existing challenges in AM processes,
provided that the inherent complexities of MRS can be efficiently managed.

Micro-cold spray (MCS) is an emerging AM technology traditionally limited to single-nozzle
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configurations and primarily used to deposit thick films [3]. Unlike traditional cold spray tech-
niques, MCS does not necessitate thermally regulated substrates and is capable of depositing brittle
materials to near full density [4], significantly broadening its range of applications. However, MCS
requires specific process conditions, such as pressure and particle size, to achieve satisfactory de-
position performance, which involves reaching a material-specific impact velocity [5]. These strin-
gent requirements hinder the flexibility of a single-nozzle configuration, as seamlessly varying the
parameters during the manufacturing process becomes infeasible. Therefore, following recent re-
search efforts in adapting AM processes to the MRS paradigm, we propose a multi-nozzle MCS
system framework. This system aims to allow for independent control of deposition parameters and
feature sizes, potentially overcoming the limitations of single-nozzle configurations and enhancing
the flexibility and scalability of MCS technology.

In this paper, we particularly focus on a dual-nozzle system where each nozzle has a distinct
throat diameter, thus allowing for different printing resolutions. We also explore how the proposed
system can be used to create 3D features, extending beyond thick films, a feat not yet achieved in
MCS. By 3D features in MCS, we mean parts with arbitrarily-many layers above the first anchor-
ing layer of the material with the substrate, just like in FDM printing. Furthermore, to the best of
the authors’ knowledge, there are no existing multi-nozzle systems for MCS. Therefore, the key
contribution of this paper is the computational framework for such a system and its potential appli-
cations. Although we focus on the design of a dual-nozzle system, our overall system design and
computational framework can be extended to multi-nozzle systems.

The remainder of the paper is structured as follows. Section 2 discusses the related work avail-
able in the literature, specifically concerning MRS in AM processes and the challenges associated
with MCS. Section 3 outlines the conceptual framework and the scope of the problem. Our method-
ology is presented in Section 4. Section 5 describes our preliminary numerical results, and Section
6 details future research directions.

2. Related Work

While the extension of traditional MCS systems to use multiple nozzles has not yet been ex-
plored, other AM processes have successfully adapted to the MRS paradigm. In the realm of FDM
printing, numerous cooperative multi-nozzle systems have been developed (see [6] for a systematic
review). These systems use multiple nozzles to increase both the speed and the build volume of the
process. In terms of hardware, such systems can take the form of fixed manipulators [7], gantry
systems [8], or mobile robots [9]. However, designing a cooperative multi-nozzle MCS system
presents unique challenges due to its underlying physics, particularly because of the necessary flow
conditions for deposition and strict environment requirements. MCS requires a vacuum-sealed de-
position environment [10], making the use of large manipulators and mobile robots infeasible for
small-scale deposition chambers typical in existing systems. Hence, the MRS configuration most
likely to be adaptable to MCS is gantry-based.

Cooperative gantry systems are divided into two types: multi-gantry and multi-nozzle. Multi-
gantry systems have each nozzle connected to a separate moving platform, giving the entire system
3n degrees of freedom (where n is the number of nozzles) and allowing independent control of each
nozzle [11]. On the other hand, multi-nozzle systems mount all extruders to a single gantry, spatially
coupling them [12]. For true cooperative printing, the multi-gantry system is preferred as it provides
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the system with more degrees of freedom to cooperate, including greater flexibility for synchronous
operation. Multi-gantry systems have been widely used in fast construction applications [13] and
standard polymer printing [14], achieving significant reductions in manufacturing time compared
to single-gantry systems.

Regardless of the hardware configuration of the cooperative system, one of the incentives for
adapting AM processes to the MRS paradigm is to efficiently print large 3D features. The printing
of such features is still largely unexplored in MCS, as the underlying physics inherently hinders
the smooth accumulation of deposited material. In attempts to increase the thickness of films and
create 3D features, researchers have studied the effects on surface roughness when performing
multiple scans on a given area [15]. Although different research groups use various metrics to
characterize film roughness, it is generally observed that roughness correlates positively with the
number of scans [16], which can potentially make the creation of large, non-homogeneous 3D
features prohibitive. The causes of cratering are not well understood, but it has been suggested that
it could be due to differences in particle size [17] or preferential deposition caused by the geometric
heterogeneity of the anchoring layer [18]. This increase in roughness is not material-specific, as it
has been observed in a range of particle and substrate combinations [19, 20]. Therefore, our goal is
to start filling this knowledge gap by laying the computational and theoretical foundations necessary
for designing multi-nozzle MCS systems that can be used for multi-resolution applications and,
consequently, for the creation of 3D features.

3. System Description

A multi-nozzle MCS system introduces new operational challenges, requiring fundamental de-
sign modifications in both software and hardware compared to the single-nozzle system. Before
determining the necessary design changes and the associated computational framework, we must
clearly define how the system should function, as a multi-nozzle MCS system may operate differ-
ently depending on the desired manufacturing application.

Vacuum Chamber

t
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3-DoF Gantry System Moving Table

A
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Figure 1: Overview of the design of the deposition area for the dual-nozzle MCS system.
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In this paper, we focus on a dual-nozzle MCS system where each nozzle has a distinct throat
diameter ¢, allowing for different printing (deposition) resolutions. The choice of a dual-nozzle
system is purely for ease of demonstration and eventual hardware setup, as the framework does
not lose generality and can be applied to n-nozzle systems. As previously discussed, a mobile or
manipulator-based system would be impractical in MCS, which is generally confined to small-scale
vacuum chambers. Therefore, we choose a system design in which the nozzles are fixed, positioned
a small distance J apart, and the table holding the substrate is moved using a 3-DoF gantry system
(Fig. 1). This approach eliminates the need for complex collision-free motion planning typical
of MRS, as only the table can move, making nozzle-to-nozzle collisions impossible. The only
constraint that must be taken into account is that the distance from the tip of the nozzle to the
substrate, denoted the deposition height dj,, must be within a certain range for optimal deposition,
which depends on the material being used and the throat diameter ¢, .
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Figure 2: Overview of the gas and aerosol flow for the dual-nozzle MCS system.

The main downside of using fixed nozzles is that the system loses cooperability when oper-
ating both nozzles simultaneously, as they are spatially coupled. This means that synchronous
operation can only produce deposition paths separated by 0. However, while simultaneous use of
both nozzles is possible, we limit our scope to asynchronous nozzle operation for several practical
reasons. Synchronous multi-nozzle systems would generally require independent gas control for
each nozzle, significantly increasing hardware cost and required physical space. Additionally, if
the nozzles had more degrees of freedom, which would be the natural reason to have synchronous
operation, they could rotate in directions perpendicular to the supersonic flow, potentially alter-
ing flow dynamics and affecting the deposition density [21, 22]. Therefore, both nozzles in our
proposed system are connected to the same flow pipe through a 3-way valve. When one nozzle is
operational, the other one receives no flow due to the valve. This approach allows the mechanical
design of the remainder of the system to remain virtually identical to a single-nozzle configuration

(Fig. 2).

Finally, since we are interested in taking advantage of the dual-nozzle MCS system to build 3D
features, we need to make assumptions about the deposition profile. In the remainder of the paper,
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we assume that the deposition profile is Gaussian [23]. This means that if we look at the cross-
section of any deposited line (viewing parallel to the line), we would expect to see accumulated
material in the shape of a scaled normal distribution with a specified height. Since there are two
different nozzles, each has its own deposition profile. For instance, the profile f for any nozzle

could be defined as: ) y
T
ﬁ)a h = (1)

oV2r’
where A is a scaling factor and o is the standard deviation of the deposition profile. Note that we
adopt standard Gaussian, i.e., the mean y of the distribution is set to 0, since mathematically we are
only concerned with the shape of the function. The scaling factor is added since we do not want
to restrict the function to have a specific height or area under the curve, since those can vary when
depositing using nozzles with different throat diameters (Fig. 3).
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Figure 3: Nozzles with different throat diameters may have different, albeit always Gaussian, de-
position profiles depending on the process parameters.

4. Methodology

Now that the base hardware design has been defined, we present the proposed computational
framework. The first challenge we must address is how to perform move actions without deposit-
ing material onto the substrate. Unlike FDM printing and other AM processes, where it is possible
to simply retract the material, the flow in MCS cannot stop instantaneously. To address this, we
propose a shutter system that can cover both nozzles (since we cannot determine a priori which
nozzle is active) when a move command is given. As long as the duration of the move commands
1s minimized—a common optimization goal in most AM raster patterns—the accumulation of ma-
terial on the shutter should not be a concern. From a computational framework perspective, every
move command should then be preceded by an activate shutter command and followed by a deac-
tivate shutter command once the target location is reached (Fig. 4). The flow parameters remain
constant during the movement, preserving the steady-state flow condition throughout and allowing
the deposition to continue normally as soon as the shutter is opened. Note that when we say that
the nozzle moves to a certain position, in reality, the table moves such that the desired position is
under the desired nozzle. However, in this paper, we use both expressions interchangeably.

The next technical challenge that must be addressed is the switch of nozzles during the print-
ing process. Since both nozzles share the same gas control and the start and stop of the flow are
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Figure 4: Overview of the shutter design to enable move command.

not instantaneous, taking time to reach a steady state, a specified transition time () is necessary.
Simply using the shutter system is not sufficient, as 5 might be on the order of minutes while the
flow parameters are adjusted to accommodate the new throat diameter. Therefore, we propose es-
tablishing a dumping region in which the material can be deposited away from the substrate while
the shutter is deactivated.

When a nozzle switch command is given, a move command is issued such that the nozzle is
positioned at the closest point of the dumping region, utilizing the shutter to prevent unintended
substrate deposition. Then, the flow gradually transitions between both nozzles through the valve
until the desired active nozzle reaches steady state and is ready for deposition. As the transition
occurs, another move command is issued to move the nozzle along the dumping region to another
point that is closest to its next destination, thus shortening the future travel distance when the tran-
sition is finished. Note that if the move command occurs entirely within the dumping region, the
shutter is not activated as it is not needed. Finally, once the nozzle transition is complete, a move
command is given and the table moves to position the next printing location under the nozzle.
This sequence of commands minimizes the time that the shutter needs to be active, adhering to our
principle of minimizing move commands outside the dumping region (Fig. 5).

With the two new commands, “move” and “switch”, the dual-nozzle MCS system can complete
any printing task. However, in general, the user should aim to provide a G-code that, for each
layer, does all the printing moves of one nozzle, and then all the printing moves of the other nozzle,
reducing the amount of nozzle switches.

4.1. Creating 3D Features (Ideal Case)

One of the key challenges in creating 3D features with MCS is that the surface of the layers
tends to become rougher as the number of scans increases because of the Gaussian-like deposi-
tion profile. This effect can be exacerbated by repeated scanning locations in the same position,
creating increasingly higher peaks and progressively lower valleys. We approach this problem by
considering a new scanning strategy that attempts to smooth out the deposition layer. We start by
considering a single-nozzle system which has a deposition profile f. Instead of using a traditional
raster scan, typical of FDM systems, we deposit lines separated by a small distance, denoted the
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Figure 5: Overview of the sequence of commands to switch the operating nozzle.

separation parameter e. Once those initial lines are deposited, a second pass is performed in be-
tween them to fill the gaps. The key idea is that we would be able to fill those gaps with exactly
the amount of area missing and build a layer with a smooth surface (Fig. 6).

27 pass
Smooth Layer

he

Figure 6: New scanning strategy for MCS that allows for the creation of smoother layers.

However, the question we have to answer is, how far apart the first lines should be, that is,
what is a good value for ¢? If we assume that the deposition parameters remain constant during
the process, which would be ideal from an operational perspective, each pass always deposits the
same amount of material. Since the Gaussian profile is symmetric along the x- and y-axis, we can
abstract the problem to say that the lines always have the same cross-sectional area. Therefore,
if the goal is to fill the gap, we have to find e such that the area of the gap is exactly the area of
the deposition profile. Naturally, this assumes that the deposition behaves in a sand-like manner,
filling the gap sequentially from the bottom to the top. It is nonetheless the best we can do in this
scanning strategy when only using one nozzle.

The area gap A, is simply the difference between the square formed by / and € and A (Fig. 6),
where A is the area of the Gaussian, as previously defined:

A, = he — A. )
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Since we are constraining the gap area to be equal to the deposition area, we can replace h according
to its definition in Eq. 1, and solve for e:

€ = 20V/2r. 3)

Therefore, the optimal e can be found analytically, and depends only on the standard deviation of
the deposition profile.

Now, if we consider the dual-nozzle system, we note that we have more options regarding the
scanning strategy. The first obvious difference is that it is now possible to fill the middle gaps with
the smaller nozzle instead. Therefore, the separation parameter e can be re-computed such that the
gap area is equal to the deposition area of the smaller nozzle. Following the same procedure as
before, we have:

€= (‘j—j +1)o1V/2m, (4)

which reduces to Eq. 3 if A, = A;. Hence, the optimal separation parameter ¢ is a function of the

standard deviation of the deposition profile of the larger nozzle and the ratio of the deposition areas
of the smaller nozzle to the larger one.

4.2. Creating 3D Features (Non-Ideal Case)

So far we have assumed that if the gap area is exactly equal to the deposition area of the nozzle
filling the gap, then the layer surface would smooth out completely. In reality, that may not happen
due to the underlying physics of the process. A likely more realistic assumption would be that
the middle layers are also Gaussian. Therefore, we assume that the middle layer creates another
Gaussian peak that is exactly the same height as the adjacent layers. This can be done by carefully
tuning the deposition parameters (Fig. 7).

po

I i i i i i I Rough Layer

Figure 7: Due to the underlying physics, the middle row deposition may create a rough surface
layer instead.

For such a situation to be physically possible, the deposition of the middle layer must not
interfere with the peaks of the adjacent layers. Therefore, before discussing this scenario, we must
first define how the nozzle operates. We do that by assuming that the nozzle diameter is related to
the standard deviation of its associated Gaussian deposition profile. Specifically:

td = po, (5)
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where o is the standard deviation of the profile and p is a positive integer that defines the range of
direct flow deposition. The key idea here is that the actual deposition is done on top of the segment
po but may grow larger and therefore become thinner (more Gaussian-like) in the extremities due
to the physics of the process.

The next point to recognize is that as we increase the number of passes, the layer becomes
flatter. This is because every new pass divides the peak-to-peak distance by exactly ¢/2. Therefore,
the flatness of the layer in this model can be defined as

Ju=e2m (6)

This process, again, shows the benefits of having a multi-nozzle MCS system to realize multi-
resolution print for 3D feature creation. However, due to the possible nozzle interference described
by Eq. 5, we cannot indefinitely do any number of passes. Therefore, we can frame the problem
of choosing the number of passes m and the separation parameter € as a constrained optimization
problem:

min e
st. €>2"poy (7)
€ < Ema:w

where o5 is the standard deviation of the smaller nozzle deposition profile. The parameters p and
m are the same as previously defined. The rationale behind minimizing e is that theoretically the
flatness of the layer should increase due to Eq. 6. The first constraint relates to the fact that the flow
coming directly from the nozzle cannot interfere with the adjacent Gaussian peaks, as determined
by Eq. 5, and it has a natural exponential nature to it as the desired number of passes increases.
The second constraint puts a limit on how large ¢ is allowed to be and is, in a sense, a desired
minimum printing resolution. Hence, using this framework, one would be able to find the optimal
e depending on the choice of importance between flatness and printing resolution.

5. Numerical Results

We performed several numerical simulations of what the optimal € should be depending on the
choice of parameters. For p = 6, 05 = 0.1, €,,., = 2.5, we get the following table by varying the
desired number of passes m:

Number of Passes € (mm) fj; (mm)

1 1.2 0.6
2 24 0.6
3 2.5 -

Table 1: Optimal separation parameter and associated flatness as a function of the number of passes.

What we notice from Tb. 1 is that the flatness value remains constant regardless of the
number of passes, if we find the optimal e. Therefore, the flatness will always vary with regards to
the parameters p and o, but not with the desired number of passes. Note that, for the previous
case, once the number of passes reaches 3, the optimal € goes beyond the constraint, and therefore
is not a valid solution.
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Number of Passes € (mm) fj; (mm)

1 0.5 0.25
2 1.0 0.25
3 2.0 0.25
4 4.0 -

Table 2: Optimal separation parameter with different set of parameters.

For a different choice of p = 5, 0 = 0.05, and €,,,,,, = 2.5 we get similar results:

Furthermore, we graphically simulated what a typical sliced layer would look like, for a variety
of different geometries, when attempting to build such 3D features and using the optimization
framework presented, as shown in Figure 8.

Figure 8: Due to the underlying physics, the middle row deposition may create a rough surface
layer instead.

The results, albeit preliminary, show that the framework is able to deal with a complex geome-
tries, and can take the estimated flatness of the top of the created layer into consideration when
slicing. Additionally, it clearly shows the dependency of the flatness and resolution values on the
choice of parameters, which can further guide the design of the dual-nozzle MCS system, particu-
larly in the design of throat diameter ratios and deposition profile.

6. Discussion

While the proposed system and associated framework are promising, there are many areas of
our research that require further exploration. The first aspect that we want to explore is having
an accurate model of what the deposition profile (i.e., the parameter o) looks like. This will re-
quire controlled testing to see how the deposition parameters, such as nozzle speed and feed rate,
can affect the profile (e.g., whether the shape would be Gaussian-like or not, and the correlation
between deposition parameters and distribution parameters) and whether it is consistent through-
out the manufacturing process. If the profile cannot be kept consistent, then our methodology for
building 3D features would have to be modified to account for such process uncertainties.

Another aspect we will consider in future work is optimizing the scanning pattern to minimize
movement time. Unlike other MRS-based AM processes, minimizing the total time of move com-
mands is crucial for our dual-nozzle MCS system, since it relies on a shutter-based mechanism.
For now, as shown in the results, we use a traditional zig-zag scanning pattern, which simplifies
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slicing and motion planning but can produce long move commands. Naively, considering the other
extreme, which could be the Hilbert-curve pattern, may have a negative impact on the methodology
of creating 3D features since it relies on accurately filling the gaps between adjacent lines.

Finally, we want to be able to experimentally quantify the surface roughness when using our
novel scanning strategy to build 3D features. Specifically, we would like to be able to define a
roughness metric and see how it changes as the number of layers scanned increases. This metric
would come directly from physical measurements and would not rely on the wide range of assump-
tions made throughout the methodology section.

7. Conclusions

To conclude, in this paper we designed the first ever dual-nozzle MCS system and the com-
putational framework necessary for its operation. Compared to the single-nozzle variant, we made
significant changes to the physical design to allow moving and nozzle-switching commands. Addi-
tionally, we established simple heuristic-driven rules for slicing and motion planning to minimize
manufacturing time. Finally, we studied the concept of how two nozzles with different resolutions
can facilitate the printing of large 3D features by producing layers with decreased roughness. We
look forward to exploring the new research directions outlined in the Discussion section.
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