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Figure 1: Our computational design technique uses disassembly by dissolution to enable recycling of multi-material 3D printed
objects. As an example, dissolvable interfaces are generated in a three-part 3D model of a lizard. Once the object is fabricated,
these interfaces can be dissolved, separating the object’s individual materials for recycling.

Abstract
Multi-material 3D printing combines the functional properties of

different materials (e.g., mechanical, electrical, color) within a single

object that is fabricated without manual assembly. However, this

presents sustainability challenges as multi-material objects cannot

be easily recycled. Because each material has a different processing

temperature, considerable effort must be used to separate them for

recycling. This paper presents a computational fabrication tech-

nique to generate dissolvable interfaces between different materials

in a 3D printed object without affecting the object’s intended use.

When the interfaces are dissolved, the object is disassembled to

enable recycling of the individual materials. We describe the com-

putational design of these interfaces alongside experimental evalua-

tions of their strength and water solubility. Finally, we demonstrate

our technique across 9 multi-material 3D printed objects of varying

structural and functional complexity. Our technique enables us to

recycle 89.97% of the total mass of these objects, promoting greater

sustainability in 3D printing.
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1 Introduction
Additive manufacturing, or simply 3D printing, has proven useful

for fabricating objects with custom functionality across domains

such as robotics, electronics, assistive technology, and education

[39, 61]. Multi-material 3D printing combines different materials

in an object to leverage their unique functional properties (e.g.,

mechanical, electrical, thermal, color) within a single object that

can be fabricated without manual assembly [60]. Until recently,

approaches to multi-material 3D printing have required expensive
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machines (ranging in cost from 20,000
1
to 300,000

2
USD), or sig-

nificantly increased fabrication time (e.g., through manual [27] or

automated filament switching processes [56, 67]). The advent of

more affordable multi-extruder thermoplastic 3D printers—such

as the Snapmaker J1
3
(∼1000 USD), the Jubilee [89] (∼2000 USD),

and the Prusa XL
4
(2000-4000 USD)—has opened multi-material

3D printing up to the general public. With access to multi-material

3D printing growing, its environmental impact has become more

pressing [1, 20, 23, 77].

On its own, single-material 3D printing with thermoplastics has

significant sustainability challenges [23, 24, 69]. However, a single-

material object—typically made from a thermoplastic like Polylactic

Acid (PLA)—could potentially be recycled in specialized facilities [8,

55, 96] or at home [19]. In contrast, multi-material objects are more

challenging, and in some cases impossible, to recycle [20, 23, 52, 55,

77]. Because each material has a different processing temperature,

a multi-material object must be disassembled so that its various

components can be processed and recycled separately [1, 77]. As a

result, a multi-material 3D printed object—for example, made of PLA

and flexible thermoplastic polyurethane (TPU)—would generally be

considered unrecyclable and end up in a landfill causing detrimental

ecological effects like the majority of plastic waste around the world

[13, 54].

Challenges with recycling multi-material objects are present

in many industries including electronics [83], textiles [21], and

construction [65]. Growing concerns over material consumption

and a lack of recycling have led these industries to explore Design

for Disassembly (DfD) as a possible remedy [33, 44, 87, 90, 93]. DfD

is a sustainable practice of designing objects such that they can

be disassembled into parts that can be recycled or reused at the

object’s end of life [10, 86].

This work draws inspiration from DfD approaches to explore

how to design and fabricate multi-material 3D printed objects such

that they can be disassembled into separate material components

for recycling at their end of life. While techniques such as fasteners

(e.g., screws, nuts, bolts) could potentially support disassembly,

they require significant manual effort to assemble and then later

disassemble an object at its end of life [90]. Instead, this work

examines computationally designing dissolvable interfaces that are

printed between different materials in a 3D printed object, and

do not affect the object’s intended use. When the interfaces are

dissolved, the object is disassembled to enable recycling of the

individual materials. Having the ability to recycle these objects can

greatly reduce a material’s environmental impacts. For example,

recycling of PLA and polyethylene terephthalate glycol (PETG) back

into 3D printing filaments results in more than a 50% reduction

in their respective carbon footprints when compared with new

material [42].

1
Stratasys J55 Full Color: https://www.stratasys.com/en/3d-printers/printer-catalog/

polyjet/j55-prime/

2
Stratasys Objet 350 Connex: https://support.stratasys.com/en/Printers/PolyJet-

Legacy/Objet350-500-Connex-1-2-3

3
Snapmaker J1s: https://us.snapmaker.com/products/snapmaker-j1-independent-dual-

extruder-3d-printer

4
Prusa XL: https://www.prusa3d.com/product/original-prusa-xl-2

This work specifically focuses on dissolvable interfaces printed

using Polyvinyl Alcohol (PVA)
5
, a commonly used water-soluble

support material for 3D printing. However, we note that our com-

putational approach is applicable to other dissolvable 3D printing

materials including high-impact polystyrene
6
(HIPS) which is solu-

ble in d-limonene, a renewable material produced from citrus fruits

[36].

With this in mind, we present the computational design of these

dissolvable interfaces alongside experimental evaluations of their

strength andwater solubility. Finally, we demonstrate our technique

across 9 multi-material 3D printed objects of varying structural

and functional complexity. These objects include ones that are

flexible, interactive (conductive), and multi-colored. Our results

show that this technique can enable the recycling of 89.97% of the

total mass of these objects. The remaining mass 10.03% consists of

only dissolved material that could also potentially be recycled. We

conclude with a discussion of our approach and opportunities to

apply it in other manufacturing techniques. Taken together, this

work promotes more sustainable outcomes for multi-material 3D

printing and digital fabrication as a whole.

2 Related Work
This work builds upon prior efforts in human-computer interaction

(HCI), sustainable design and computational fabrication. In this

section, we review related work focused on sustainability in digi-

tal fabrication, computational design techniques, and dissolvable

materials in 3D printing.

2.1 Sustainability in Digital Fabrication
Within theHCI community, there is a growing interest in addressing

environmental challenges such as plastic pollution, waste produc-

tion, and climate change. In particular, research in prototyping and

digital fabrication has examined using principles of sustainable

design [9, 46] alongside materials that are transient [15], biodegrad-

able [44, 69, 80], and recyclable [12, 69]. Within 3D printing, recent

efforts have focused on developing new materials that are bio-

based, renewable, and compostable [12, 24, 69]. However, several

challenges hinder the adoption of more sustainable materials in 3D

printing. These materials generally lack the functional character-

istics (e.g., strength) of their thermoplastic counterparts; require

custom hardware to be printed; and have print qualities issues due

to material shrinkage and warping [12, 24, 69]. With these materi-

als still in their infancy, it is imperative that we find strategies to

promote sustainable outcomes with commonly-used 3D printing

materials such PLA, PETG, and TPU.

One approach to promote sustainability in 3D printing has been

to reduce and reuse printed material. For example, one can insert

waste inside of a 3D printed object during fabrication, thereby reduc-

ing plastic consumption [92]. However, mixing different materials

(e.g., printed vs. non-printed) can lead to monstrous hybrids [52]

that either do not readily degrade or are difficult to separate for re-

cycling later. Alternatively, objects can be designed to be assembled

and disassembled, for example, by using Lego-like parts [58]. This

5
Polyvinyl Alcohol (PVA): https://www.simplify3d.com/resources/materials-guide/

pva/

6
HIPS Filament: https://www.simplify3d.com/resources/materials-guide/hips/

https://www.stratasys.com/en/3d-printers/printer-catalog/polyjet/j55-prime/
https://www.stratasys.com/en/3d-printers/printer-catalog/polyjet/j55-prime/
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https://www.simplify3d.com/resources/materials-guide/hips/
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can enable parts to be reused, however, it requires significant time

and effort to assemble and disassemble objects. It may also alter the

intended functionality of an object (e.g., decreasing its strength).

We discuss these techniques in more detail in Section 2.2.1.

Recycling 3D printed plastics is a key way to reduce their envi-

ronmental impacts. Life-cycle assessment has shown recycling 3D

printed objects made from PLA and PETG back into printing materi-

als can reduce environmental impacts by 50% [42]. Recyclers of 3D

printed plastics are growing—several companies such as TerraCycle

[84] and Printerior [66] now accept printed materials when sorted

by material type. Single-material objects can be directly recycled.

However, multi-material 3D printed objects are difficult to recycle

[20, 23]. Their materials need to be processed independently, but

cannot be easily separated [1, 77]. Building on principles of de-

sign for disassembly [90], we computationally design and fabricate

dissolvable interfaces between different materials in 3D printed ob-

jects. Once these interfaces are dissolved, the object is disassembled

to enable recycling. Crucially, we show that our approach does not

alter the object’s intended functionality and can promote greater

sustainability in 3D printing.

2.2 Computational Design and Multi-Material
3D printing

One of the key advantages of 3D printing over other manufactur-

ing techniques is the ability to directly control the placement of

material within an object. Research has explored computational

design with this capability to enhance strength [47, 95] and produce

desired deformation behavior [2, 51, 53, 75] in 3D printed objects.

With multi-material 3D printing, several materials can be combined

together to achieve different mechanical properties [64, 91], embed

information [49, 94], create sensors [6, 28, 74], and produce color

imagery [11, 91]. In this work, we demonstrate our technique across

several example multi-material objects that fall into these applica-

tion domains including a flexible hair brush, an interactive game

controller, and multi-color scientific model of a plant cell. Once the

interfaces of these objects are dissolved, their various materials (e.g.,

flexible, conductive, colors) can readily be individually recycled.

2.2.1 Computational Assembly and Disassembly. Computational

techniques have also been examined to support the assembly and

disassembly of 3D printed objects. For example, automated 3D

model segmentation can partition a large object into small print-

able parts that can be manually assembled after fabrication using

glue [14, 38, 48, 88]. Likewise, interlocking joints [81] and velcro-

like fasteners [82] can be computationally-generated on objects to

enable their manual assembly and disassembly once fabricated. We

draw inspiration from these efforts, however, our approach avoids

manual assembly and disassembly, which generally makes recy-

cling of multi-material objects far more difficult, if not impossible

[20, 52, 77, 90]. Instead, we leverage multi-material 3D printing

to produce complete objects that have computationally-generated

dissolvable interfaces. Once these interfaces are dissolved, an object

is effectively disassembled to enable the recycling of its individual

materials.

2.2.2 Multi-Material Attachment Techniques. Our technique re-

lies on dissolvable interfaces being securely attached to other ma-

terials. In some cases, the base adhesion strength between two

printed materials can be fairly weak. Prior work has examined var-

ious techniques such as mechanical interlocking [43, 50, 73] and

fastener-like structures (e.g., mushrooms) [78, 82] to increase the

attachment strength of two materials in a 3D printed object. In

this work, we use similar techniques including interlocking cylin-

drical and mushroom-shaped structures. As part of our compu-

tational approach, these structures are parameterized and can be

computationally-generated between a dissolvable interface and

another material. In our technical evaluation (Section 4.1), we

demonstrate that these structures greatly increase the attachment

strength—in some cases, more than the strength of the materials

without a dissolvable interface between them.

2.3 Dissolvable Materials in 3D Printing
Dissolvable materials (e.g., water-soluble PVA) are most commonly

used in 3D printing as easily removable support structures for

objects that have overhanging geometry [34, 40]. Prior work has

explored their potential to create transient interactions with 3D

printed objects [63]. For example, parts of an object can be printed

with temporary labels that assist in the object’s assembly and are

dissolved afterwards. In addition, parts of a object can dissolved

and manually replaced to explore different design iterations [63].

Notably, Hiller and Lipson [35] posited that combining voxel-scale

material placement with dissolvable materials could one day be

used to disassemble multi-material 3D printed objects for recycling.

As a proof-of-concept, they demonstrated a machine that could

place small spheres (1.2 mm diameter) made of delrin (a type of

plastic) and steel together with a dissolvable glue. Once the glue was

dissolved, the spheres could be separated. Building upon this ap-

proach, the current work also uses dissolvable materials. However,

we present a computational approach that generates dissolvable

interfaces between materials of different types in an existing 3D

model. In addition, these interfaces can have customizable joints

that increase the strength of the adhesion between different ma-

terials (discussed more in Section 4). Through this process, our

approach preserves the structural and functional qualities of in-

put 3D models, and enables recycling of multi-material 3D printed

objects towards the vision of Hiller and Lipson.

3 Computational Design Approach
3.1 Overview
Our computational design algorithm (Figure 2) is implemented in

Grasshopper [76], a visual programming language and environment

for the 3D modeling program Rhinoceros 3D (Rhino, version 8) [70].

A user imports an existing 3D model as meshes (STLs) that specify

different materials or colors (Figure 2, Step 1). Meshes for up to four

different materials/colors can be used, assuming the object will be

fabricated on a 5-material 3D printer (the fifth material must be

dissolvable). The user then adjusts parameters related to the dissolv-

able interface generation such as the interface thickness (𝑡
interface

).

An overview of user specified interface generation parameters can

be found in Table 1.

The algorithm generates a mesh representing the dissolvable in-

terface that is trimmed, or “cut” to fit within bounds of the original

input 3D model. It also cuts the interface from the input meshes to

fit the interface within. Both the cut interfaces and the cut input
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Figure 2: An overview of our computational design approach to generate dissolvable interfaces between different materials in
an object for multi-material 3D printing.

meshes are then automatically exported as STL files that can be

sliced for multi-material 3D printing using standard slicing soft-

ware (e.g., PrusaSlicer [68]). The algorithm consists of two main

processes: interface generation and interface cutting. Here we de-

scribe both of these processes in detail.

3.2 Interface Generation
This process refers to generating the geometry for the dissolvable

interfaces between regions where different materials or colors meet

in a 3D model. Producing this interface consists of three steps:

pairwise scaling and mesh boolean intersection; shrink-wrapping

and offsetting; and slot joint generation. For an overview of this

algorithm, see Appendix A, Algorithm 1.

3.2.1 Pairwise Scaling and Mesh Boolean Intersection. Creating a
dissolvable interface requires knowing specifically where different

parts of an input 3D model meet (or “touch”). Typically when a

multi-part model is produced in a computer-aided design program,

the parts are either cut (segmented) from a solid 3D model, or

explicitly designed as separate components whose geometry have

faces that touch. In either case, the geometry of these components

(i.e., faces and vertices) are often slightly offset from one another

and generally do not overlap. Thus, directly using a mesh operation

such as boolean intersection to determine where the faces touch is

not reliable and will typically not result in complete intersections.

To address this challenge, our algorithm combines pairwise

uniform-scaling (Figure 2, Step 2) with mesh boolean intersection

(Figure 2, Step 3) to produce the basis of the dissolvable interfaces.

Given a list of meshes,𝑀input, our algorithm first reduces the face

count of the meshes with a user-defined ratio 𝜌i to speed up scaling

and boolean intersections. The reduced meshes are only used in

this step; the original input meshes are used in the later steps for

interface cutting to ensure high quality meshes are preserved.

After mesh reduction, our algorithm then applies a user-defined

uniform-scale factor, 𝑆 , to each reduced mesh using its centroid as

the scale center to produce a list of scaled meshes, 𝑀
scaled

. Each

reduced mesh is then individually boolean intersected with each

scaled mesh, excluding the case where the reduced mesh and the

scaled mesh correspond to the same input mesh. The resulting inter-

secting regions are a series of disjoint mesh face groupings (Figure 2,

Step 3). To create a dissolvable interface of thickness, 𝑡
interface

, these

faces groupings must be converted into closed, offsetable meshes.

3.2.2 Shrink-Wrapping and Offsetting. To produce a closed and

offsetable interface meshes, we perform shrink-wrapping [71] in

Rhino 8 on each grouping of mesh faces (Figure 2, Step 4). Similar

to CGAL’s Alpha Wrapping [85], shrink-wrapping works by en-

closing an original input geometry in a coarse mesh (much like a

convex hull) that is then iteratively carved and refined to approx-

imate the input. The interface thickness, 𝑡
interface

, is used as an

input parameter to offset (thicken) the shrink-wrapped interface

meshes. As a note, the interface thickness must be at least the min-

imum extrusion width of the desired 3D printer to ensure it can

be fabricated. After offsetting, the resulting interface meshes are

“plain” and have no additional adjustments to increase the strength

of the bonding between the dissolvable interfaces and other parts

for different materials/colors.

3.2.3 Slot Joint Generation. As discussed in Section 2.2.2, attach-

ment between different materials can sometimes be weak, but it

can be increased with the addition of mechanical structures (e.g.,

mushroom-shaped and cylindrical joints). If slot joints, or simply

slots, are enabled, the algorithm uses parameters for slot type (𝛽 :

cylindrical or mushroom-shaped), slot height (ℎ
slot

), and slot radius

(𝑟
slot

) to generate slot joints on all of the shrink-wrapped interface

meshes (Figure 2, Step 5). If mushroom-shaped slots are selected,

the algorithm also uses the mushroom cap height (ℎcap) and cap

radius (𝑟cap) to generate the mushroom portion (Figure 3, right). We

evaluate the mechanical strength of various slot joints in Section 4.1.

To generate slots, our algorithm uses the faces of the shrink-

wrapped interface meshes as a base plane. First, it reduces the

face count of the shrink-wrapped interface meshes with a ratio

𝜌s. Reducing the face count helps space potential locations of slot

joints and prevent too much overlap once the slots are generated at

these locations. The algorithm then selects the closest faces using

the distance of each face’s centroid to its corresponding interface

mesh’s centroid. The number of selected faces per interface mesh is

based on the number of slot joints per part (𝜅) desired by the user.

Once the faces are selected, each face’s normal vector is used to

extrude the slot geometry at the face’s centroid (Figure 3, middle).

Both cylindrical and mushroom-shaped slots are constructed by
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Parameter Name Interface Generation Step Purpose

intersection face reduction ratio, 𝜌i
Pairwise Scaling and Mesh

Boolean Intersection

The ratio used to reduce the face count of meshes before boolean

intersection.

scale factor, 𝑆
Pairwise Scaling and Mesh

Boolean Intersection

The amount to scale input meshes during pairwise scaling

for boolean intersections.

interface thickness, 𝑡
interface

Shrink-Wrapping and Offsetting

The thickness of the dissolvable interface to generate between

two different materials in an object.

interface type, 𝛽 Slot Joint Generation

The type of interface to generate—either plain, cylindrical slots,

or mushroom slots.

slot count per part, 𝜅 Slot Joint Generation

The number of slots to be generated on each

shrink-wrapped part during interface generation.

slot face reduction ratio, 𝜌s Slot Joint Generation

The ratio used to reduce the face count of shrink-wrapped

parts to space out slot joints while performing slot generation.

slot height, ℎ
slot

Slot Joint Generation

The height of each cylinder generated as a slot joint; for

mushroom slots this only defines height of the cylindrical portion.

slot radius, 𝑟
slot

Slot Joint Generation

The radius of each cylinder generated for a slot joint; for

mushroom slots this only defines radius of the cylindrical portion.

mushroom cap height, ℎcap Slot Joint Generation The height of a mushroom cap in mushroom slot joint generation.

mushroom cap radius, 𝑟cap Slot Joint Generation The radius of a mushroom cap in mushroom slot joint generation.

Table 1: An overview of user-defined interface generation parameters.

extruding a cylinder based on the slot radius, 𝑟
slot

, and slot height,

ℎ
slot

parameters. If bi-directional slot joints are enabled, a cylinder

is extruded using both the face’s positive and negative normal

vectors (Figure 3, right).

For mushroom-shaped slots, the mushroom cap is generated

at the top of each cylinder using parameters for the mushroom

cap radius, 𝑟cap, and cap height, ℎcap. The algorithm constructs

a circular sector using three points: the center point of the top

cylinder’s circle; a point on a circle with a radius equal to 𝑟cap with

the same center of the top cylinder’s circle; and a point located at

ℎcap distance along the face normal vector away from the center

point of the top cylinder’s circle. This circular sector is then revolved

360-degrees around the normal vector to form the cap geometry.

The cap is then boolean unioned with the cylindrical slot geometry.

Once the slot geometry is generated, the slot meshes are boolean

unioned with their corresponding shrink-wrapped interface meshes

(Figure 2, Step 5) to create 𝑀
uncut_interface

, the “uncut” interface

meshes. Parameters such as interface thickness (𝑡
interface

) and slot

length (ℎ
slot

) can result in an initial interface geometry that extends

beyond the boundary of the original input model (Figure 2, Step 6).

r
cap

h
cap

t
interface

h
slot

normalr
slot

t
interface

h
slot

r
slot normal

t
interface

Figure 3: Plain interface (left); cylindrical slots interface (mid-
dle); bi-drectional mushroom-shaped slots interface (right).

Because of this, our algorithm must “cut” the interface to remain

within the original input geometry as well as subtract the final cut

interface geometry from the input models before the meshes can

be used for 3D printing.

3.3 Interface Cutting
To ensure that the interface geometry remains within the original

input model’s geometry, the uncut interface geometry must first be

boolean intersected with each original input mesh. Each result of

this intersection is then subtracted from the corresponding original

input mesh using a boolean difference to produce cut input meshes.

At the same time, all of the intersected interface results are unioned

to form the cut interface, 𝑀
cut_interface

. For an overview of this

algorithm, see Appendix A, Algorithm 2. The cut interface mesh

and all of the cut input meshes are then exported as STL files for

3D printing (Figure 2, Step 7).

Grasshopper’s boolean mesh operators attempt to produce solid,

closed meshes. When a closed mesh is not possible, it will typically

return a null or empty result. The nature of our interface cutting

process may result in a mesh that is not closed (e.g., has holes),

or has disjoint mesh faces. Thus, we opted to use more robust

mesh operators for boolean intersection and difference present in

the Libigl geometry processing library [37]. We have written a

wrapper library around the Libigl python bindings to interface with

the geometry data structures generated from Rhino/Grasshopper.

This library allows our entire algorithm to run from within the

Grasshopper, or alternatively, the interface cutting procedure can

be run using a standalone python script. We visualize the resulting

meshes using Polyscope [62].

Once the STL files for the final interface and cut part meshes

are generated, they can be input to any slicer software (e.g., Prusa

Slicer) for 3D printing.
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cylinder slots
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Figure 4: Overview of the tensile strength tests. (a) Example test specimens: Type IV for single material (left), Type IV for
dual material with a plain interface (middle), Type I for dual material with a slot interface; Different geometries were tested
for dual-material samples with plain interfaces (a1), cylindrical slots interfaces (a2), and mushroom slots interfaces (a3); (b)
Two print orientations were used for test samples: horizontal with the tensile load applied parallel to the sample’s printed
layers (top), and vertical with the tensile load applied perpendicular to the sample’s printed layers (bottom); (c) Experimental
apparatus for the ASTM standard D638-14 tensile strength test; (d) Example rupture sites for different interface geometries:
plain (left), bidirectional cylindrical slots (middle), mushroom-shaped slots (right). The asterisk (*) indicates geometries tested
in both print orientations.

4 Technical Evaluation
In this section, we provide technical evaluations of dissolvable

interfaces made from PVA. The first evaluation assesses the tensile

strength of different interface types when applied to different com-

binations of 3D printed materials and print orientations. The second

evaluation examines the shear strength of different 3D printed ma-

terials with different interface types. The last evaluation details the

dissolvability of PVA. The results of these evaluations demonstrate

the viability of our approach.

4.1 Tensile Strength
To evaluate whether adding PVA interfaces impacts the attach-

ment strength between different materials, we conducted tensile

strength tests with two different print orientations according to

ASTM standard D638-14 [4]. We also investigated how different

types of interface geometries (cylindrical and mushroom-shaped

slots) between materials could impact attachment strength. An

overview of these tests is shown in Figure 4.

4.1.1 Test Conditions. We tested a variety of samples from com-

monly used 3D printing filaments—PLA
7
, TPU

8
, PVA

9
, and PETG

10
.

We tested several conditions consisting of single-material; dual-

material (based on permutations of the four filaments and a white

PLA/gray PLA combination) with a “plain” attachment; and vari-

ous slot joint interface types (cylindrical and mushroom-shaped)

using PVA combined with another material. These conditions are

summarized in Table 2.

7
Overture PLA: https://overture3d.com/products/overturepla

8
Overture TPU: https://overture3d.com/products/overture-tpu-filament-1-75mm

9
Fused Materials PVA: https://fusedmaterials.com/product/fused-materials-pva-3d-

filament/

10
Prusament PETG: https://www.prusa3d.com/product/prusament-petg-prusa-

orange-1kg/

The single-material condition provides a baseline of the tensile

strength for the individual materials, and can be validated against

widely accepted values [79]. The dual-material condition demon-

strates the baseline adhesion strength of two materials plainly in-

terfacing in a typical multi-material object. Lastly, the slot joint

interface conditions evaluate whether slot geometry can increase

the attachment strength.

For the slot joint interface conditions, we focused on a PLA/PVA

material combination to test different types of connections (plain,

cylindrical and mushroom-shaped slots). We also explored how the

parameters of these connection types impact strength. For cylindri-

cal slots, we examined PVA slots extending into the PLA portion as

well as slots in both directions (PVA slots into the PLA half, and PLA

slots extending into the PVA half). For mushroom-shaped slots, we

examined five variations based on different generation parameters

for slot height, stem radius, cap height, and number of slots. Based

on the results of the previous conditions, we also tested TPU/PVA

with one of the strongest interface types, M2r , to further validate

that slot interface types can enhance the interface when compared

with a plain interface. We chose M2r because it both minimizes use

of PVA (which is not as readily recyclable as other materials), while

supporting similar strength to M2rh.

All samples of aforementioned conditions were printed hori-

zontally such that their layers were parallel to the direction that

undergoes the tensile load (Figure 4b, top). To test how print orien-

tation affects tensile strength, we conducted additional tests with

vertically printed samples, where their layers are printed perpen-

dicular to the direction that undergoes the tensile load (Figure 4b,

bottom). In the vertical print orientation, we tested the following

conditions: PLA; PVA; TPU; PLA/PVA with plain and M2r inter-

faces; and TPU/PVA with plain and M2r interfaces. A summary of

the vertical print orientation conditions is shown in Table 3.

https://overture3d.com/products/overturepla
https://overture3d.com/products/overture-tpu-filament-1-75mm
https://fusedmaterials.com/product/fused-materials-pva-3d-filament/
https://fusedmaterials.com/product/fused-materials-pva-3d-filament/
https://www.prusa3d.com/product/prusament-petg-prusa-orange-1kg/
https://www.prusa3d.com/product/prusament-petg-prusa-orange-1kg/
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Horizontal Print Orientation Tensile Test Conditions Interface Parameters (mm)

Material Specimen Type

Thickness

(mm)

Interface Geometry ℎ
slot

𝑟
slot

ℎcap 𝑟cap

PLA IV 3 N/A – – – –

PVA IV 3 N/A – – – –

TPU IV 2 N/A – – – –

PETG IV 3 N/A – – – –

White PLA/Gray PLA IV 3 Plain – – – –

PLA/PVA IV 3 Plain – – – –

TPU/PVA IV 3 Plain – – – –

PETG/PVA IV 3 Plain – – – –

PLA/TPU IV 3 Plain – – – –

PLA/PETG IV 3 Plain – – – –

PETG/TPU IV 3 Plain – – – –

PLA/PVA

I 7 Plain – – – –

I 7 C6 5 0.8 – –

I 7 C6b 5 0.8 – –

I 7 M2 2.5 1.5 2.5 2.5

I 7 M3 3 1.2 2 2

I 7 M2r 2.5 2 2.5 2.5

I 7 M1rb 2.5 2 2.5 2.5

I 7 M2rh 7.5 2 2.5 2.5

TPU/PVA

I 7 Plain – – – –

I 7 M2r 2.5 2 2.5 2.5

Table 2: Summary of horizontal print orientation tensile test conditions.

Vertical Print Orientation Tensile Test Conditions

Material Specimen Type

Thickness

(mm)

Interface Geometry

PLA IV 3 N/A

PVA IV 3 N/A

TPU IV 2 N/A

TPU/PLA I 7 Plain

PLA/PVA

I 7 Plain

I 7 M2r

TPU/PVA

I 7 Plain

I 7 M2r

Table 3: Summary of vertical print orientation tensile test
conditions.

4.1.2 Sample Preparation. For each condition, we tested five sam-

ples (N=5). All samples were sliced in PrusaSlicer with 100% rec-

tilinear infill at 45° angle and a layer height of 0.2 mm. In the

single-material condition, we used Type IV specimens printed on a

Prusa MK3
11
. In the dual-material condition, we used Type IV spec-

imens printed on a Prusa XL. Lastly, in the slot interface conditions,

we used Type I specimens printed on a Prusa XL.

11
Prusa MK3S+: https://www.prusa3d.com/product/original-prusa-i3-mk3s-3d-

printer-mmu3-kit-bundle/

According to ASTM standard D638-14, the sample type should

be selected based on the material thickness, material availability,

and whether comparison across material classes is required (e.g.,

rigid vs. flexible). A Type IV specimen is used for materials with

a thickness of at most 4 mm, and a Type I specimen is used for

materials with a thickness of 7 mm or less. Where thickness was not

a factor, we opted to use Type IV specimens to minimize material

consumption and support comparison between rigid and flexible

materials. All Type IV samples had a thickness of 3 mm except for

the TPU samples. We used a 2 mm thickness for the TPU samples

because TPU has very high elongation and a 3 mm sample would

not break at the test machine’s maximum extension. For the slot

interface conditions, we used Type I specimens (7 mm thickness)

to ensure there would be enough cross-sectional area across the

gauge length to incorporate slot joints.

4.1.3 Test Apparatus and Procedure. Tests were performed using an

MTS Exceed E43.504 Universal Testing Machine
12

with a 50 kN load

cell. All tests except for the pure TPU samples were conducted with

a 0.125 mm/s crosshead speed. A 1.00 mm/s crosshead speed was

used for the pure TPU samples due to the elasticity of TPU causing

significantly longer test runs (approximately 40 minutes/sample in

comparison to ∼20 seconds/sample in all other conditions).

12
MTS Exceed E43.504 Universal Testing Machine: https://www.mts.com/en/products/

materials/static-materials-test-systems/exceed-electromechanical

https://www.prusa3d.com/product/original-prusa-i3-mk3s-3d-printer-mmu3-kit-bundle/
https://www.prusa3d.com/product/original-prusa-i3-mk3s-3d-printer-mmu3-kit-bundle/
https://www.mts.com/en/products/materials/static-materials-test-systems/exceed-electromechanical
https://www.mts.com/en/products/materials/static-materials-test-systems/exceed-electromechanical
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Figure 5: Ultimate tensile strength (UTS) test results for single-material and dual-material with a plain interface with a
horizontal print orientation showing the mean of five samples per condition. Error bars indicate the standard deviation. UTS of
dual-material with a plain interface drops significantly compared to UTS of each of the materials by themselves.

4.1.4 Results - Horizontal Print Orientation. The results of the ul-
timate tensile strength (UTS) tests for different material combina-

tions with a horizontal print orientation are shown in Figure 5. The

strengths of the single-material conditions are comparable to gen-

erally accepted values [79]. Their strengths are also significantly

higher than any dual-material conditions (both plain and slot joint

interfaces). Even the same material printed side-by-side in two

parts—the white PLA/gray PLA condition (𝜇: 25.96 MPa, SD: 1.95)—

has a much lower UTS compared to that of itself printed as single

material (PLA – 𝜇: 56.62 MPa, SD: 3.53). The strengths drop even

further for other dual-material conditions with a plain interface (no

slot joint interfaces) between two different materials; the results

are all below 6 MPa.

The results for different interface geometries are shown in Fig-

ure 6. All PLA/PVA dual-material conditions with slot joint inter-

faces had strength higher than their plain interface counterparts

(PLA/PVA Plain – 𝜇: 1.71 MPa, SD: 1.21), and in some cases more

than twice the strength, for example, M2r (𝜇: 10.31 MPa, SD: 2.30)

and M2rh (𝜇: 11.80 MPa, SD: 1.47). All of these samples broke at

the interface of the two materials. We speculate that the strength

increased because more force is needed to overcome adhesion at

the middle of the interface and between the slots joints and their

surrounding material as is suggested by broken slots joints at the

rupture sites shown in Figure 4d.

For the different slot joint types, increasing the number of slots

also increased the strength. For example, the condition with 6 cylin-

drical slots extended from both materials, 12 slots in total (C6b – 𝜇:

6.50 MPa, SD: 0.27), has almost twice the strength of the condition

with 6 cylindrical slots from only one material (C6 – 𝜇: 3.95 MPa, SD:

0.15). This is likely due to the additional slot joints increasing the

contact area between the two materials. For the mushroom-shaped

slot joints, similar cross-section area of the slot joints achieves sim-

ilar strength as demonstrated by the two mushroom (M2 – 𝜇: 6.88

MPa, SD: 1.08) and three mushroom (M3 – 𝜇: 5.78 MPa, SD: 0.79)

slots conditions.

Other parameters that increase either contact surface area or

cross-sectional area of the slots also increase strength. For example,

a slot radius of 2.0 mm (M2r – 𝜇: 10.31 MPa, SD: 2.30) results in

higher strength than a slot radius of 1.5 mm (M2 – 𝜇: 6.88 MPa, SD:

1.08). Similarly, increasing the stem length from 2.5 mm (M2r – 𝜇:

10.31 MPa, SD: 2.30) to 7.5 mm (M2rh – 𝜇: 11.80 MPa, SD: 1.47) also

slightly increased the strength, with all other parameters remaining

the same.

We also tested one of the strongest interface geometries from

the PLA/PVA tests—the two mushroom-shaped slot joints with a
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Figure 6: Ultimate tensile strength (UTS) test results for different interface geometries with a horizontal print orientation
showing the mean for five samples per condition. Error bars indicate the standard deviation. (a) UTS of PLA/PVA samples
with eight different interface geometries. (b) UTS of TPU/PVA samples with a plain interface and an interface with two
mushroom-shaped slots.

stem radius of 2 mm (M2r – 𝜇: 3.01 MPa, SD: 0.24) on the TPU/PVA

combination. This result is much higher than that of TPU/PVA with

a plain interface (𝜇: 0.46 MPa, SD: 0.04).

4.1.5 Results - Vertical Print Orientation. The UTS results for the
vertical print orientation conditions and their horizontal counter-

parts are shown in Figure 7. All three single-material conditions

have much lower UTS when printed vertically than horizontally.

For example, the PLA vertical UTS (𝜇: 40.59 MPa, SD: 2.16) is lower

than its horizontal UTS (𝜇: 56.62 MPa, SD: 3.53). Likewise, the PVA

vertical UTS (𝜇: 6.92 MPa, SD: 0.72) is significantly lower than its

horizontal UTS (𝜇: 64.67 MPa, SD: 6.33). This is in alignment with

prior work [22, 43]. Notably, when TPU and another material have

a plain interface, the vertical conditions have a comparable or even

higher UTS than that of horizontal conditions. For example, the

TPU/PVA vertical UTS (𝜇: 1.37 MPa, SD: 0.61) is higher than its hor-

izontal UTS (𝜇: 0.46 MPa, SD: 0.04). In these tests, TPU was printed

on top of another material to minimize any potential print instabil-

ities from the object flexing during printing. We hypothesize that

this may have enabled better bonding between the interface layers

of the samples. Finally, the vertical slot interfaces have comparable

or higher strength to their vertical plain interface counterparts.

For example, the vertical M2r slot interface with PLA/PVA (𝜇: 1.04

MPa, SD: 0.39) has higher UTS than the plain PLA/PVA interface

(𝜇: 0.86 MPa, SD: 0.50). The vertical TPU/PVA M2r slot interface

(𝜇: 1.14 MPa, SD: 0.23) is marginally weaker than the vertical plain

TPU/PVA (𝜇: 1.37 MPa, SD: 0.61). Across these results, the verti-

cal slot interfaces when compared to the vertical plain interfaces

did not significantly increase the attachment strength as much as

the horizontal slot interfaces did relative to the horizontal plain

interfaces.

4.1.6 Summary. The results of these tests offer several important

findings. First, the strength between PVA and different materials

is slightly lower than the materials when bonded to each other.

Second, slot joints can generally increase the strength of adhesion

between PVA and other materials to be much higher than the adhe-

sion of the materials bonded to each other using a plain interface

(which is common in multi-material 3D printing) when the slots

are printed in a horizontal orientation. When printed vertically,
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Figure 7: Ultimate tensile strength (UTS) test results for horizontal and vertical print orientation showing the mean for five
samples per condition. Error bars indicate the standard deviation. UTS of vertically printed samples are in general lower than
that of their horizontally printed counterparts except for PLA/TPU and TPU/PVA with a plain interface.

the effect of slots is reduced. With this in mind, our computational

approach offers the flexibility to choose whether the generated

dissolvable interfaces should be plain to minimize the use of in-

terface material, or have slot joints to maximize strength between

different materials, subject to the print orientation as is typical in

3D printing.

4.2 Shear Strength
To further evaluate whether adding PVA interfaces impacts the

strength between different materials in other loading conditions,

we conducted shear strength tests according to ASTM standard

D3164-03 [5]. An overview of the tests is shown in Figure 8.

4.2.1 Test Conditions. We tested three conditions: PLA/TPU di-

rectly bonded to each other; PLA/TPU bonded by a PVA plain inter-

face; and PLA/TPU bonded by a PVA slots interface. The PLA/TPU

bonded to each other condition provides a baseline for the shear

strength between the two materials. The other two conditions eval-

uate the impact of PVA interfaces on shear strength. For all three

conditions (Figure 8a), the cross-section of the bond area is 25.4

mm by 12.7 mm, and the PLA and TPU portions of the specimen

are each 101.6 mm by 25.4 mm by 3 mm with an additional spacer

region (25.4 mm by 25.4 mm by 4 mm) to support the specimen in

the test machine’s grippers. The PVA plain interface has a thickness

of 1 mm. The PVA slot interfaces have a base with a thickness of 1

mm and 7 mushroom slots on each side protruding into the PLA
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Figure 8: Overview of the shear strength tests. (a) Test specimens for the three testing conditions: PLA/TPU with no interface
(left), PLA/TPU with plain PVA interface (middle), PLA/TPU with a mushroom slot PVA interface (right); (b) Experimental
apparatus for the ASTM standard D3164-03 shear strength test; (c) Example rupture sites for the three test conditions.
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Figure 9: Ultimate shear strength (USS) test results for PLA/TPU bounded by different interfaces showing the mean for five
samples per condition. Error bars indicate the standard deviation. USS of PLA/TPU bounded by PVA slot interface is nearly
identical to that of PLA/TPU bounded to each other.

and TPU material. The mushroom slots have the same slot radius

and cap radius as the the tensile strength test’s M2r interface con-

dition, which yielded high strength tensile strength. However, the

slot height is reduced to 1 mm and cap height to 1.25 mm so the

mushroom slots are contained within the PLA and TPU regions.

We increased the number of mushroom slots to 7 to maintain the

same ratio of slot cross-sectional area to overall bond area (0.27) as

the ratio used in the M2r condition of the tensile strength test.

4.2.2 Sample Preparation. For each condition, we tested five sam-

ples (N=5). All samples were sliced in PrusaSlicer with a horizontal

print orientation, 100% rectilinear infill at 45° angle, and a layer

height of 0.2 mm. The samples were printed on a Prusa XL with

Overture PLA (white), Overture TPU (white), and Fused Materials

PVA.

4.2.3 Test Apparatus and Procedure. Tests were performed using

an MTS Exceed E43.504 Universal Testing Machine with a 50 kN

load cell (Figure 8b). All tests were conducted with a 0.022 mm/s

crosshead speed.

4.2.4 Results. The ultimate shear strength (USS) results for the

three conditions are shown in Figure 9. The USS for the PLA/TPU

condition is 1.03 MPA (SD: 0.05). The bond failed between the two

materials such that the PLA and TPU peeled off one another. The

USS for the PLA/TPU with a PVA plain interface is 0.47 MPA (SD:

0.04) and the bond failed at the interface between PLA and PVA.

Lastly, the USS for the PLA/TPU with PVA slot interface is 1.03

MPA (SD: 0.03) and the failure occurred within the PLA material

itself as shown in Figure 8c.

4.2.5 Summary. Overall, the shear strength of the plain PVA inter-

face between PLA and TPU is weaker than when the materials are

bonded with no interface. However, the addition of slot joints in

the PVA interface makes its shear strength just as strong.

4.3 Water Dissolution
We performed a water dissolution test (Figure 10) to better under-

stand how quickly PVA dissolves in different conditions.

4.3.1 Test Conditions. Our test consisted of two conditions PVA-

only and PVA partially enclosed by PLA. The PVA-only condition

is used to establish a baseline for PVA dissolution. The enclosed

condition demonstrates dissolution when the PVA is partially en-

closed by another material as is the case when using a dissolvable

interface between other materials.

For each condition, the amount of PVA used was held constant

(Figure 10a). The PVA portion in both conditions was tube-shaped,
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Figure 10: Water dissolution test set-up and results for PVA.
(a) Samples for the two dissolution testing conditions: PVA
only and PVA partially enclosed by PLA; PVA only sample
before (top left) and after (bottom left) the test, and PVA
partially enclosed by PLA sample before (top right) and after
(bottom right) the test are shown. (b) A sample is suspended
with a monofilament fishing line inside a beaker containing
200 mL of room temperature water. (c) The water is agitated
at 800 RPMusing amagnetic stirrer plate for up to 75minutes
to progressively dissolve the sample.

consisting of a cylinder (20 mm height, 7.5 mm radius) with a

cylindrical hole cut (2.5 mm radius) from its center. This shape

was chosen to ensure printabilty and that water could uniformly

dissolve the PVA around the tube’s radius. For the enclosed PVA

condition, the cylindrical hole was filled by a PLA cylinder (2.5 mm

radius) and the outer PVA cylinder was surrounded by PLA (2.5

mm thick).

4.3.2 Sample Preparation. For each condition, we printed five

(N=5) samples. Samples were sliced in PrusaSlicer using a 20%

rectilinear infill at a 45° angle with 0.2 mm layer height. All samples

were printed using a Prusa XL with white Overture PLA and Fused

Materials PVA.

4.3.3 Test Apparatus and Procedure. Figure 10b shows our experi-
mental setup. For each sample, we recorded its initial mass in grams

(g). We filled a 250 mL beaker with 200 mL of room-temperature

tap water and placed a magnetic stirrer (40 mm in length) at the

bottom. The beaker was placed on top of a stirrer plate, which is

directly below a metal fixture. Using a monofilament fishing line,

each sample was then suspended from the fixture such that it was

fully submerged in the water (approximately 40 mm from the bot-

tom of the beaker). We tied a M10 washer approximately 80 mm

above the sample and outside the beaker to add tension on the line.

We set the stirrer rate to 800 RPM and ran the test until the

sample separated from the fishing line or 75 minutes had elapsed

(Figure 10c). In either case, we recorded the dissolution time. The

sample was then removed from the beaker and left to fully dry. We

then recorded the undissolved mass of the sample in grams.

4.3.4 Results. For PVA-only condition, the average initial mass

was 2.03 g (SD: 0.011). In all five tests, the PVA-only sample sepa-

rated from the fishing line before 75 minutes elapsed. The average

dissolution time is 48.3 min (SD: 1.41). The average loss in mass is

1.67 g (SD: 0.066), or 82.3% of the initial mass. The average rate of

dissolution is 0.035 g/min (SD: 0.0023).

For the enclosed PVA condition, the average starting mass was

5.08 g (SD: 0.011). All five tests ran for the full 75 minutes. The

average loss in mass is 0.822 g (SD: 0.134), or 16.2% of the initial

mass. The average rate of dissolution is 0.011 g/min (SD: 0.0018). As

expected, the rate of dissolution for enclosed PVA is lower, approxi-

mately one-third that of PVA-only. This is because the PVA surface

area that is initially exposed to water is also much lower, with the

enclosed PVA surface area (314.16 mm
2
) being approximately five

times lower than PVA-only (1570.80 mm
2
).

4.3.5 Summary. Increasing the surface area of the PVA exposed to

water will generally increase the rate of dissolution. However, this

relationship is not linear because the exposed surface area changes

as more PVA is dissolved over time. As long as the PVA is not fully

encased in another material, it will dissolve over time.

5 Example Demonstrations
To demonstrate our computational technique, we processed and

fabricated nine objects that have different structural, functional

and aesthetic qualities. Several of these examples were existing

multi-material 3D models sourced from online repositories such as

Thingiverse
13

and Printables
14
. All of the objects were printed on

a 5-tool Prusa XL using various combinations of PLA, conductive

PLA, PETG, TPU, and PVA. Only the dissolvable interfaces were

printed in PVA. After fabrication the objects were submerged in

water for at least 16 hours to demonstrate the disassembly process

that enables recycling at their end of life. We summarize object

information in Table 4 and the results of disassembly by dissolution

in Table 5. Full interface generation parameters for each object can

be found in Table A, Table 6. We also provide print time information

in Appendix A, Table 7.

5.1 Striped Lizard
The striped lizard [18] is a tri-color 3D model available on Thingi-

verse. It has several interesting geometric features including non-

planar surfaces where different colors of the lizard’s body meet;

partially nested structures (e.g., the eyes); and small parts such as its

toes. We produced and fabricated two versions of the lizard using

blue, green and yellow PLA. We first generated a plain interface

version, which took 188.9 seconds, however, some of the smaller

parts (e.g., end of the tail and some toes) broke off at their inter-

faces while removing the fabricated object from the printer. This

suggested that the plain interfaces did not provide enough strength

in areas where small parts meet. We generated the second version

with cylindrical slots (Figure 1), which took 229.4 seconds. This

version of the object stayed intact while being removed from the

printer. After dissolution, all of this object’s non-dissolved materials

were fully separated. This represents 81.58% of the object’s original

mass, where the remaining 18.42% was dissolved PVA.

13
Thingiverse: https://thingiverse.com

14
Printables: https://printables.com

https://thingiverse.com
https://printables.com
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Object Information Interface Parameters Processing Time (s)

Name

Input

STLs

Mesh

Vertices

Mesh

Faces

Mesh Volume

(mm
3
)

𝑡
interface

(mm)

Interface

Type

Interface

Generation

Interface

Cutting

Total

striped lizard 3 222,487 369,252 35,583 1.0 cylindrical 48.6 180.8 229.4

plant cell 4 100,758 157,918 75,685 1.0 plain 568.7 1353.4 1922.1

tongs 2 1,644 1,360 30,357 1.0 cylindrical 11.5 37.5 49.0

candy cane 2 20,340 23,576 1,723 0.6 plain 14.6 87.1 101.7

hair brush 2 20,206 36,512 70,500 1.0 cylindrical 19.4 167.7 187.1

bag holder 2 17,295 28,964 153,944 1.0 mushroom 28.5 45.5 74.0

sheep 3 86,930 163,788 163,788 0.8 plain 40.5 31.7 72.2

fidget toy 2 5,507 7,960 102,058 1.0 plain 29.2 36.0 65.2

game controller 4 17,446 26,556 122,003 1.0 plain 68.9 1365.7 1434.6

Table 4: An overview of the example objects and their generated interfaces used to demonstrate our disassembly by dissolution
approach. Detailed interface parameters for each object can be found in Appendix A, Table 6.

5.2 Plant Cell
The plant cell [57] is a model for science education available on

Thingiverse that uses different colors to illustrate a plant cell’s

various components. In terms of geometry, the model has several

small thin-walled parts and nested components. We generated plain

interfaces for the object (Figure 11), which took 1922.1 seconds. The

object’s components were then fabricated using green, yellow, red,

and blue PLA. After dissolution, all of the object’s components were

input generated output

interfaces added

multi-material 3D print

disassembled 
through dissolving

green PLA

yellow PLA

red PLA blue PLA

separated materials

fabricated

Figure 11: The plant cell model when processed, fabricated,
and fully disassembled.

fully separated, accounting for 87% of the object’s original mass.

The remaining 13% of the mass was dissolved PVA.

5.3 Tongs
We created a two-material 3D model of a pair of tongs that is in-

tended to have flexible teeth for gripping and a rigid handle. Because

the teeth rest on the object’s surface and need to withstand forces

from gripping objects, we generated cylindrical slot interfaces to

increase attachment strength (Figure 12), which took 49.0 seconds.

generated outputinput

separated materials

TPU

PLA

multi-material 3D print

fabricated

disassembled
through dissolving

interfaces added

Figure 12: The pair of tongs when processed, fabricated, and
fully disassembled.
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generated outputinput

separated materialsmulti-material 3D print

fabricated

red PLA green PLA

disassembled
through dissolving

interfaces added

Figure 13: The candy cane model when processed, fabricated,
and fully disassembled.

The object’s components were then fabricated using white TPU for

the teeth and gray PLA for the handle. After dissolution, all of the

object’s components were fully separated, accounting for 92.66% of

the object’s original mass. The remaining 7.34% of the mass was

dissolved PVA.

5.4 Candy Cane
The candy cane [26] is a holiday ornament available on Printables.

Its geometry consists of three spiral strands interwoven around

a twisted core. We generated plain interfaces for the object (Fig-

ure 13), which took 101.7 seconds. Because of the candy cane’s

intertwined components and small diameter (∼4.7 mm), we used

a small interface thickness of 0.6 mm to preserve the original ob-

ject’s aesthetics. The object was fabricated using red and green PLA.

After dissolution, all of the object’s components were separated.

However, some agitation was needed to dislodge the individual

green strands as they were still held by friction within the twisted

core. Of the object’s original mass, 60.87% was accounted for in

the separated materials with the remaining 39.13% being dissolved

PVA.

5.5 Hair Brush
We created a hair brush that has a rigid handle and flexible bris-

tles. In contrast to the tong’s teeth, the bristles are partially nested

within the handle to provide additional support during use. We gen-

erated cylindrical slot interfaces to increase attachment strength

generated outputinput

separated materialsmulti-material 3D print

fabricated

disassembled
through dissolving

interfaces added

TPU

PLA

Figure 14: The hair brush when processed, fabricated, and
fully disassembled.

(Figure 14), which took 187.1 seconds. The object was then fabri-

cated using white TPU for the bristles and gray PLA for the handle.

After dissolution, all of the object’s components were fully sep-

arated, accounting for 85.45% of the object’s original mass. The

remaining 14.55% of the mass was dissolved PVA.

5.6 Bag Holder
We designed a bag holder that has flexible grips for comfort, and a

durable body for holding heavy bags. To provide additional attach-

ment strength during use, we generated mushroom slot interfaces

(Figure 15), which took 74.0 seconds. The object was then fabricated

using white TPU for the grips and orange PETG for the handle. Af-

ter dissolution, all of the object’s components were fully separated,

accounting for 95.39% of the object’s original mass. The remaining

4.61% of the mass was dissolved PVA.

5.7 Interactive Sheep
We created a multi-part sheep model that has a conductive trace

internally routed through its body to its face (Figure 16). This trace

acts as a capacitive touch sensor to support interactivity. In terms

of geometry, the sheep has several structures that are nested within

one another such as its pupils nested within its eyes, which are then

nested within its head. In addition, the conductive trace is routed

through different structures (head, body) that also represent differ-

ent materials (conductive and non-conductive). We generated plain

interfaces for the sheep, which took 72.2 seconds. After dissolution,

all of the object’s non-dissolved materials were fully separated. This
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generated outputinput

interfaces added

separated materialsmulti-material 3D print

fabricated

disassembled
through dissolving

TPU

PETG

Figure 15: The bag holder when processed, fabricated, and
fully disassembled.

represents 93.01% of the object’s original mass, where the remaining

6.99% was dissolved PVA.

5.8 Fidget Toy
We designed a fidget toy featuring a rigid enclosure and soft custom-

shaped buttons that protrude above the enclosure’s surface. During

use, the buttons will experience downward force when pressed (as

opposed to laterally as with the hair brush’s bristles). Thus, the

object does not need slots for additional attachment strength. We

generated plain interfaces (Figure 17), which took 65.2 seconds. The

object was then fabricated using gray PLA for the enclosure and

white TPU for the buttons. After dissolution, all of the object’s com-

ponents were fully separated, accounting for 90.2% of the object’s

original mass. The remaining 9.8% of the mass was dissolved PVA.

5.9 Interactive Game Controller
We designed a game controller with flexible interactive buttons and

a directional-pad embedded into a two-color rigid enclosure. Simi-

lar to the interactive sheep, each button has an internally-routed

conductive trace. We generated plain interfaces for the controller,

which took 1434.6 seconds. The object was then fabricated using

gray and blue PLA for the case, white TPU for the buttons, black

conductive PLA for the internal traces. After dissolution, all of the

object’s components were fully separated, accounting for 87.53% of

the object’s original mass. The remaining 12.47% of the mass was

dissolved PVA.

generated outputinput

interfaces added

separated materialsmulti-material 3D print

fabricated

disassembled
through dissolving

conductive 
PLA gray PLA

white PLA

Figure 16: The interactive sheep when processed, fabricated,
and fully disassembled.

6 Discussion and Limitations

6.1 Interface Generation Considerations and
Constraints

Choosing an appropriate dissolvable interface is crucial to preserv-

ing the functionality and visual appearance of a multi-material 3D

printed object. All of our example demonstrations have interface

thicknesses of 1 mm except the candy cane which has an interface

thickness of 0.60 mm.When too large of a thickness is chosen, more

material in the original object is converted into a dissolvable inter-

face. For small objects (such as the candy candy) or objects with

very small features (<1 mm
2
) located where two materials meet,

too large of an interface thickness can cause a drastic change in

appearance. At the same time, if too small of an interface thickness

is chosen, the interface may not be printable. We recommend the

interface thickness be at least the extrusion width of the 3D printer

used for fabricating an object (typically between 0.4 to 0.5 mm).

However, choosing a value that is approximately twice this number

ensures printability and is more robust to any potential printing

artifacts.

Relatedly, the type of interface—plain, with cylindrical slots,

or with mushroom-shaped slots—should be selected based on the

intended use of an object. Our tensile strength and shear test results

indicate that the plain interface (no slot joints) has the lowest overall

strength, but is of similar magnitude to the bond strength between

different materials without any interface added. In addition, the

plain interface utilizes the least amount of dissolvable material
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Figure 17: The fidget toy when processed, fabricated, and
fully disassembled.

compared with the other two interface types and therefore takes

less time to dissolve for disassembly.

The plain interface is most useful in applications that are for

aesthetic purposes and do not require strong connections between

different materials (e.g., when one structure is nested within an-

other). Both the game controller and the interactive sheep have

conductive traces that are enclosed within an outer structure. In

these examples, the outer structure already provides significant

support for the inner material so plain interfaces are sufficient.

In most cases, adding slot joints can significantly increase the

strength of the bonds between interfaces and their adjacent materi-

als. Though, this effect is mediated by print orientation. Adjusting

the generation parameters of an interface can further impact the

strength. A larger size and/or an increased number of slot joints

are both associated with higher strength. However, slot joints also

come with trade-offs. Slot joints replace more material in the orig-

inal model with a dissolvable interface, potentially changing the

object’s aesthetics. This is more apparent with mushroom-shaped

slot joints as they can potentially appear on an object’s surface (e.g.,

on the feet of the lizard example). Likewise, more interface material

can increase the dissolution time for disassembly.

Both the flexible grips of the bag holder and the bristles of the

brush are intended to experience strong forces during use. Thus,

we chose to maximize strength by using interfaces with mushroom-

shaped slots and cylindrical slots, respectively. Across all of our

examples, we considered strength, aesthetics, and speed of dissolu-

tion when choosing an interface type. We recommend balancing

generated outputinput

interfaces added

separated materialsmulti-material 3D print

fabricated

disassembled
through dissolving

gray PLA

conductive 
PLA

TPU

blue PLA

Figure 18: The game controller when processed, fabricated,
and fully disassembled.

these factors when choosing a dissolvable interface for any appli-

cation. Currently, these considerations must be manually weighed

by a user. However, we believe there is an opportunity to leverage

physically-based simulation and optimization in this process. Our

tensile and shear tests provide a baseline strength characterization

for different materials, interface conditions, and print orientations.

When combined with user input regarding an object’s intended use

(e.g., loading conditions), such a tool could determine the optimal

interface geometry for a given application. Likewise, it could be

used to examine the anticipated dissolution and disassembly of the

object prior to its end-of-life.

6.2 Recycling 3D Printed Materials
Across all 9 multi-material objects, our approach enables 89.97%

(339.66 g) of the total mass of their materials to be recycled. These

materials can be easily separated and sorted by type and color.

Likewise, dissolved interfaces made from PVA could also be recy-

cled using existing techniques [25, 30]. If the PVA is recycled, our

approach supports recycling of all the materials in these multi-

material 3D printed objects. However, we note that PVA recycling

is not widely available [30, 72].

It would be ideal if all thermoplastic materials used in 3D printing

could be recycled through a typical municipal recycling program,

but the reality is that the infrastructure to identify, separate and sort

thesematerials does not currently exist [55, 97]. As of now, recyclers

of 3D printed plastics such as TerraCycle [84] and Printerior [66]

require individuals to separate, label and ship materials to their
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Disassembly by Dissolution Results

Name

Dissolution

Time

(hours)

Original

Mass

(g)

Dissolved

Interfaces

Mass (g)

Unseparated,

Non-Soluble

Mass (g)

Separated,

Non-Soluble

Mass (g)

Dissolved

PVA

Mass %

Recylable,

Non-Soluble

Mass %

striped lizard 40 23.40 4.31 0 19.09 18.42 81.58

plant cell 15 32.69 4.25 0 28.44 13.00 87.00

tongs 16 23.15 1.70 0 21.45 7.34 92.66

candy cane 16 1.61 0.63 0 0.98 39.13 60.87

hair brush 24 44.54 6.48 0 38.06 14.55 85.45

bag holder 40 71.29 3.29 0 68.00 4.61 95.39

sheep 43 73.51 5.14 0 68.37 6.99 93.01

fidget toy 39 49.89 4.89 0 45.00 9.80 90.20

game controller 44 57.43 7.16 0 50.27 12.47 87.53

Table 5: Results of dissolving the example objects. All objects were fully disassembled and their non-soluble materials can be
recycled. The combined recyclable non-soluble material amounts to 89.97% (339.66 g) of the combined mass of all the objects.

facilities. Our approach unlocks these recycling processes for multi-

material 3D printed objects.

In addition, our approach supports growing efforts in do-it-

yourself filament recycling with machines such as the Recre-

ator3D [41] and the ARTME 3D Desktop Filament Extruder [3].

Recycling multi-material 3D printed objects with these machines

can empower individuals and community makerspaces to create

sustainable digital fabrication practices that encourage the use of

locally recycled materials.

6.3 Interface Dissolvability and Its Impact on
Functionality

Our computational approach makes no assumptions about the par-

ticular materials used in a 3D printing process. As a result, the

generated output should work with any materials as long as the

interface material is dissolvable, and its dissolution process does

not impact the quality of other materials for recycling. Crucially, a

dissolvable interface material should be selected based on an ob-

ject’s intended use. In this work, we demonstrated using PVA as an

interface material. In terms of longevity, our example objects have

been handled by dozens of individuals over several months with no

apparent change in their functionality. Likewise, the adhesion be-

tween materials does not appear to have affected by a low-moisture

environment. However, this may not the case in high humidity

environments. Because PVA is water-soluble, it is not suitable to

be used in applications that require high moisture or contact with

water (e.g., a boat). Other dissolvable 3D printing materials such as

HIPS (soluble in d-limonene [36]) and polyvinyl butyral
15

(soluble

in isopropyl alcohol), would likely be a better choice for objects

with water-based applications.

6.4 Challenges with Disassembly by Dissolution
A key goal in this work is to support disassembly by dissolution,

however, some objects may still require additional geometry mod-

ifications to enable disassembly, or need some mechanical effort

to separate different materials. Consider a small sphere inside of a

15
Polyvinyl butyral (PVB): https://all3dp.com/2/pvb-filament-simply-explained/

no split split

interface

disassembled 
through dissolving

separated materialsnested spheres

Figure 19: Rendered example showing that components
which are completely encapsulated inside of an object such as
nested spheres will not separate without a split being added
to the outer geometry.

larger sphere (e.g., a model of the earth with its core within) as in

Figure 19. In this case, our algorithm would produce an interface

around the inner sphere (the core). However, during the dissolution

process even if water made its way through the outer sphere’s layer

lines to dissolve the interface, there would be no way for the inner

sphere to separate as it is trapped inside. Thus, it would be necessary

to segment, or add a “split” through the outer sphere’s geometry

to integrate another interface that could effectively split open the

outer sphere during dissolution. Once this interface is dissolved,

the outer sphere would then separate, providing a way for the inner

sphere to exit. These splits could be computationally-generated

using a part segmentation approach (e.g., [48, 59]). However, some

3D models may necessitate a user suggesting a splittable region as

input to the system to avoid the possibility of potential splits and

interface generation compromising an object’s functionality (e.g.,

print-in-place movable joints).

Similarly, an object may also have different colors or materials

that are heavily woven together such as the candy cane in Fig-

ure 13. After its interfaces are dissolved, the object’s pieces may

still be somewhat interlocked. In such cases, the disassembly pro-

cess may require mechanical intervention (e.g., agitation using a

water circulation pump) to unweave the parts from one another.

https://all3dp.com/2/pvb-filament-simply-explained/
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Industrial-scale plastic recycling processes already use techniques

such as air-blown pressure to forcefully separate different plastic

materials [77]. Similar approaches could be used to disassemble

and sort multi-material 3D printed plastics once the interfaces are

dissolved.

7 Future Work
7.1 Sustainable Alternative Interface Materials
Prior work emphasizes the largest environmental impact ben-

efits resulting from using materials that are bio-based, renew-

able, recyclable and low-/no-temperature materials for 3D print-

ing [23, 24, 69]. PVA is recyclable [25, 30] and technically biodegrad-

able [31, 32]. However, its recycling processes are not widely used

[30, 72], and its biodegradation is slow and depends on specific

microorganisms that are not common in the U.S. Wastewater Treat-

ment Plants or the environment [72]. Thus, it is important to find

more sustainable materials that exhibit similar strength, dissolv-

ability, and adhesion as PVA. Several dissolvable bio-based materi-

als such as agar-agar [7] and gelatin [44, 45] could provide more

sustainable alternatives to PVA if they could be adapted into 3D

printing materials. Likewise, replacing all thermoplastics used in 3D

printing with more sustainable, yet equally functional alternatives

is ideal and should be the subject of future work.

7.2 Applying Dissolvable Interfaces to Other
Manufacturing Techniques

This work has focused on generating dissolvable interfaces for

multi-material objects intended to be fabricated on typical ther-

moplastic filament-based 3D printers. However, we note that our

computational approach is applicable to other multi-material 3D

printing processes that support soluble materials such as material

jetting (e.g., Stratasys PolyJet
16
). Similarly, dissolvable interfaces

could also be used in other multi-material manufacturing processes

such as multi-material plastic injection molding, where objects are

formed by injecting different molten plastic materials into a sin-

gle mold [29]. Given that PVA [16] and several other 3D printable

thermoplastics (e.g., TPU, ABS) [17] are already injection molded at

an industrial-scale, we see an opportunity to leverage dissolvable

interfaces as a way to support recycling of objects made through

these processes. Future work should evaluate the feasibility of these

approaches and their impact on recycling.

8 Conclusion
This work introduces a computational fabrication technique that

enables the recycling of multi-material 3D printed objects. This

technique generates dissolvable interfaces between different mate-

rials in a 3D model without impacting the object’s intended func-

tionality. Once the object is fabricated, these interfaces can be dis-

solved to disassemble the object, and enable various materials to

be individually recycled. Our tensile and shear strength evalua-

tion demonstrates that these interfaces are strong—and in some

cases, stronger—than the bonds between materials without inter-

faces. While we illustrate this technique with water-soluble PVA,

16
Stratasys PolyJet Support: https://support.stratasys.com/en/Materials/PolyJet/

PolyJet-Support

our computational approach is broadly applicable to any dissolv-

able 3D-printable material. Through 9 example demonstrations,

we show that this approach is highly effective at disassembling

objects that are geometrically complex and combine materials that

are rigid, flexible, and even conductive. Our technique enables us

to recycle 89.97% of the total mass of these objects, leaving only

dissolved material behind. As a whole, this work unlocks a new

approach that enables recycling in multi-material 3D printing with-

out compromising functionality and has the potential to advance

sustainability in other multi-material fabrication techniques.
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A Appendix

Algorithm 1: Interface_Generation
Input: a list of input meshes,𝑀𝑖𝑛𝑝𝑢𝑡 ; a scale factor, 𝑆 ; an

intersection face reduction ratio, 𝜌𝑖 ; the interface

thickness, 𝑡
interface

; an interface type, 𝛽 ; a slot count

per part, 𝜅; slot face reduction ratio, 𝜌𝑠 ; a slot height,

ℎ𝑠𝑙𝑜𝑡 ; a slot radius, 𝑟𝑠𝑙𝑜𝑡 ; mushroom cap height,

ℎ𝑐𝑎𝑝 ; mushroom cap radius, 𝑟𝑐𝑎𝑝
Output: the uncut interface mesh,𝑀

uncut_interface
; the

original input meshes,𝑀input

1 # Perform Pairwise Scaling and Mesh Boolean Intersections

2 𝑀
reduced

← reduce_meshes(𝑀input)
3 𝑃

centroid
← compute_centroids(𝑀

reduced
)

4 𝑀
scaled

← uniform_scale(𝑀
reduced

, 𝑃
centroid

, 𝑆)
5 𝑀intersect ← []
6 foreach𝑚𝑖 ∈ 𝑀reduced

do
7 foreach𝑚𝑠 ∈ 𝑀scaled

do
8 if represents_same_mesh(𝑚𝑖 , 𝑚𝑠 ) then
9 continue

10 end
11 𝑚𝑥 ← mesh_boolean_intersect(𝑚𝑖 , 𝑚𝑠 )
12 𝑀intersect .push(𝑚𝑥 ) # Append intersections

13 end
14 end
15 # Perform ShrinkWrapping and Offsetting

16 𝑀
uncut_interface

←
shrink_wrap_offset(𝑀intersect, 𝑡interface)

17 # Perform Slot Generation, if needed

18 if use_slot_joints(𝛽) then
19 𝑀

slots
← generate_slot_joints(
𝑀
uncut_interface

, 𝛽, 𝜅, 𝜌𝑠 , ℎslot, 𝑟slot, ℎcap, 𝑟cap)
20 𝑀

uncut_interface
← mesh_boolean_union(

𝑀
uncut_interface

, 𝑀
slots
)

21 end
22 return (𝑀

uncut_interface
, 𝑀input)

Algorithm 2: Interface_Cutting
Input: an uncut interface mesh,𝑀

uncut_interface
; a list of

corresponding input meshes,𝑀𝑖𝑛𝑝𝑢𝑡

Output: the cut interface mesh,𝑀
cut_interface

; a list of the

cut input meshes,𝑀cut_input

1 # Perform Mesh Boolean Intersections and Cutting

2 𝑀cut_input ← []
3 𝑀

x_interface
← []

4 foreach𝑚𝑖 ∈ 𝑀input do
5 𝑚𝑥 ← boolean_intersect(𝑚𝑖 , 𝑀uncut_interface

)
6 𝑚cut_i ← boolean_difference(𝑚

𝑖
, 𝑚𝑥 )

7 𝑀
x_interface

.push(𝑚𝑥 ) # Append intersections

8 𝑀cut_input .push(𝑚cut_i) # Append cut inputs

9 end
10 # Perform Boolean Union on Cut Interfaces

11 𝑀
cut_interface

← boolean_union(𝑀
x_interface

)
12 return (𝑀

cut_interface
, 𝑀cut_input)

Printing Time

Name

Original Object

(mins)

Object + Interfaces

(mins)

Increase

%

striped lizard 133 196 47.37

plant cell 123 142 15.45

tongs 143 182 27.27

candy cane 22 33 50.00

hair brush 243 296 21.81

bag holder 254 306 20.47

sheep 252 323 28.17

fidget toy 190 230 21.05

game controller 208 253 21.63

Table 7: Print times for the example objects before and after
interfaces are added. All objects are sliced in PrusaSlicer
with 0.2 mm layer height and 20% infill. On average an the
print time will increase ∼28%. However, for objects that have
heavily intertwined materials (e.g., the candy cane), print
time can increase as much as 50%.

Dissolvable Interface Generation Parameters

Name

Scale Factor,

𝑆

Intersection Face

Reduction Ratio,

𝜌i

𝑡
interface

(mm)

Interface

Type, 𝛽

Slot Count

Per Part,

𝜅

Slot Face

Reduction Ratio,

𝜌s

ℎ
slot

(mm)

𝑟
slot

(mm)

ℎcap
(mm)

𝑟cap
(mm)

striped lizard 1.043 0.0054 1.0 cylindrical 1 0.400 3.0 1.0 – –

plant cell 1.050 0.0127 1.0 plain 0 – – – – –

tongs 1.050 1.4706 1.0 cylindrical 1 0.400 3.0 1.0 – –

candy cane 1.003 0.0848 0.6 plain 0 – – – – –

hair brush 1.050 0.0548 1.0 cylindrical 3 0.400 3.0 1.0 – –

bag holder 1.050 0.0691 1.0 mushroom 6 0.001 3.0 1.0 1.5 1.5

sheep 1.050 0.6000 0.8 plain 0 – – – – –

fidget toy 1.003 1 1.0 plain 0 – – – – –

game controller 1.003 0.0753 1.0 plain 0 – – – – –

Table 6: A complete overview of the interface generation parameters used for the example objects.
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