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Abstract

Multi-material material jetting additive manufacturing processes deposit micro-scale droplets of different model and
support materials to build three-dimensional (3D) parts layer by layer. Recent efforts have demonstrated that liquids
can act as support materials, which can be easily purged from micro/milli-channels, and as working fluids, which per-
manently remain in a structure, yet the lack of a detailed understanding of the print process and mechanism has limited
widespread applications of liquid printing. In this study, an “all in one go” multi-material print process, herein termed
liquid-solid co-printing in which non photo-curable and photo-curable liquid droplets are simultaneous deposited, is
extensively characterized. The mechanism of liquid-solid co-printing is explained via experimental high speed imag-
ing and computational fluid dynamic (CFD) studies. This work shows that a liquid’s surface tension can support
jetted photopolymer micro-droplets which photo-polymerize on the liquid surface to form a solid layer of material.
Design rules for liquid-solid co-printing of micro/milli-fluidic devices are presented as well as case studies of planar,
3D, and multi-material micro/mesofluidic structures such as mixers, droplet generators, highly branching structures,
and an integrated one-way flap valve. We envision the liquid-solid co-printing process as a key new capability in
additive manufacturing to enable simple and rapid fabrication of 3D, integrated print-in-place multi-material fluidic
circuits and hydraulic structures with applications including micro/mesofluidic circuits, electrochemical transistors,
lab-on-a-chip devices, and robotics.
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1. Introduction

Additive manufacturing was introduced commercially in 1987, and has recently begun the transition from a rapid
prototyping tool used to produce individual components into a viable approach for the direct fabrication of entire
integrated systems [1, 2, 3, 4]. This convergence is enabled by multi-material deposition in which materials with
heterogeneous properties are simultaneously, rapidly, and precisely deposited, yielding functional print-in-place as-
semblies that require little to no additional fabrication effort. Material jetting three-dimensional (3D) printing will
play an important role in this transition because it combines high throughput, seamless and rapid deposition of multi-
ple materials (including mixing), a large build volume, and fine resolution. In this work, we present a key contribution
to this ecosystem: liquid-solid co-printing which entails co-deposition of solidifying and non-solidifying materials
in a multi-material material jetting process. Solidifying materials, such as phase changing inks, harden and exhibit
a dramatic increase in shear modulus soon after deposition whereas non-solidifying materials remain a liquid af-
ter deposition. Combining these two material classes in a multi-material material jetting 3D-printing context, we
enable liquid support that is trivial to remove, and allow liquid-phase materials to be embedded within a printed multi-
material object. By depositing liquids as working fluids, this approach enables direct deposition of chemical reactants,
and solves a longstanding challenge in material jetting additive manufacturing: how to clear long tortuous internal
channels after 3D-printing. We anticipate that liquid-solid co-printing via multi-material material jetting will enable
unique 3D-printed geometries in applications spanning fluidic logic circuits, electrochemical sensors and amplifiers,

1Corresponding Author: maccurdy@colorado.edu

Preprint submitted to Additive Manufacturing June 29, 2022



microfluidics, lab-on-a-chip devices, and robotics.

Numerous additive manufacturing approaches have been used to fabricate parts containing internal cavities or fluid
channels, with applications spanning robotics to microfluidic reactors. These methods include fused deposition mod-
eling (FDM) [5, 6], stereolithography (SLA) [7, 8, 9], digital light processor stereolithography (DLP-SLA) [10, 11],
and two-photon direct laser writing (DLW) [12, 13, 14]. Material extrusion methods employing one or more individ-
ual nozzles are often called direct ink write (DIW) and have been used to create support material that is evacuated in
post-processing to form the void spaces of a soft fluid-pressure actuated robot [15]. A similar fabrication approach
using cell-laden fugitive inks extruded into a sacrificial support bath yielded vascularized heterogeneous tissue con-
structs [16]. While material extrusion methods, including FDM and DIW, have broad material applicability and allow
multiple materials in the same printed object, they fundamentally compromise fabrication speed and resolution, since
each material must pass through a dedicated nozzle that is scanned over the build region, and only one nozzle is
active at a time. The material extrusion approach was recently scaled in a multi-material context by linking many
parallel nozzles to a small number of pressure-controlled fluid channels [17]. This approach increased print speed,
but only when the printer produced regular repeating patterns that matched its nozzle array. Vat photopolymerization
approaches like SLA, DLP-SLA, and DLW employ a volume of photo-resin and expose it by rastering or projecting
an image. While these techniques can have resolutions as fine as 100 nm [18], or build volumes exceeding the size of
a basketball [19], no current system offers very fine resolution (<150 µm) and a large build volume simultaneously.
Additionally, though exposure control can offer spatially-varying mechanical properties [20, 21], these methods are
effectively single-material. Research systems that extend vat photopolymerization to multiple materials [22] currently
suffer from slow print speeds because they must switch between materials at every new layer, and operation with
heterogeneous print materials remains a challenge. Similarly, DLW systems, while enabling heterogeneous print ma-
terials, suffer from slow print speeds as they must raster a laser to selectively polymerize photo-resin, making such
approaches ill-suited for multi-scale prints where both fine resolution features and a large print volume are required
[23, 24]. In summary, FDM, DIW, SLA, and DLW are used widely and offer diverse material selections, but impose
significant design constraints. These constraints, depending on the specific 3D-print modality, include various com-
binations of: low resolution, slow print speeds, small build sizes, and either single-material operation or very slow
transitions between different print materials. As a consequence, designers of fluidic circuits or systems that integrate
heterogeneous materials with applications as diverse as soft robotics [25] and wearable devices [26, 27] must currently
employ labor-intensive methods that often combine lithography, macroscopic molding, and additive manufacturing of
individual components interspersed with manual assembly steps [28, 29, 30].

Material jetting 3D-printing (also known as Polyjet [31] or MultiJet Modeling [32]) deposits micro-scale droplets
of material using inkjet technology. As such, it offers rapid transitions when depositing dissimilar materials during a
print and high throughput relative to other additive manufacturing approaches, while providing a large build volume
(>30 liters is common) with feature sizes below 150 µm [33]. Accordingly, it has been used to fabricate soft robotics
with embedded fluid circuits [34, 35, 36], and devices with microfluidic channels [37, 33, 38, 39], albeit with signifi-
cant manual post-processing. Material jetting offers a unique capability in the Additive Manufacturing context: rapid
and precise deposition of picoliter-scale droplets of dissimilar inks [40], adjacent to each other and at nearly the same
time, enables materials with widely varying electromechanical and chemical properties to form composite materials
with visual and mechanical gradients [41], active parts including semiconductors and electrical circuits [42, 43, 44],
and functional ”print-in-place” objects requiring no additional assembly [36, 45, 46]. As such, it presents a potential
path toward convergent, integrated manufacturing of entire print-in-place functional systems.

In contrast to additive manufacturing approaches like SLA and FDM, material jetting printing requires a fully-filled
layer of material to support each successive layer; that is, it needs something to print “on top of” because it prints
objects from bottom to top. When the material that supports subsequent layers occupies a region that will eventually
be a void (or empty) space, the material is referred to as a sacrificial “support” material. There are two primary tech-
niques to support the ink that will form the top (herein referred to as the “capping layer”, Fig 1) of a void space in
an material jetting process: (1) the use of phase-changing sacrificial fugitive inks [37, 47, 48, 49, 50, 51] and (2) the
use of non phase-changing inks [52, 53]. Phase-changing fugitive inks can be photo-curable support material as is
common in the Stratasys PolyJet printers or thermal phase-changing materials such as wax, common in 3D Systems
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multijet modeling (MJM) printers. For the former, the shear modulus of solidified photo-curable support material
makes it impossible to remove from micro/mesofluidic channels that are long and narrow using fluid pressure alone
[39]; this makes photocuring support material impractical to use with micro/mesofluidic systems [54]. In contrast,
thermal phase-changing support materials enable fabrication of micro/mesofluidic channels since they can be melted
and flushed away [37, 35]. However, the post-processing required to remove thermal phase-changing materials is
often extensive, and involves a closed-loop pressure-driven continuous flush with hot (80 oC) mineral oil to dissolve
and remove wax from channels [35]. Accordingly, as the micro/mesofluidic channels become more tortuous, phase-
changing materials become increasingly difficult to fully remove, as wax purge ports must be integrated and then later
sealed at each potential branch or eddy point in the fluidic circuit [35]. In a large-scale 3D meso/microfluidic system,
such as a soft robot with fluidic logic, or an integrated microfluidic system, sealing hundreds of wax removal ports is
arduous if not impossible, and imposes a significant design constraint because the purge ports must be routed to an
exterior surface for connection to the purging-pump system. Also, the use of high temperatures to melt wax places
additional constraints on resin selection to prevent thermal warping, and makes the print process incompatible with
printing biologically relevant liquids or reagents that might be temperature sensitive.

We first introduced liquid-solid co-printing in 2015 for the fabrication of hydraulic structures and robots using liq-
uid as a support material as well as a working material in the PolyJet print process [36]. In liquid-solid co-printing,
a PolyJet printer simultaneously deposits photo-curable droplets (resulting in a solid region) and non photo-curable
droplets (resulting in a liquid region) to create hydraulic structures (see Figure 1). This fully automated process en-
ables fabrication of complex 3D multi-material hydraulic structures. We fabricated fully functional 3D printed bellows
with fluidic channels on the order of mm-cm’s. Later, Castiaux et al. demonstrated a pause-print-pause PolyJet print
process capable of directly fabricating microfluidic structures by printing open channels, pausing the print, manu-
ally filling void space with liquid, and resuming the print [33, 55]. The use of liquid as a support material instead
of conventional photo-curable soluble support enabled Castiaux et al. to fabricate PolyJet-printed serpentine planar
microfluidic channels which had previously been nearly impossible to fully purge of support material [56]. We ob-
serve that pause-print-pause workflows are compatible with 2.5-dimensional (layered) geometries, but not 3D. Due
to the required intermittent pausing in the pause-print-pause print process, it would be impractical to fabricate fully
3D micro/milli-channels (such as 3D spirals) of arbitrary cross-section or integrated multi-material valves and fluidic
interconnects using this workflow. As such, there is a need to extend the fully automatic approach of liquid-solid
co-printing into micro/mesofluidics with fluidic channel cross-sections on the order of 100-1000 µm. Additionally,
our past work and Castiaux et at. focus on the application of using liquid as a support material to build specific
channels. No work to date has studied the physical mechanisms that underpin using liquid as a support material nor
characterized the liquid-solid co-printing print process to enable the general use of this print technique.

In summary, despite the many advantages of material jetting 3D printing, the requirement for fully-filled solid layers
(no voids), and the reliance on phase-changing support materials makes current multi-material material jetting print-
ing processes ill-suited for fabricating tortuous internal channels, or other regions that will be empty space or filled
with working fluids within an otherwise solid object. The present work addresses this challenge by extensively char-
acterizing a multi-material material jetting printing approach using non-solidifying (liquid) materials as inks that can
be: (a) employed as support materials that can be easily flushed from complex, 3D multi-material micro/mesofluidic
channels and, (b) be permanently embedded as working fluids within a 3D-printed object.

In this study we present the mechanisms, capabilities, and constraints behind liquid-solid co-printing, and exten-
sively characterize the process. We demonstrate the ability of this technique to enable planar, 3D, and multi-material
micro/mesofluidics since liquid can be easily purged from micro/mesofluidic channels by applying a modest pressure
differential to the channel [52, 53]. Additionally, the low viscosity of the liquid support allows tortuous (highly-
branching, see Figure 9c,d) channels to be easily purged with a single connection. Although many of the examples
shown in this study use liquid which is later purged as a sacrificial build material for micro/mesofluidic devices, liq-
uid can be thought of more generally as an material jetting working material, like any other material in the printer’s
palette. In this sense, liquid is not purged from a device and instead is critical to device functionality such as in printed
hydraulic structures or the deposition of encapsulated reagents in a microfluidic reactor [36, 57].
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Liquid-solid co-printing holds the potential to directly fabricate 3D multi-material micro/mesofluidic circuits in which
complex fluidic channels, interconnects, valves, and pumps can be printed in situ without extensive post-processing,
driving advances in applications of fluidic logic. This work provides the framework to:

1. Understand micro-scale interactions between photo-resins and a liquid interface
2. Provide design guidelines including minimum channel feature sizes for Polyjet liquid-solid co-printing and a

method to determine these parameters from similar printer systems
3. Design and fabricate multi-material micro/mesofluidic devices including flexible valves in accordance with

liquid-solid co-printing design rules.

While the experimental setup for this paper employed a Stratasys J750 material jetting 3D printer, the methods and
analysis described here are applicable to other commercially available printers which use similar materials and de-
position methods. We envision this liquid-solid co-printing print process as a general approach to enable simple and
rapid fabrication of 3D, multi-material micro/mesofluidic circuits, with diverse applications spanning soft robotics,
biomedicine, and visual arts.

2. Liquid-Solid Co-Printing Theory and Mechanism

Figure 1 and movie S5 describe the liquid-solid co-printing process. Following normal Polyjet method, the process
starts by depositing an initial layer of rigid material to promote adhesion to the build platform, followed by several
layers of solid support to provide structural stability and a uniform base for the printed part. Photo-resin droplets
are then deposited in accordance with the design geometry. Unlike the normal Polyjet print process, liquid-solid co-
printing deposits non photo-curable material (in this work we used Stratasys model cleaning fluid, herein referred to
as “liquid” or “non-solidifying fluid”) to build a liquid region defined by an arbitrary STL or voxel-definition design.
Note that “voxel” refers to a volumetric-pixel, the minimum addressable volume in a 3D printer, and designs can be
defined by specifying the type of material meant to be in all available voxels. The amount of liquid deposited can be
controlled by varying the piezoelectric actuation voltage (further discussed in section 3.1), allowing liquid material
to be under- or over-jetted (defined as when the liquid amount deposited in each droplet is below or above the target
voxel volume, respectively). As the liquid is deposited, it is contained by the surrounding photo-curable material
(which is deposited at the same time) giving rise to liquid-wall interactions. Once the capping layer (defined as the
first photo-curable material layer on top of the liquid region) is reached, photo-curable droplets are deposited on the
liquid interface giving rise to droplet-liquid interactions which enables liquid to behave as a material jetting support
material. Not shown are the UV lights to polymerize the resins and the integrated “roller” which ensures planar layers
and removes excess material with each print layer scan. The roller affects droplet-liquid interaction as well as liquid-
wall interaction and plays a significant role in the liquid-solid co-printing process which is characterized in section
3.3.

2.1. Droplet-Liquid Interaction Physics

Liquid-solid co-printing can be simplified to a 2-phase flow problem during fluid deposition and a 3-phase flow prob-
lem during droplet-liquid interaction (prior to photopolymerization, and when fluid-structure interactions between the
roller and jetted material are neglected). Consider the construction of the design shown in Figure 1, which is fabri-
cated from the bottom-up, layer by layer. Before the capping layer, liquid droplets impact a liquid pool of the same
material. This is a 2-phase flow problem. Upon reaching the capping layer, photo-resin droplets impact a dissimilar
liquid surface. This is a 3-phase flow problem. While simplified, a reduced order 2-phase and 3-phase flow model
of liquid-solid co-printing can provide insights into the fluid dynamics of the print process. Computational modeling
of the fluid-structure interaction between the roller and jetted material, and photopolymerization effects is beyond the
scope of this work and will be the subject of future modeling studies.

In the simplified 2-phase model, both FLOW-3D and OpenFOAM are used to simulate droplet impact. FLOW-3D can-
not model 3-phase flows and thus, for 3-phase flow, the 3-phase incompressible, laminar, sharp interface fluid solver
multiphaseInterFoam in OpenFOAM v2012 is used to study droplet-liquid interactions. The three phases present in
liquid-solid co-printing are: (1) air, (2) non-solidifying fluid, (3) photo-curable resin. Interfaces are captured using the
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Figure 1: Liquid-Solid Co-Printing Mechanism Schematic – depicts a schematic representation of the liquid-solid co-printing print process as a
deposition head scans across the build region. (a) Non photo-curable material is deposited to build a liquid region defined by an arbitrary STL or
voxel design. Two primary interactions are highlighted: (1) liquid-wall interaction and (2) droplet-liquid interaction. As the liquid is deposited, it is
contained by the surrounding photo-curable material giving rise to liquid-wall interactions. Once the last liquid layer is deposited, the capping print
layer (defined as the first photo-curable material layer on top of the liquid support region) deposits photo-curable droplets on the liquid interface
giving rise to droplet-liquid interactions. Not shown in the schematic are UV lights to cure the resins and the “roller” which smooths droplets for
each print layer. Here, solid material 1 and solid material 2 are VeroClear and VeroCyan respectively. (b) Time evolution of the print process is
shown at 25%, 50%, 75%, and 100% completion of the object displayed in figure 9b.

volume of fluid (VOF) phase field method with interface compression [58] for each phase denoted by αi. Specifically,
αi ∈ [0, 1] and

∑i=3
i=1 αi = 1 for each cell element. A mixture density (ρ) and viscosity (µ) is used by weighting the

phases within each cell element where

ρ =
∑

i

αiρi (1)

and

µ =
∑

i

αiµi. (2)

The incompressible Navier-Stokes equations are then solved as follows accounting for interfacial tension forces [59]:

∇ · u = 0 (3)

ρ

(
∂u
∂t

+ u · ∇u
)

= −∇p + ∇ · τ + Fst + Fg (4)
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where u is the velocity field, p is the pressure, τ is the stress tensor, Fst is the surface tension force, and Fg is the
gravitational body force. The stress tensor for a Newtonian fluid is defined as

τ = µ
(
∇u + (∇u)T

)
. (5)

The surface tension force is given by

Fst = γ

(
∇ ·

(
∇α

|∇α|

))
∇α (6)

where γ is the surface tension. The gravitational force is given by

Fb = ρg (7)

where g is the gravitational acceleration. These equations are solved using the the multi-dimensional limiter for
explicit solution (MULES) algorithm. An adjustable time step formulation based on the Courant–Friedrichs–Lewy
(CFL) criterion is utilized in the temporal numerical scheme with a maximum CFL number set to 0.50 to ensure
stability. Phases are tracked by solving the phase fraction advected through each fluid with interface compression:

∂αi

∂t
+ ∇ · (αiu) + ∇ · (Urαi(1 − αi)) = 0. (8)

Ur is the numerical applied velocity field used to compress the interface given by

Ur = Cα
∇αi

|∇αi|
(9)

where Cα is a binary term {0, 1} to toggle interface compression [60]. Realistically, as a photo-resin polymerizes, its
liquid density and viscosity increase ultimately behaving as a solid region upon complete photopolymerization. It is
important to note that the Stratasys liquid resins used in this study are less dense than the non-solidifying liquid prior
to polymerization but, after polymerization, become more dense than the non-solidifying liquid (see table S2).

2.2. Mechanism

Here, the mechanism behind liquid-solid co-printing is presented. In the Stratasys J750 printer, piezoelectric inkjet
droplets are of the order of D = 57 µm in diameter (as calculated from inkjet drop volume analysis in section 3.1)
with v = 6 m/s ejection velocities [61]. Liquid-solid co-printing involves the deposition of these micro-scale droplets
onto either a solid-air interface or a liquid-air interface. The solid-air interface in which multi-material inkjet droplets
mix and interact has been studied extensively in Zoretto et al. and Mueller et al. and thus the focus of this work is
on the liquid-air interface [62, 63]. In the latter scenario, the interaction dynamics of a liquid droplet impacting a
liquid-air interface will dictate the final print properties. Hence, we created a series of experiments to elucidate the
mechanisms and mechanics of this interaction. Since the Stratasys J750 is a closed commercial system, access to
install optics and a high speed camera under the printhead for micro-scale droplet imaging is infeasible. As such,
a scaling analysis matching governing non-dimensional numbers for droplet impact is used to experimentally study
representative droplet impact dynamics via high speed imaging at the macro-scale. Droplet impact behavior can be
described by a series of dimensionless numbers which are presented below, where D is the drop diameter, ρ is the
fluid density, v is the fluid velocity, γ is the surface tension, µ is the dynamic viscosity, and g is the acceleration due to
gravity. Specifically, the Weber (We), Reynolds (Re), Ohnesorge (Oh), and Bond (Bo) numbers govern drop impact
dynamics [64, 65, 66, 67]. Using the aforementioned micro-scale drop diameter and ejection velocity along with each
resin’s fluid properties, the range of governing non-dimensional numbers at the micro-scale are: We = 50-70, Oh =

1-3, Re = 2.5-5.0, and Bo = 10−4-10−3. To ensure physics similarity, drop diameters and velocities on the macro-scale
were selected such that the Weber, Ohnesorge, and Reynolds numbers governing drop impact were within one order
of magnitude to that on the micro-scale. CFD models were then validated from the experimental scaling analysis
study (described in section 6.4) and applied to study the fluid dynamics of photo-resin drop impacts on an immiscible
liquid surface at the micro-scale.
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Dimensionless Number Physical Meaning Definition

Weber Number Ratio of inertial to surface tension forces We =
ρv2D
γ

Ohnesorge Number Ratio of viscous to inertial and surface tension forces Oh =
µ
√
ργD

Bond Number Ratio of gravitational to surface tension forces Bo =
ρgD2

γ

Reynolds Number Ratio of inertial to viscous forces Re =
ρvD
µ

2.2.1. Macro-Scale Drop Impact Case Studies
Single Drop Impact, Same Fluids
CFD models are first validated for the 2-phase flow case in which a drop of non-solidifying fluid impacts a reservoir
of the same fluid. Figure 2a and movie S1 illustrate a D = 2.89 mm drop of non-solidifying liquid impacting a H =

5 mm non-solidifying liquid reservoir at v = 0.833 m/s. Drop dynamics were recorded at 5000 fps using a Phantom
V710 high speed camera according to the setup described in section 6.4. Both FLOW-3D and OpenFOAM validation
simulations matched drop size, drop velocity, and reservoir height used in the experimental study. In FLOW-3D, an 8
mm x 8 mm x 5.7 mm domain with a structured mesh of cell size 100 µm was used to simulate drop impact (figure 2b);
in OpenFOAM, a 5o axisymmetric wedge with 400 x 400 mesh elements across a 15 mm x 8 mm domain was used to
simulate drop impact (figure 2c). Shown in figure 2a-c, the liquid drop hits the liquid surface and creates a crater in
the non-solidifying liquid reservoir. The drop flattens due to its kinetic energy on impact and creates capillary waves
that propagate outwards from the drop impact site. Capillary waves are damped by fluid viscosity, and the liquid
interface’s surface tension eventually brings the interface back to its rest state 35.2 ms after impact. Dimensionless
quantities for the impact are: Re = 34.6, We = 49.2, Oh = 0.202, and Bo = 2.01. Low Weber number (We < 1000)
and high viscosity is indicative of drop impact without crown and jet formation [68]. In figure 2b-c, both FLOW-3D
and OpenFOAM CFD simulated drop dynamics agree with the experimental drop impact dynamics time lapse in (a).

Single Drop Impact, Dissimilar Fluids
After validation of the 2-phase flow case, CFD models are next validated for the 3-phase flow case in which a photo-
curable fluid droplet impacts a dissimilar non-solidifying fluid reservoir. Figure 3a and movie S2 illustrate a D =

2.79 mm drop of VeroCyan impacting a H = 5 mm non-solidifying liquid reservoir at v = 1.106 m/s. Drop dynamics
were recorded at 5000 fps. As before, the OpenFOAM validation simulation matched experimental drop size, drop
velocity, and reservoir height and used a 5o axisymmetric wedge with 400 x 400 mesh elements across a 15 mm x 8
mm domain. Figure 3b depicts OpenFOAM simulated drop dynamics. Shown in 3a-b, the liquid VeroCyan resin drop
hits the fluid surface and creates a crater in the non-solidifying liquid reservoir. The drop flattens due to its kinetic
energy on impact and spreads due to a positive spreading factor [69]. The spreading factor is given by S = σ f luid−air

- (σresin−air + σ f luid−resin) = 44.19 - (33.10 + 3.29) = 7.80 dyne/cm. A positive spreading factor indicates that the
resin droplet will wet the non-solidifying liquid film and spread out on its surface [64]. After impact, capillary waves
propagate outwards from the drop impact site. The maximum impact crater occurred at t = 13.0 ms (9.2 ms after
impact) at a depth of 1.80 mm. Maximal VeroCyan droplet spreading occurred at t = 56 ms (52.2 ms after impact)
with a length of 4.06 mm. Film thickness was 280 µm after spreading. Dimensionless quantities for the impact are:
Re = 23.2, We = 117.5, Oh = 0.466, and Bo = 2.63. Similar to the same fluids case, the high viscosity of VeroCyan
resin and low Weber number (We < 1000) prevents crown and jet formation after impact. In figure 3a-b, OpenFOAM
CFD modeling agrees with the experimental drop impact dynamics time lapse shown in (a).

Multi-Material Drop Impact, Dissimilar Fluids, Mechanism
Liquid-solid co-printing typically involves multi-material drop impacts on a liquid surface upon which cured resin has
recently been deposited. To study this case, a D = 2.79 mm drop of VeroCyan was first deposited and polymerized
on a H = 5 mm non-solidifying liquid reservoir. Then, as shown in figure 3c and movie S3, a D = 3.03 mm drop of
VeroYellow is deposited at v = 1.068 m/s such that it partially impacts the polymerized VeroCyan drop floating on the
fluid surface. Drop dynamics were recorded at 5000 fps. Prior to impact, it is clear that the polymerized VeroCyan
drop is held on the surface of the non-solidifying liquid. This effect can be explained by a force balance between the
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surface tension (Fst), buoyancy (Fb), and drop weight forces (Fg) as described below

mdropz̈(t) = Fst + Fb − Fg (10)

where mdrop is the mass of the VeroCyan droplet and z(t) is the z-position of the droplet with reference to the liquid
surface. Since the VeroCyan droplet rests on the liquid surface, ΣFi >= 0. Consider a first-order approximation for
each force.

Fst = 2γLcsin(θ) ≈ 1.85 × 10−4 [N] (11)

Fb = ρ f Vdispg ≈ 1.21 × 10−4 [N] (12)

Fg = ρdVdg ≈ 1.30 × 10−4 [N] (13)

where Lc is the length of the region in contact with the liquid surface (approximated as the droplet diameter), θ is
the angle of contact the droplet makes with the liquid surface (approximated at its max when θ = 90o), ρ f is the
non-solidifying liquid density, ρd is the VeroCyan droplet density, Vd is the droplet volume, and Vdisp is the displaced
volume of fluid by the VeroCyan droplet (at max buoyancy force, Vdisp = Vd). Since the polymerized density of
VeroCyan is greater than that of the non-solidifying liquid (see table S2), the net force resulting from buoyancy and
gravity should cause the VeroCyan droplet to sink; however, it is clear from figure 3c that the VeroCyan droplet floats
on the liquid surface. Additionally, first order approximations of the force balance results in the surface tension force
being sufficient to hold up the droplet of VeroCyan; namely, Fst = 1.85 × 10−4 > Fg − Fb = 9.00 × 10−6 [N]. Thus,
the photo-polymerized drop of VeroCyan is held up by the surface tension force. In general, there exist four force
balance cases for liquid-solid co-printing: (1) the photo-resin is less dense than the non-solidifying liquid and the
surface tension force is significant in which Fb −Fg > 0 and Fs > 0 meaning that both the buoyancy force and surface
tension force support the photo-resin droplet, (2) the photo-resin is less dense than the non-solidifying liquid and the
surface tension force is negligible in which Fb − Fg > 0 and Fs ≈ 0 meaning that only the buoyancy force supports
the photo-resin droplet, (3) the photo-resin is more dense than the non-solidifying liquid and the surface tension force
is significant in which Fb − Fg < 0 and Fs > 0 meaning that only the surface tension force supports the photo-resin
droplet, and (4) the photo-resin is more dense than the non-solidifying liquid and the surface tension force is negligible
in which Fb −Fg < 0 and Fs ≈ 0. Scenarios 1 or 2 are preferred for liquid-solid co-printing, as free floating structures
can be created; however, Stratasys photo-resins have material properties such that scenario 3 is realized (table S2).
Here, surface tension can hold up a certain mass of cured photo-resin before which its weight will cause the structure
to sink. Scenario 3 is complicated by the fact that the surface tension force will vary during a print due to deformations
of the liquid surface during successive inkjet droplet impacts, print bed vibrations, and roller motion. Therefore, to
ensure that photo-resin droplets rest on a liquid surface, anchoring points to the surrounding solid matrix should be
included (as is done naturally during the capping layer of a micro/milli-channel). Specifically, anchoring points are
regions of solidifying material that attach an otherwise free-floating region of solidifying material to a larger region
of stationary solid material in order to prevent it from moving during printing (which would cause geometry issues).
We hypothesize that scenario 4 can also be realized with liquid-solid co-printing, provided that anchoring points to
the surrounding solid matrix are used, because newly deposited droplets should sink slowly relative to the deposition
and photopolymerization rate.

With regard to the impact dynamics in figure 3c, the VeroYellow droplet spreads out upon impact due to its kinetic
energy and a positive spreading factor. Capillary waves propagate outwards from the drop impact site. Fluid-structure
interaction between the VeroYellow liquid drop and polymerized VeroCyan solid can be seen at t = 41 ms in figure
3c. The VeroYellow drop spreads out partially over the polymerized VeroCyan solid during impact, resulting in a con-
nected multi-material polymerized region which can be seen during the rebound and recovery phases. Dimensionless
quantities for the impact are: Re = 24.4, We = 119.1, Oh = 0.447, and Bo = 3.11.

2.2.2. Material Jetting Micro-Scale Simulation Cases
Once validated via macro-scale experiments, OpenFOAM simulations were utilized to examine micro-scale droplet
impact dynamics between 2-phase and 3-phase drop impacts. A 5o axisymmetric wedge with 400 x 400 mesh ele-
ments across a 400 µm x 350 um domain was used to resolve liquid interfaces. In figure 4, OpenFOAM simulations
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of (a) D = 57 µm inkjet non-solidifying liquid drop impacting a H = 200 µm non-solidifying liquid reservoir, and (b)
D = 57 µm inkjet VeroCyan drop impacting a H = 200 µm non-solidifying liquid reservoir are shown. Drop velocities
were estimated from literature as v = 6 m/s [61] and drop diameter was estimated from experimental data discussed
in 3.1. Illustrated in figure 4a, the non-solidifying liquid inkjet drop exhibits the same impact dynamics as observed
on the macro-scale but at a faster time scale. Here, the maximal crater depth occurred at t = 75 µs (60 µs after impact)
with a crater depth of 30 µm. Non-solidifying liquid interface recovery takes approximately 1000 µs after drop impact.
Additionally, a perfect perpendicular impact can be seen to trap air in the liquid which agrees with the literature [70].
Dimensionless quantities for the impact are: Re = 4.91, We = 50.33, Oh = 1.44, and Bo = 7.82 × 10−4. Similarly,
figure 4b illustrates the same drop impact dynamics of VeroCyan on non-solidifying liquid as seen on the macro-scale
but at a faster time scale. The VeroCyan drop initially spreads out after impact due to its kinetic energy and a positive
spreading factor as the VeroCyan liquid can be seen to wet the non-solidifying liquid surface. The maximal crater
depth is reached at t = 90 µs (75 µs after impact) and is 37 µm below the liquid interface. After approximately 485
µs (t = 500 µs), the VeroCyan drop fully spreads out and wets the non-solidifying liquid surface to a length of 143
µm. The film thickness was 5 µm after spreading. As can be seen in figure 4, drop impact substantially deforms the
non-solidifying liquid interface from which it takes longer than 1000 µs to recover. Dimensionless quantities for the
impact are: Re = 2.57, We = 70.4, Oh = 3.26, and Bo = 1.09 × 10−3.

Next, we extend single micro-scale droplet simulations to the capping layer involving hundreds of photo-resin droplet
impacts. Here, a 1 mm x 1 mm x 216 µm non-solidifying fluid region surrounded by a solid matrix is impacted by a
VeroCyan droplet array sequence spaced according to the J750 print resolution (600 dpi in the x-direction and 300 dpi
in the y-direction). The printhead z-offset from the print bed was measured to be 1.60 mm. The printhead velocity was
determined from feature tracking in high speed image analysis to be 502.1 ± 7.4 mm/s (figure 5a-b). The first pass of
the capping layer was simulated using a 3 µm structured grid requiring approximately 22,000,000 mesh elements and
9,600 core hours. As can be seen in figure 5c-e and movie S4, the VeroCyan droplet array sequence impacts create an
advancing capillary wave in the direction of printhead motion. The capillary wave is 176 µm above the initial liquid
surface level and spills over the solid matrix, likely influencing the curing of photo-resin immediately surrounding the
liquid region. Indeed, we observe experimentally that bonding between subsequent layers of the photopolymer adja-
cent to a liquid region is inhibited when excess liquid is present. We also note the existence of non-cured resin ridges
in figure 5e. Such resin ridges form due to fluidic interactions of the droplet array sequence and the liquid surface
upon successive impact events. We hypothesize that these resin ridges are cured on the liquid surface at the conclusion
of the first capping layer which corresponds with features seen from the experimental capping layer analysis in figure
11. Figure 5f-h shows the 2D cross-section for each time segment to illustrate the capillary wave evolution. It is to be
noted that air entrapment occurs during the simulated capping layer print process without the roller engaged, resulting
in potential surface defects consistent with the experimental analysis in figure 11.
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Figure 2: Liquid-Solid Co-Printing Mechanism Non-Solidifying Fluid Impact – time lapse of a D = 2.89 mm drop of non-solidifying liquid
impacting a H = 5 mm reservoir of non-solidifying liquid at v = 0.833 m/s. (a) shows experimental high speed imaging, (b) shows FLOW-3D
simulation of drop impact, and (c) shows OpenFOAM simulation of drop impact. Drop impact is followed by spreading due to impact kinetic
energy. Capillary waves on the fluid surface dissipate the droplet kinetic energy. Low Weber number (We < 1000) and high viscosity are indicative
of drop impact without crown and jet formation. Dimensionless quantities for the impact are: Re = 34.6, We = 49.2, Oh = 0.202, and Bo = 2.01.
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Figure 3: Liquid-Solid Co-Printing Mechanism Single Resin and Multi-Material – (a) shows experimental high speed imaging time lapse of a D
= 2.79 mm drop of VeroCyan impacting a H = 5 mm reservoir of non-solidifying liquid at v = 1.106 m/s. Drop impact is followed by spreading
due to impact kinetic energy and a positive spreading factor. Resin is considered immiscible with non-solidifying liquid. Capillary waves on the
fluid surface dissipate the resin droplet kinetic energy. Maximal VeroCyan droplet spreading occurred at t = 56.0 ms (52.2 ms after impact) with
a length of 4.06 mm. Further droplet spreading from t = 56 ms to 2139 ms is highlighted. (b) shows OpenFOAM simulation of drop impact. The
maximum impact crater occurred at t = 13.0 ms (9.2 ms after impact) at a depth of 1.80 mm. Maximal VeroCyan droplet spreading occurs at t =

56.0 ms (52.2 ms after impact) with a length of 5.30 mm. Film thickness was 280 µm after spreading. Dimensionless quantities for the impact are:
Re = 23.2, We = 117.5, Oh = 0.466, and Bo = 2.63. (c) shows time lapse of a D = 3.03 mm drop of VeroYellow impacting a H=5 mm reservoir
of non-solidifying liquid at v = 1.068 m/s. Drop impact is aligned over the surface of a photo-polymerized drop of VeroCyan. Fluid-structure
interaction (FSI) between non photo-polymerized VeroYellow and photo-polymerized VeroCyan droplets can be seen.
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Figure 4: Liquid-Solid Co-Printing Mechanism Simulation at the Micro-Scale – OpenFOAM simulation time lapse of a D = 57 µm drop of non-
solidifying liquid and VeroCyan resin, (a) and (b) respectively, impacting a H = 200 µm reservoir of non-solidifying liquid at v = 6 m/s. (a)
non-solidifying liquid drop impact is followed by spreading due to its kinetic energy. Capillary waves from impact are dissipated by viscosity. The
maximum impact crater occurred at t = 75 µs (60 µs after impact) at a depth of 30 µm. Dimensionless quantities for the impact are: Re = 4.91, We
= 50.3, Oh = 1.44, and Bo = 7.82 × 10−4. (b) VeroCyan drop impact is followed by spreading due to its kinetic energy and a positive spreading
factor. Resin is considered immiscible with non-solidifying liquid. Capillary waves from impact are dissipated by viscosity. The maximum impact
crater occurred at t = 90 µs (75 µs after impact) at a depth of 37 µm. After approximately 485 µs, the VeroCyan drop fully spreads out and wets the
non-solidifying liquid surface to a length of 143 µm. Film thickness was 5 µm after spreading. Dimensionless quantities for the impact are: Re =

2.57, We = 70.4, Oh = 3.26, and Bo = 1.09 × 10−3.
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Figure 5: Capping Layer Simulation at the Micro-Scale – OpenFOAM simulation of a 1 x 1 mm2 capping layer. (a) illustrates tracking of the
J750 printhead to extract printhead velocity for the simulation. (b) shows the printhead velocity for 9 passes with an average velocity of 502.1 ±
7.4 mm/s. (c-e) show VeroCyan droplet array sequence impact (D = 57 µm) with the non-solidifying liquid surface of depth H = 216 µm. Each
droplet is spaced according to the J750 print resolution of 600 dpi in the x-direction and 300 dpi in the y-direction. Droplets are ejected from all
nozzles simultaneously in an “array sequence”, and this sequence is repeated every 42µm. Drop velocity is v = [vx, vy, vz] where vx is the printhead
velocity, vy = 0 m/s, and vz = -6 m/s. Droplet array sequence impact creates a propagating capillary wave in the direction of printhead motion (d)
which spills over the surrounding sidewalls (e). Droplet array sequence impact occurs on the advancing capillary wave causing droplets to slide
down the liquid and coalesce. Additionally, resin ridges can be seen in (d-e) which is observed experimentally. (f-h) show a 2D cross-section at
each time segment and depicts the minimum and maximum non-solidifying liquid z-height. Air entrapment can be seen in (g-h).
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Figure 6: Liquid Voltage Level Analysis – illustrates how the amount of liquid jetted varies as a function of the head control voltage. Three different
measurement methods were compared to estimate the printed liquid volume per voxel: (1) manual caliper measurement of the liquid height, (2)
keyence optical profilometer analysis of the liquid height, and (3) direct liquid weight analysis. The liquid weight analysis is the best estimate
for the printed liquid volume per voxel and it was determined that the head voltage required to obtain the volume per voxel to completely fill the
liquid boat is 19.38 V. Both STL and voxel print modes resulted in nearly the same printed liquid volume per voxel. The red dashed line shows
the theoretical volume per voxel, based on the advertised print resolution. The black dotted line shows a second order polynomial fit to the weight
analysis data where y is the volume per voxel in pL/voxel and V is the head voltage. Each sample point was performed in triplicate.

3. Print Process Characterization

3.1. Liquid Voltage Level Analysis

Material jetting 3D printers build an object from the bottom-up, layer-by-layer, by depositing droplets of material.
Each of these droplets can be approximated as a voxel (volumetric pixel) and the entire design is described by as-
signing a material type to every available voxel location in the design. In the Stratasys J750 system, the fabrication
resolution is fixed at 600 (X) x 300 (Y) x 940 (Z) dots per inch, which implies a voxel size of 42 x 84 x 27 µm. The
J750 head voltage can be adjusted to control the volume of each droplet deposited, which allows inks to be underjetted
or overjetted (relative to the voxel volume), thereby changing the volume-filled in each voxel location. To characterize
the volume of liquid jetted as a function of head voltage, liquid “boats”, as depicted in figure 1, were printed and the
liquid height was measured via calipers and a Keyence VK optical profilometer to estimate the jetted liquid volume.
To make manual caliper measurements, the height of the liquid region must be large enough to accurately measure.
In this study, the caliper analysis used liquid boats with a liquid region of 12 mm x 12 mm x 14 mm. The optical pro-
filometer approach used liquid boats with a liquid region of 40 mm x 40 mm x 2 mm as the Keyence VK z-resolution
was 16 µm. To normalize different liquid regions, the volume of liquid printed per voxel is reported. Furthermore,
the Stratasys J750 can accept design files described by surface-boundary triangles (STL) or voxels. In either case,
the printer deposits material droplets into voxel locations in the build region, making the volume of liquid printed per
voxel a natural design parameter. Since the print resolution is known, the number of voxels in the STL liquid boat
design can be estimated whereas it is exactly known in the voxel mode liquid boat design.

Liquid boat designs provide a good estimate of the printed liquid volume per voxel up until the point at which over-
jetting occurs. Beyond this point, the integrated roller removes excess jetted liquid which results in a horizontal
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asymptote at the maximum liquid volume per voxel to fill the liquid boat. In order to obtain a direct measurement of
the printed liquid volume per voxel for both underjetting and overjetting voltage levels, the print bed was lowered and
glass petri dishes were positioned on the print bed such that the printheads jetted directly into the glass petri dishes
without the roller being in contact. The mass of jetted liquid was then converted into jetted volume using the measured
fluid density (see table S2). As shown in figure 6, firing voltage was varied from 15.2 V to 27 V and the volume per
voxel was determined through the previously discussed methods. Each measurement was performed in triplicate. The
theoretical volume per voxel to fill, as defined by the printer resolution, is 96.774 pL/voxel. Figure 6 shows that the
caliper and Keyence optical profilometer analysis reach a horizontal asymptote at the theoretical volume per voxel to
fill level. This is due to the roller removing excess liquid in Stratasys J750 systems. When the print bed is lowered and
material is directly jetted into petri dishes for the weight analysis method, the roller is not in contact and thus a true
volume per voxel as a function of voltage is obtained. Using the second order polynomial fit, the theoretical volume
per voxel to fill level is reached at 19.38 V. It is desired to underjet liquid to avoid liquid spilling over the wall edges
and interaction with the integrated roller, which would cause contamination of adjacent solid regions. Therefore, a
head voltage of 19 V in the liquid channel was used for all experiments and figures in this study (unless otherwise
indicated) to ensure underjetting of liquid.

3.2. Capping Print Layer Analysis

The capping print layer, from a multi-physics viewpoint, is the most complex component of liquid-solid co-printing.
Hundreds of thousands of photo-resin droplets (which can be different materials) are deposited on a liquid interface
and photo-polymerized all while a roller moves across the liquid interface. In this study, the capping print layer was
characterized by printing boats containing liquid, on top of which capping layers consisting of 1, 2, 3, or 5 layers of
photo-resin were printed as shown in figure 11. Boats were printed in both STL and voxel modes, but no differences
between the two print modes were observed and thus we showcase only the STL mode in figure 11 for brevity. To
assess the impact of the roller on the capping layer, boats were printed both with the roller engaged and with the
roller raised by 500 µm to ensure no contact with the print layers. As illustrated in figure 11, after 5 print layers, the
liquid surface is fully encapsulated by cured solid photo-resin. Figure 11a-d shows the encapsulation of the liquid as
a function of print layer when the roller is engaged while figure 11e-h shows encapsulation when the roller is indexed
up by 500 µm and no longer in contact with the print. In figure 11h, air entrapment is observed when the roller is
indexed up which is consistent with simulations. Figure 11g-h shows additional fluid buildup on the capping layer
surface when the roller is raised which is consistent with the fact that the roller is not removing excess liquid material;
we note that the liquid encapsulation is nearly identical when the roller is engaged or indexed up. In both instances,
the first capping print layer creates lines of polymerized resin in the direction of the printhead motion. We hypothesize
that these polymerized resin lines are due to interacting capillary waves in the liquid during impact of the hundreds of
thousands of droplets on the liquid surface which creates a standing wave effect of peaks and troughs, leading to local
photopolymer material accumulation during polymerization. These photo-polymer ridges are consistent with x-ray
microscopy (XRM) imaging of the top channel wall in section 3.4 as well as CFD simulations of the capping layer
(Figure 5) and result in an increased channel surface roughness. In figure 11i-l, multi-material print capabilities during
the capping layer are demonstrated by printing a multi-material University of Colorado Boulder (CU) buffalo directly
on top of a liquid-phase support material. Additionally, it is demonstrated that the cured photo-resin (which is more
dense than the non-solidifying liquid) can be supported on the surface of the liquid through the use of attachment
points to a solid region as shown by the VeroMagenta attachment points for the CU Boulder buffalo logo. While
surface tension alone can theoretically support cured photo-resin droplets of density greater than that of the support
liquid, liquid surface deformations due to the roller and droplet impacts can reduce the surface tension force causing
photo-polymerized droplets to sink. Thus, it is best practice to use attachment points to the solid matrix where possible
to ensure support of cured photo-resin layers.

3.3. Effect of the Integrated Roller

Most commercial material jetting 3D printers have a leveling mechanism the moves across the print area to ensure a
planar surface during a print. In Stratasys Polyjet and 3D Systems Multi-Jet printers, an integrated metal cylinder (the
“roller”) with a driven axis of rotation parallel to the build surface is used to level the part. Since the roller can be in
contact with the liquid surface, it plays an important role in liquid-solid co-printing. When the roller contacts a liquid
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Figure 7: Effect of Voltage on Print Quality – depicts the impact of depositing more or less liquid material. An enclosed helical channel (r =

500 µm) wrapping around a central circular channel (r = 500 µm) was printed and post-processed in 1 hour in both the underjetting (19 V) and
overjetting (24 V) firing voltage conditions. The leveling mechanism (roller) interacts with jetted material, moving it away from the deposition
region. These streaks of transported liquid material modify the intended geometry; we call them “liquid fingers” due to their characteristic shape.
(a-d) show optical fluorescent cross-sections after staining with rhodamine B dye. (a-b) show no liquid fingers because liquid is underjetted at each
print layer and does not come into contact with the roller, while (c-d) show liquid fingers because liquid is overjetted at each print layer and the
roller drags excess liquid into the polymer matrix.

surface, it drags liquid into the polymer matrix resulting in a phenomenon we term liquid fingers. Such an effect is
undesirable as it introduces potential leakage pathways and increases the necessary channel pitch to ensure fluidically
isolated channels. Figure 7 shows that liquid fingers result from overjetting. Specifically, an enclosed helical channel
(r = 500 µm) wrapping around a central circular channel (r = 500 µm) was printed using a firing voltage of 19 and
24 V to underjet and overjet liquid respectively. Rhodamine B dye was flowed through the helical channel to allow
fluorescent imaging. A Nikon TiE inverted spinning disk confocal fluorescent microscope was then used to optically
cross-section the mid-point of the helical channel. Figure 7a-b illustrate that liquid fingers do not form when liquid
is underjetted whereas figure 7c-d illustrate that liquid fingers do form when liquid is overjetted. When liquid is
underjetted, the volume of liquid deposited each print layer is such that liquid does not come in contact with the
roller; in contrast, when liquid is overjetted, the volume of liquid deposited each print layer is such that liquid does
contact the roller which then drags liquid into the polymer matrix. Liquid fingers are on the size order of 300 µm for a
circular channel of radius 500 µm. We note that indexing the roller up (see [33] for instructions on how to access the
motor controller) so it is not in contact with the part is a way to eliminate the liquid finger phenomenon even when
overjetting; however, the roller is important to ensure part dimensionality on the Stratasys J750 and raising the roller
would be ill-suited for parts with a total height larger than a few millimeters. Thus, it is desired to underjet liquid with
the roller in contact, as done in this work, in order to avoid creating liquid fingers around channels.

3.4. Micro/Milli-Fluidic Wall Characteristics

Wall characteristics are important for micro/milli-fluidic channels as a low surface roughness is useful for device re-
peatability and optical transparency while a high surface roughness can enhance laminar mixing [71]. Figure 12 shows
bottom, top, and side wall characteristics of a 3 mm x 3 mm milli-channel with an internal, hanging beam containing
a D = 500 µm bore along its base. The channel is made of VeroClear while the internal, hanging beam is made of
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flexible TangoBlack+. A Zeiss Xradia 520 Versa X-ray Microscope (XRM) was used to inspect the milli-channel
walls via micro-computed tomography (micro-CT).

Before addressing the wall characteristics, we note the ability of liquid-solid co-printing to fabricate internal, hanging
structures using the liquid interface as a support material. This geometry would be infeasible without liquid support
and contains several distinct regions where photopolymer was supported by noncuring liquid. With respect to the wall
characteristics, figure 12 shows three unique wall surfaces: (a) smooth bottom wall, (b) non-ordered ridges on side-
walls, and (c) ordered ridges on top wall. Primarily, the smooth bottom wall is due to the roller smoothing deposited
photo-resin droplets. This creates a uniform and smooth channel surface on the bottom wall. As the channel is built in
the z-direction, the left and right sidewalls are modified during each pass. Upon reaching the capping layer, ordered
polymer ridges form on the liquid surface aligned with the printhead direction of motion. Both the sidewalls and top
wall possessed a maximal surface peak roughness height of approximately S z = 150 µm while the bottom surface
possessed a maximum surface peak roughness height of S z ≤ 4.6 µm since the XRM scan resolution was 4.6 µm and
no discernible surface roughness observed.

3.5. Minimum Repeatable Channel Print Resolution

For any micro/mesofluidic fabrication technique, the minimum repeatable channel resolution is a key design param-
eter. Minimum repeatable channel print resolution was assessed as a function of channel orientation (perpendicular,
parallel, and 45o to the printhead direction of motion) by printing 3 sample replicates of channels of width 500, 400,
250, 200, and 100 µm for each of the following channel heights which are integer multiples of the z print resolu-
tion: 486, 351, 270, 216, 162, 108, 81, and 27 µm. Channels were cross-sectioned in accordance with the method
described in section 6.2. Figure 13a depicts the part placement orientation on the print bed. Figures 13b-d illustrate
example cross-sectional areas of 400 µm x 81 µm, 250 µm x 81 µm, and 500 µm x 486 µm channels respectively
with the computed channel cross-section boundaries highlighted in red. Figure 13e shows the dependence of the
channel cross-sectional area on channel orientation with respect to the printhead direction of motion, channel width,
and channel height. As the channel height decreases from H = 486 µm to H = 27 µm, the normalized measured
channel cross-sectional area also decreases. This relationship holds until a design channel width of W = 200 µm,
at which point channel height is uncorrelated with normalized cross-sectional area. At a design channel width of
W = 200 µm, the normalized measured channel cross-sectional area remains approximately the same across design
channel heights. Full cross-section data across each printed channel is displayed in table S1. It is to be noted that
the channel cross-sectional area varies by an average of 5.6% along the length of a channel (computed by the average
standard deviation of all the measured normalized channel cross-sectional areas). Additionally, it is observed that
the actual printed channel cross-sectional areas are less than 60% of the design cross-sectional areas for channels
W = 500 µm and H = 486 µm and smaller. Thus, liquid-solid co-printing allows fabrication of truly microfluidic
channels but with realized channel cross-sectional areas that are smaller than the designed channel cross-sectional
areas. In general, channels placed parallel to the printhead direction of motion resulted in measured cross-sections
closest to the design dimensions. When placed parallel to the printhead direction of motion, the minimum repeatable
channel cross-section design was 250 µm x 81 µm which resulted in channels that are 67% smaller than the design
dimensions. For channels printed 45o and perpendicular to the printhead direction of motion, the minimum repeatable
design channel cross-section was 250 µm x 108 µm which resulted in channels that are 68% smaller than the design
dimensions.

4. Planar, 3D, and Multi-Material Micro/Mesofluidic Structures and Applications

3D printed fluidic circuits are becoming increasingly relevant in soft robotics for actuation, computation, and control
as well as in biomedical and chemical analysis applications, yet they require significant labor to fabricate complex
designs [72, 73, 74, 75, 76]. As fluidic circuits expand into 3D, it becomes increasingly difficult to purge support
material from complex designs such as branched channels or internal valves. Liquid-solid co-printing provides a
means to accelerate the fabrication of planar and 3D fluidic circuits with integrated valves that can be printed and
easily post-processed in a matter of hours.
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Figure 8: Planar Micro/Mesofluidic Operations – depicts sample fluidic operations commonly performed on micro/mesofluidic devices. (a) shows
a printed 50.8 x 50.8 x 3 mm3 planar mesofluidic device with channel cross-sections of 1 x 1 mm2 that was fabricated and post-processed in less
than 1 hour. (1a) illustrates laminar flow of distilled water and fluorescein, (2-3a) show laminar flow mixing of fluorescein and rhodamine B dye
through a serpentine milli-channel, and (4-5a) show water/oil droplet generation with surfynol surfactant in the water phase. Millifluidic channels
were printed using a head voltage of 19 V. Scale bars, 1000 µm (unless otherwise indicated).

4.1. Planar Micro/Mesofluidics

At its core, micro/mesofluidics enables precise manipulation of fluid. Here, we demonstrate sample micro/mesofluidic
operations such as laminar flow, mixing, and droplet generation to show the ease with which planar micro/mesofluidic
devices can be fabricated using liquid-solid co-printing. In figure 8, a 50.8 x 50.8 x 3 mm3 planar mesofluidic device
with channel cross-sections of 1 x 1 mm2 was fabricated and post-processed in under an hour. In (1a), laminar flow
is demonstrated by co-flow of water and fluorescein dye; in (2-3a), mixing of fluorescein and rhodamine B using a
serpentine milli-channel is demonstrated; and, in (4-5a), droplet generation using mineral oil and water with surfynol
is demonstrated. Inlet ports are composed of flexible TangoBlack+ to provide a fluidic seal. We note the ability of this
print process to easily integrate rigid, flexible, and transparent materials into micro/mesofluidic device fabrication.

4.2. 3D Micro/Mesofluidics

For the better part of the last few decades, micro/mesofluidic circuits were planar or 2.5D devices; that is, fabrication
technologies could not easily produce fully 3D devices of arbitrary shape. After the advent of 3D printing, the
micro/mesofluidic community began fabricating 3D geometries previously unrealizable to further enhance control of
fluidic operations [77, 78]. Here, we note the ability of liquid-solid co-printing to enable rapid, simple fabrication of
arbitrary multi-material 3D micro/mesofluidic channels. Specifically, figure 9 demonstrates the fabrication of sample
3D micro/mesofluidic geometries which would be arduous or near impossible to fabricate through other means. In
(a), an enclosed spiral channel (r = 500 µm) wraps around a helical central channel (r = 500 µm) which was printed
and post-processed in 2 hours; in (b), an enclosed spiral channel (r = 500 µm) wraps around a planar circular channel
(r = 500 µm); and, in (c-d), highly tortuous mesofluidic capillary channels were easily purged with a single inlet
and outlet port. The ability to fabricate complex mesofluidic capillary structures demonstrates the ease in which
the liquid-solid co-printing process can be used for highly complex 3D micro/mesofluidic devices which would be
previously near impossible to fabricate. We anticipate liquid-solid co-printing to enable new advances the field of 3D
micro/mesofluidics.

4.3. Multi-Material Micro/Mesofluidics

The prior sections demonstrated the ability to rapidly fabricate both planar and 3D micro/mesofluidic geometries.
However, a key advantage of the liquid-solid co-printing material jetting process is the ability to integrate many dif-
ferent materials (rigid, flexible, transparent, and now liquid) in a device, thus enabling direct fabrication of fully
hydraulic systems. In figure 10, a one-way flap valve is demonstrated and characterized. The experimental measure-
ment setup is described in (a) with TangoBlack+ being used for the flexible valve. The flexible valve is 500 µm thick
and 200 µm above the bottom of the channel with a 500 µm offset from the side walls as described in (b). The flap
valve rests over a 1 x 1 mm2 channel opening in a 3 x 3 mm2 channel and extends 2 mm from the end of the channel
opening and 5 mm from the anchoring wall. Upon application of forward flow, the flap valve opens and flow passes
through the channel; upon application of reverse flow, the flap valve closes and pressure builds in the channel. Flow is
varied from 1 to 10 mL/min in the forward direction and 0.05 to 0.90 mL/min in the reverse direction. The error was
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Figure 9: 3D Micro/Mesofluidic Geometries – depicts sample 3D micro/mesofluidic geometries enabled by liquid-solid co-printing which would be
previously arduous or near impossible to fabricate. (a) illustrates enclosed spiral channels (r = 500 µm) wrapping around a helical central channel
(r = 500 µm) which was printed and post-processed in 2 hours. (b) illustrates enclosed spiral channels (r = 500 µm) surrounding a planar circular
channel (r = 500 µm). (c-d) illustrate tortuous mesofluidic capillary channels which are easily purged with a single inlet and outlet port [images
courtesy of Lawrence Smith]. The geometries were printed using a head voltage of 24 V.

determined from the transient pressure deviation from the mean at each steady-state flow rate and was at max 0.25
kPa. The exponential rise in pressure at the valving point signifies that the flap valve closes over the channel opening
preventing reverse flow. We note that a fluid system using this micro-valve, implemented as a print-in-place 3D part,
would be extremely challenging to fabricate using conventional removable support material since mechanical removal
of solidified support material would damage the flexible valve, and the valve geometry inherently creates regions with
little to no flow, confounding phase-change support removal via pressure-driven purge steps. Although we demon-
strate and characterize a simple flap valve, one can imagine the very-large-scale integration of hundreds of channels
and valves in a soft robot. In the past, fabrication of such devices would be arduous and add substantial complexity to
the entire system development; with this present work, we expect liquid-solid co-printing to enable simple and rapid
fabrication of complex multi-material, 3D hydraulic systems thus enabling new advances to the field of soft robotics
as well as micro/mesofluidics.
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Figure 10: Multi-Material Flap Valve – depicts an example of integrating rigid, flexible, transparent, and liquid materials to create a fully integrated
flap valve in-situ with the print process. (a-c) show fabrication of a multi-material flap valve which was printed and post-processed in 30 minutes.
(a) shows a 2D cross-section of the flap valve design along with the experimental setup. (b) shows the 3D printed multi-material flap valve device.
The flap valve covers a 1 x 1 mm2 channel opening and is 500 µm from the channel walls, 500 µm thick, and 200 µm above the bottom of the
channel. (c) depicts the flap valve forward and reverse direction pressure versus flow rate characterization. The maximum error is 0.25 kPa. Curve
fits are included where P is the pressure in kPa and Q is the flow rate in mL/min. A head voltage of 19 V was used to print the device.
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Figure 11: Capping Layer Interface Evolution – depicts the solid/liquid interface formation as a function of the number of printed capping solid
layers with and without the roller in STL mode. Each capping layer is 27 µm. (a-d) show solid/liquid interface formation when the roller is engaged.
(e-h) show solid/liquid interface formation when the roller is raised 500 µm above the part including fluid buildup and air entrapment predicted via
simulation. (i-l) show the ability to print multi-material layers supported by fluid and held at the liquid surface via anchoring points at the periphery
of the liquid layer. The CU Buffalo logo is supported by a cross of VeroMagenta (the pink region visible in i-l) surrounded by liquid. A head
voltage of 19 V was used with the non-solidifying liquid channel.
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Figure 12: Milli-Fluidic Channel Wall Characteristics – x-ray micro-computed tomography images of a 3D multi-material liquid-printed internal
hanging beam structure (TangoBlack+) fabricated inside a 3 mm x 3 mm milli-channel (VeroClear). Channels were evacuated of liquid to achieve
sufficient imaging contrast between void space and solid polymer. Single sided arrows show zoomed in side walls for surface characterization.
Double sided arrows on the top, right, and left sidewalls show the maximum surface peak height, S z, extracted from XRM data as a measure of the
surface roughness. The double sided arrows on the bottom side wall denote the spacing between central beam and the wall. A head voltage of 24
V was used to ensure milli-channel dimensionality.
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Figure 13: Print Resolution Analysis – illustrates the effect of part placement orientation on the resulting channel cross-sections for various channel
cross-section designs. (a) depicts the CAD design file used to test print-orientation dependency; channels are placed perpendicular, parallel, and 45o

to the printhead direction of motion. (b-d) show optical profilometry images of select channel dimensions with the computed channel cross-section
boundary highlighted in red. (e) shows the effect of channel orientation with respect to the printhead direction of motion on the resulting channel
cross-sectional area normalized to the design cross-sectional area. Error bars represent the standard deviation from n = 3 samples for each channel
orientation. Channels were cross-sectioned in accordance with the method described in section 6.2. Channels that were closed (no flow path)
are assigned a normalized cross-section area of 0. The reference index is defined by a monotonically increasing vector in which each block of 8
corresponds to the same design channel width and increasing the reference index within a block implies a decreasing design channel height. Table
S1 provides a means to de-reference the index where reference index = 1 corresponds to (row,column) = (1,N), reference index = 8 corresponds
to (row,column) = (8,N) where each N block of reference indices corresponds to the same design channel width. For example, the first block
corresponds to a channel design of W = 500 µm where reference indices 1-8 are H = 486, 351, 270, 216, 162, 108, 81, and 27 µm respectively. A
head voltage of 19 V was used.
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5. Discussion

The present study deals with fundamental understanding and characterization of the liquid-solid co-printing process
through high speed imaging, CFD, and experimentation. The liquid-solid co-printing process was broken down into
droplet-liquid interactions and liquid-wall interactions. Droplet-liquid interactions were studied at the individual
droplet scale (photo-resin drop impact on a liquid surface) as well as at the system scale (capping layer involving
hundreds of thousands of droplets impacting a liquid surface). It was found that in Polyjet liquid-solid co-printing with
Stratasys resins, the non-solidifying liquid’s surface tension supports photo-polymer droplets that photo-polymerize
on the liquid surface to form a solid layer of material. In the use of any combination of working fluid and photo-resins,
there are four potential governing force balance cases: (1) the photo-resin is less dense than the non-solidifying liquid
and surface tension is significant, (2) the photo-resin is less dense than the non-solidifying liquid and surface tension
is negligible, (3) the photo-resin is more dense than the non-solidifying liquid and surface tension is significant, and
(4) the photo-resin is more dense than the non-solidifying liquid and the surface tension force is negligible. Scenarios
1 and 2 are desirable as they enable the fabrication of free floating structures; however, due to Stratasys photo-resin
material properties (Table S2), Polyjet liquid-solid co-printing falls within scenario 3. Here, anchoring points with
the surrounding resin are used to ensure photo-resin drops rest on the liquid surface. We hypothesize that scenario 4
can be realized so long as anchoring points are utilized which will be the focus of future work. On the system scale,
approximately 5 print layers (135 µm) were required to fully encapsulate (“cap”) a liquid region with solid material.
Printed micro/milli-fluidic channels were found to be most accurate to their design dimensions when printed parallel
to the printhead direction of motion which reduces the liquid fingers effect. Minimum repeatable channel design print
resolution was 250 x 108 µm2 for channels printed 45o, and perpendicular to the printhead direction of motion and was
250 x 81 µm2 for channels printed parallel to the printhead direction of motion. Printed channel cross-sectional areas
were less than 60% that of the design channel cross-sectional areas due to the described liquid finger phenomenon.
Design rules and fundamentals of liquid-solid co-printing are repeated below for clarity:

1. Select the head voltage to underjet liquid in order to better contain liquid by the solid matrix; 19 V is a rec-
ommended setting for Stratasys Polyjet systems but users should characterize their system similar to figure 6 to
verify

2. When overjetting, the roller drags liquid into the solid matrix resulting in liquid fingers that are on the size
order of 300 µm for a circular channel of radius 500 µm. Channels printed parallel to the printhead direction of
motion can reduce the effect of liquid fingers

3. Full capping layer encapsulation of a liquid surface occurs at N ≥ 5 print layers (135 µm)
4. If the cured photo-resin droplet density is less dense than that of the non photo-curable liquid, then the cured

droplet can be freely supported by the liquid as the buoyancy force alone can support the cured droplet
5. If the cured photo-resin droplet density is more dense than that of the non photo-curable liquid, then the cured

droplet may be supported by the non photo-curable liquid’s surface tension. However, surface deformations due
to roller and droplet impacts create a variable surface tension force that can cause a droplet to sink. The best
practice is to use attachment points to the solid matrix when possible in this situation

6. The minimum repeatable channel cross-section (W x H) is 250 x 108 µm2 without regard for part placement
orientation

7. The minimum repeatable channel cross-section is 250 x 81 µm2 when the channel is oriented parallel to the
printhead direction of motion

8. Printed microfluidic channel cross-sectional areas are less than 60% that of the design channel cross-sectional
areas due to the liquid finger phenomenon.

Liquid-solid co-printing requires virtually no post-processing to remove liquid from channels (with the exception of
input and output ports to purge channels) and eliminates the need for heat treatments common in the use of MJM
for micro/mesofluidic channels. Complex 3D multi-material micro/mesofluidic systems, such as the integrated one-
way flap valve in this study, demonstrate the versatility of this print process. More generally, this work provides the
framework to utilize liquids as material jetting working materials. Here, liquid can be either a sacrifical material,
as in micro/mesofluidic channels, or it can be permanently embeded in a part at print time, as in hydraulic robots or
reagent placement in a microchannel. To our knowledge, this is the first work to explain the mechanisms that underpin
using liquid as a support material, as well as extensively characterize the liquid-solid co-printing print process. We
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envision liquid-solid co-printing as a toolbox to enable simple and rapid fabrication of intricate 3D, multi-material
micro/mesofluidic systems.

6. Materials and Methods

6.1. Design and Fabrication of Micro/Mesofluidics
Micro/mesofluidic CAD designs were constructed using Autodesk Fusion 360. Figure S1 illustrates the design pro-
cesses. Solid and liquid bodies were created allowing for individual material allocation. A Stratasys J750 was used
to print the CAD designs with material allocation for each STL set in the Grabcad Print software. We note the ease
in design and material allocation of the liquid-solid co-printing print process. Once printed, 19 gauge syringe needles
were fitted to the channel ports and the channels were purged of liquid by flushing with distilled water. For optimal
VeroClear transparency, parts were then post-processed with wet sanding and application of a crystal clear enamel
(Rust-Oleum) to enhance the optical transparency of the VeroClear resin. Print time for a 50.8 mm x 101.3 mm x 3
mm part was less than 30 minutes.

6.2. Channel Cross-Section Analysis
Channel cross-sectioning was performed by creating a hairline cut across the sample using a Trotec CO2 laser cutter
with a 1.5 inch CO2 lens. Hairline cuts were performed at 3 equally spaced regions along the 8 mm long channel
to better sample the channel cross-section. The laser cuts through the VeroClear polymer but can locally melt sur-
rounding regions of the cut. As such, wet sanding with 1000 grit sand paper was used to mechanically remove the
melted laser ablation region allowing imaging of the channel cross-section not affected by the hairline cut. Channels
were then pressure washed with water to remove internal debris. After pressure washing, pressurized air was passed
through each channel to purge liquid from the channels. A Keyence VK-X1100 optical profilometer was then used to
image each channel cross-section. Channel cross-section was measured using custom MATLAB scripts to trace the
boundaries of the channel and compute the cross-sectional area.

6.3. Printer Configuration for Liquid-Solid Co-Printing
A Stratasys J750 printhead consists of fluid reservoirs, microfluidic channels, piezoelectric thin films, and open noz-
zles. Upon an applied voltage pulse, the piezoelectric thin film oscillates which generates acoustic waves in the fluid.
These waves reflect off of the chamber and generate a pressure wave that ejects micro-droplets of fluid (10 to 100 µm
in diameter) from the nozzle [79]. The Stratasys J750 system has a print resolution of 600 dpi, 300 dpi, and 27 µm
for x,y, and z directions respectively where dpi is dots per inch. Additionally, the Stratasys J750 is a multi-material
system capable of printing simultaneously with 7 different materials.

Liquid-solid co-printing uses Stratasys “model cleaning fluid,” which is composed primarily of polyethylene gly-
col according to the material safety datasheet, as a printable, non photo-curable liquid. Here, we summarize the
printer configuration protocol of MacCurdy et al. for liquid printing [36]. The Stratasys J750 printer will not accept
cleaning fluid as an appropriate working material; as such, the system can be spoofed by replacing the RFID chip
in the cleaning fluid cartridge with one from a different model material. We used an RFID chip from a full, unused
Tango+ model material cartridge. Material jetting printers deposit droplets of ink by modulating a piezoelectric ele-
ment with a complex voltage waveform [79]. The Stratasys J750 does not allow access to the internal piezoelectric
driving waveform, but it does allow the user to adjust the waveform magnitude. Thus, the user can optimize the
amount of jetted liquid to fit their application.

The Stratasys J750 can print in both STL and voxel modes. STL mode accepts standard STL inputs as discussed
previously. In voxel model, a .png stack is used to define the material of each three-dimensional solid unit cell or
“voxel” in a design file. Custom MATLAB scripts were used to generate voxel designs. Additionally, a rotating drum,
known as the “roller”, smooths jetted droplets and removes excess jetted material upon each print pass. Under normal
print operation, the roller is always engaged and in contact with each print pass. To index the roller up to prevent the
roller from being in contact with each print pass, the starting height is changed in the motor control drop down menu
of the Stratasys J750 printer software when in maintenance mode. It is important to take note of the original starting
height in order to revert back to normal print operation with the roller engaged.
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6.4. High Speed Imaging of Macro-Scale Droplet Impacts
High speed imaging of macro-scale droplet impact was performed using a Phantom V710 high speed camera. As
shown in figure S2, a Chemyx Fusion 101 syringe pump is used to drop photocuring or non photocuring resins above
a petri dish of non-solidifying liquid. The Phantom V710 high speed camera is mounted at a 24o angle from the plane
of the non-solidifying liquid surface. A Cree XLamp CXB3590 high power LED is used for illumination. World
coordinates are obtained by applying the following transformations [64] to correct for the angle of the image plane:

lxsin(θ)
nx

=
lo
no

(14)

ly
ny

=
lo
no

(15)

lzcos(θ)
nz

=
lo
no

(16)

where lo is the real calibration object size corresponding to no pixels in the image, lx is the unknown object size in the
x-direction corresponding to nx pixels in the image, lz is the unknown object size in the z-direction corresponding to
nz pixels in the image, and θ is the tilt of the high speed camera.

6.5. Photo-Resin Rheology
Accurate modeling of droplet-liquid interactions requires fluid properties of Stratasys resins which are not readily
available through datasheets. Liquid density was measured by sampling 100 µL using a P100 micro-pipette and
weighing it on a Ohaus Adventurer micro-balance with three sample replicates. Surface tension was measured using
the pendant drop method [80] according to Bagalkot et al. with three sample replicates. Cured resin densities were
provided by Stratasys datasheets. Viscosity was measured using a TA Instruments AR-G2 rheometer by varying shear
from 0 to 500 1/s at 25, 45, and 75oC. Table S2 shows the resultant average fluid properties at 25oC for different
Stratasys resins.

6.6. Fluidic Characterization
Fluidic characterization of micro/mesofluidic devices was performed using a custom setup. Flow was sourced using a
Chemyx Fusion 101 syringe pump and the corresponding pressure was measured using 3 and/or 30 psi max Prosense
pressure transducers. Fluidic resistance of the tubing was minimized by using a T-connector to place the pressure
transducer as close as possible to the channel inlet port. Pressure data was collected at 100 Hz using a LabJack data
acquisition unit and the data was analyzed with custom MATLAB scripts.
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• movie S4 (.mp4). Capping layer simulation of VeroCyan droplet train 

impacting a non-solidifying liquid pool 
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Supplementary Materials  

fig. S1. Liquid-Solid Co-Printing CAD Schematic. CAD designs for liquid-solid co-printing contain 

separate solid and liquid regions as shown in (a). Liquid regions are first cut into the solid base and then 

a new body is formed to represent the liquid region. The exploded view in (b) highlights the solid/liquid 

CAD separation which enables material allocation during the print setup. The solid base is composed of 

VeroClear and the liquid region is composed of non-solidifying liquid.  

 

 

 

 

 

 

 

 

 

 

 

 

fig. S2. Macro-Scale Experimental Drop Impact Setup. Experimental setup used to image macro-scale 

drop impact of Stratasys photo-resins. The high speed camera is at a 24° angle to the liquid reservoir. 

 

 



table S1. Printed Channel Cross-Sectional Areas. Lists the average normalized channel cross-sectional 

area for each width x height channel combination. A value of 0.00 indicates that the channel is blocked. 

The dependence on channel orientation with respect to the direction of the printhead motion is shown 

using the following grouping nomenclature: (perpendicular, parallel, 45°). Each measurement was 

performed using N = 3 samples. 

 

 

 

table S2. Photo-Resin Fluid Properties. Lists the measured fluid properties for various Stratasys resins. 

Error was reported using N = 3 sample replicates. VeroCyan : Non-solidifying Fluid refers to the liquid-

liquid interface between VeroCyan and non-solidifying fluid. 

 

 

 

 

 

   

 

    



  

movie S1. High speed imaging of macro-scale cleaning fluid on non-solidifying liquid drop impact. 

Drop dynamics of a D = 2.89 mm drop of non-solidifying liquid impacts a H = 5 mm reservoir of non-

solidifying liquid with an impact velocity of v = 0.833 m/s recorded at 5000 fps.  

  

  

movie S2. High speed imaging of macro-scale VeroCyan on non-solidifying liquid drop impact. Drop 

dynamics of a D = 2.79 mm drop of non-solidifying liquid impacts a H = 5 mm reservoir of non-

solidifying liquid with an impact velocity of v = 1.106 m/s recorded at 5000 fps.  

 

  

movie S3. High speed imaging of macro-scale VeroYellow drop impacting a VeroCyan drop resting on 

non-solidifying liquid surface. Drop dynamics of a D = 3.03 mm drop of non-solidifying liquid impacts a 



H = 5 mm reservoir of non-solidifying liquid with an impact velocity of v = 1.068 m/s recorded at 5000 

fps.  

  

movie S4. Capping layer simulation of VeroCyan droplet train impacting a non-solidifying liquid pool. 

Simulated VeroCyan droplet train impact on a H = 216 µm pool of non-solidifying liquid. D = 57 µm and 

v = (Vx,Vy,Vz) = (0.502, 0, 6.000) m/s. Each drop is spaced according to the J750 print resolution of 600 

dpi in the x-direction and 300 dpi in the y-direction.  

 

  

movie S5. Time lapse video of the liquid-solid co-printing process. Video describing the liquid-solid co-

printing process from CAD design to Polyjet printing to part removal to channel purging to channel 

testing.  

 


