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A B S T R A C T   

4D printing is considered as a disruptive manufacturing technology for creating innovative devices able to evolve 
in their usage environment. By coupling additive manufacturing (AM) processes and active/passive materials 
under the effect of an energy stimulation, objects can change properties, shapes, or even functionalities. To 
achieve a desired shape-change, recent advances in computational design around digital materials require 
tackling multi-material 4D printing. However, the deposition of active and passive materials in a single run 
remains difficult due to the different AM techniques required. To overcome this limitation in the context of 
complex materials distributions, an original approach is to address multi-material 4D printing from the 
perspective of interlocking blocks assembly. Therefore, the objective of the paper is to propose a computational 
design approach that converts a multi-material 4D object with a computed digital materials distribution into 
suitable interlocking blocks. The latter can be printed separately using single material AM and then assembled to 
achieve the targeted shape change. An implementation of the approach via a dedicated plugin within a 
computer-aided design environment is presented. A case study is introduced to illustrate the relevance and the 
applicability of the proposed approach.   

1. Introduction 

Over the last decades, production strategies, materials development, 
and manufacturing technologies have greatly influenced design models 
and approaches to deliver innovative products with new usage modes. 
These competitive drivers are further emphasized in the context of In
dustry 4.0 and its main pillars, such as high functionality and high 
connectivity products and systems, Internet of Things, (soft) robotics, 
additive manufacturing (AM), and artificial intelligence (AI), to name a 
few. AM is a relevant manufacturing technology to increase products/ 
parts capabilities in terms of shapes, properties, and functionalities. 
Since the first 3D printing patent in 1984 [1], AM has received expo
nential interest from academia and industry, leading to both incre
mental and disruptive innovations [2]. Among the AM-related 
innovations [3], 4D printing particularly aims at combining AM and 
smart materials (SMs) to build shape-, property- or 
functionality-changing objects under the effect of energy stimulation 
like heat, pH, moisture, light, electric field, magnetic field, mechanical, 

etc. [3,4]. Seen as an emerging and interdisciplinary research domain, 
4D printing gathers multiple perspectives and interests, ranging from 
design and engineering [5], mechanical modeling [6,7], manufacturing 
[8], material science [9,10], chemistry [11], soft robotics [12–16], 
medicine [17,18], and aerospace [19]. 

Among the numerous proofs-of-concept proposed in the literature, 
one can notice research efforts in single-material deposition and multi- 
material deposition 4D printing [4,20–23]. Although both research di
rections deserve to be investigated to increase the body of knowledge in 
4D printing, it becomes vital to rise this technology in a way to meet 
industrial applications, especially in terms of mechanical behavior, 
robustness, reversibility, responsivity, etc. In such a context, 
multi-material 4D printing offers more freedom in design and engi
neering to develop active composite structures exhibiting well-balanced 
soft and structural properties. This research direction leads to novel 
design approaches and new geometric representation falling under 
voxel-based modeling and digital materials [24,25]. Indeed, recent ef
forts have emphasized the need to tackle 4D printing from a design 
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perspective, introducing the issue of design with/for 4D printing [5,21, 
26]. The ultimate objective is to allocate the right material (passive and 
active) at the right place and the right energy stimulus at the right time 
and place while influencing the part’s geometry. Therefore, there is a 
need for computational support and appropriate geometric 

representation. In principle, it can be argued that today digital freedom 
can address AM constraints related to different complexities of form, 
hierarchy, material printability, and functionality [5,27]. However, 
there are remaining locks for spatial changes due to other kinds of 
complexity such as the response of the SMs to an energy stimulation, the 

Fig. 1. Flowchart of the computational design for multi-material 4D printing based on interlocking blocks assembly computation.  
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location and amplitude of the latter to achieve a desired transformation. 
As regards multi-material 4D printing processes, a few AM tech

niques have been utilized, customized, or combined (hybrid) to suit 
stimuli-responsive materials printing [5,28–32]. Most of the research 
investigations concern fused filament fabrication (FFF), direct ink 
writing (DIW), material jetting (MJ), and digital light processing (DLP). 
However, recent advances in design computation with digital materials 
require to develop new multi-material AM strategies [21,26]. Recent 
works in multi-material 4D printing have illustrated the opportunity to 
compute materials distributions in three-dimensional structure with the 
support of AI-based techniques [20,21]. The resulting counter-intuitive 
distributions are promising to achieve a desired shape-changing 
behavior while ensuring good mechanical performance. At this stage, 
most of the numerical results remain difficult to print with the available 
multi-material AM processes and techniques. An original way of 
bypassing the limitations of multi-material AM – in terms of AM pro
cesses and materials compatibility [33] – is to consider discrete assem
bly of interlocking blocks with different materials built from multiple 
AM processes and techniques. A few assembly methods have been 
investigated in the literature, ranging from bio-inspired interlocking 
techniques, mechanical interlocking features, and computational 

interlocking methods [34–44]. Among the approaches ensuring more 
freedom in terms of material combination, mechanical interlocking with 
the aid of computational procedures becomes a relevant strategy. It is 
thus a question of decomposing a 3D model into discrete elements like 
Lego-like blocks, whether to overcome large parts printing issue or 
multi-material AM [38,45–50]. Although significant research has been 
done in this field in terms of computational generation of interlocking 
3D assemblies [51–56], a barrier still exists to tackle multi-material 4D 
printing from an assembly perspective. Here the starting point is a dig
ital materials distribution – obtained from AI-based techniques like 
evolutionary and genetic algorithms [20,21] – to which a determination 
of interlocked blocks is sought in the embodiment design stage. 

In such a context, the main objective of the paper is to propose a 
computational design approach for multi-material 4D printing by 
considering the assembly of discrete 3D printed voxels (or blocks). 
Addressing such a way enable to build any voxel-based structures which 
includes either lattice and/or solid units, further falling under both 
design for 4D printing and design for assembly domains. The proposed 
approach consists in working with digital materials within a 3D/4D 
object or structure and determining subsets of polyvoxels (i.e., similar to 
polycubes in discrete geometry), intended to be printed separately and 

Fig. 2. (a) Directed blocking graph DBGd = (P,R) and (b) its adjacency matrix M according to a specific direction.  

Fig. 3. Example of a (a) 2D assembly of three interlocked parts, with its (b) DBGs along the directions +x and +y, and (c) the related adjacency matrices. The dashed 
red circle and rectangle highlight the key part along the +y direction. 
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then assembled. The scientific originality lies in defining judicious 
interlocking arrangement of the polyvoxels, ensuring the assembly and 
the maintenance of the structure, thus, providing more flexible and 
efficient interlocking methods that are not achieved yet by existing 
state-of-the-art approaches. For that very reason, we will adopt a voxel- 
based representation in computer-aided design (CAD) appropriate to 
multi-material design and 4D printing [21,57–59]. Such a representa
tion provides advantages to (i) describe the overall geometry of the part, 
(ii) specify the active and inert regions, (iii) allocate properties having a 
role in transduction, sensing, and actuation, and (iv) distribute materials 
in the three-dimensional design space [5]. From this, it is then possible 
to address multi-scale modeling [60–62] with different voxel shapes and 
structures [63], whether solid, lattice, or even metamaterials [64–69]. 
The proposal extends prior work on interlocking assemblies [52,55,56, 
70] by considering as initial input a computed materials distribution in a 
4D object via a dedicated CAD plugin [21,26]. 

The structure of the paper is as follows. Section 2 presents the pro
posed computational design approach able to analyze digital materials 
distribution into interlocked blocks. In Section 3, an implementation of 
the reasoning mechanisms is made via a computational design plugin 
within a CAD environment, and a case study is introduced to illustrate 
the relevance of the proposal. Last, discussion and conclusion are 
provided. 

2. Computational design approach for multi-material 4D 
printing 

2.1. Overview 

The proposed computational design approach, illustrated in Fig. 1, is 
composed of four main steps. The first step consists in (i) analyzing the 
distribution of the digital materials on a voxel basis of a given structure 
(in the next section, we will use the work of Sossou et al. [21,26] to 
illustrate complex multi-material structures that are achieved with ge
netic algorithm), and in (ii) identifying the homogeneous (i.e. same 
material) set of voxels (also called polyvoxels). The voxels are then 
categorized according to the properties and/or materials. Afterward, 
Step 2 introduces the blocking relations modeling. It involves mathe
matical models to define blocking relations between the identified pol
yvoxels in Step 1 and determine their degree(s) of freedom (DOF). Step 3 
focuses on the interlocking polyvoxels assembly computation and is 
two-fold: the key (i.e., mobile) interlocking polyvoxels are firstly 
determined, then fixed interlocking polyvoxels are computed. The last 
step is dedicated to the interlocking polyvoxels assembly planning. In 
the following sections, each step is further detailed with an illustrative 
case. 

2.2. Digital materials partitioning (Step 1 of Fig. 1) 

This step starts then with the main hypothesis that a pre-computed 
materials distribution is available through a voxel-based representa
tion. To achieve the desired transformation with a specific stimulation, 
materials are spatially arranged on a regular voxel grid in the three- 
dimensional space. At this stage, a partitioning is needed to identify 
homogeneous parts Pi (voxels or polyvoxels) in the structure (denoted 
A). This material partitioning represents the first reasoning step to which 
further analysis will be performed. 

2.3. Blocking relations modeling (Step 2 of Fig. 1) 

Based on the identified homogeneous parts Pi, the next step consists 
in modeling blocking relations along the six directions ( ± x, ± y, ± z). 
To do so, a directed graph – such as used in [52,55,71,72] – is adopted. 
Let a directed blocking graph, denoted DBGd = (P,R), where P is the set 
of homogeneous parts of the structure A, and R is the set of ordered pairs 
(arrows) of nodes describing the blocking relations between these parts 
along the direction d ( ± x, ± y, ± z). Then, according to this modeling 
scheme, an ordered pair between P1 and P2 means that P1 is blocked by 
P2 along a direction d (see Fig. 2a). The resulting DBGs are then con
verted into adjacency matrices, denoted M, for computation purposes, as 
illustrated in Fig. 2b. An adjacency matrix M is a square matrix, where 
entries can be defined as follows (Eq. 1): 

M =
[
mij

]

i,j ∈N∗×N∗ (1)  

with. 
{

mij = 1
mij = 0

}

if Pi is blocked by Pj in a given direction. 

if there is no blocking relation between Pi and Pi in a given direction. 
Parts (voxels or polyvoxels) are assumed to be assembled through 

one single translational motion. In such a context, parts exhibiting 
mobility will be considered as “key” parts (i.e., parts ensuring the me
chanical fastening of the assembly and eventually requiring an adhesive 
bonding operation). To illustrate the principle of modeling the blocking 
relations of the parts in an assembly, Fig. 3 introduces a two-dimensional 
assembly composed of three interlocked parts, namely P1, P2, and P3, to 
which DBG on + x and + y directions (denoted DBG+x and DBG+y) and 
related adjacency matrices (denoted M+x and M+y) have been defined. 

An assembly A is deemed to be interlocked, if each of its single parts 
and subassemblies are blocked along all directions once positioned, 
except the key(s) part(s) that has(have) the freedom of moving on one 
imposed direction (see Fig. 3a,b). In order to determine the DOF of the 
parts P in the assembly A, the computation of blocking relations along all 
translation directions is required with the support of related adjacency 
matrices. For instance, if all the entries mij in a row i of an adjacency 
matrix Md are equal to 0, then it indicates that the part Pi is mobile along 
the direction d (see P1 in Fig. 3a,c) and gains in this manner 1 DOF. 

2.4. Interlocking parts assembly computation (Step 3 of Fig. 1) 

Built on this, a computation step is needed to determine interlocking 
parts (whether voxels or polyvoxels) to build the multi-material 3D/4D 
structure. The proposed Algorithm 1 aims to define judicious inter
locking arrangement of homogenous polyvoxels intended to be printed 
separately using different AM processes and materials and then assem
bled. It exhibits two reasoning layers: (i) first, parts with DOF > 1 are 
redesigned to reduce their DOF and set as key parts subsequently (see 
Algorithm 1, lines 15–25); (ii) then, parts with DOF = 0 (i.e., embedded 
parts) are liberated to enable their assembly, through a generation of 
additional interlocking parts from the embodying volume. The compu
tational iteration of these interlocking parts takes into account the 
aforementioned key parts and their insertion directions in the assembly 
(see Algorithm 1, lines 27–43). Parts with DOF= 1 are automatically 
considered as key parts. The following will lay out the algorithm ob
jectives with more details. 

Algorithm 1. Interlocking parts assembly computation. 
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By processing the above-described algorithm, iterative computations 
might be time-consuming due to the complexity of the imposed multi- 
material 3D/4D structure. To overcome this potential computational 
limitation, slight modifications in the digital material distribution are 
allowed while maintaining the desired shape-changing or property- 
changing behavior. Thus, to ensure the interlocking and the assembl
ability of the generated parts, the following conditions must be 
considered:  

1) Slight modifications in the digital material distribution when 
required;  

2) One and only one translation direction is allowed to insert each part 
in the assembly;  

3) The sub-assembly {Pi, A} is interlocking with the part Pi-1. In other 
words, Pi-1 blocks the sub-assembly {Pi, Ai} once assembled and so on 
until the key part(s) is(are) lastly inserted to secure the entire 
assembly; 

4) Pi-1 can be disassembled from {Pi-1, Pi, A} along one translation di
rection (key part(s) is(are) the first to disassemble). 

To illustrate this step, a two-dimensional assembly composed of four 
homogeneous parts is introduced in Fig. 4. It shows a randomly 
computed distribution of materials through a voxel-based representa
tion of the object. In this illustrative case, P1, P2, P3, and P4 are 
respectively composed of a specific material (or bear a specific prop
erty). First the key parts are generated by reasoning on the related DBGs 
and adjacency matrices, then the fixed interlocking parts determination 
is addressed. 

2.4.1. Key interlocking parts determination 
Since the key parts are the only mobile parts in the assembly, we will 

set them among parts with a DOF ≥ 1, as illustrated with P1 and P3 in 
Fig. 4a. As for parts exhibiting a DOF > 1, i.e., allowing more than one 
translation motion as P1 in Fig. 4a, a slight modification has to be made 
in the initial dissection in order to ensure its interlocking. Suppose that 
the key part (P1 in the illustrate case), is movable along -x and +y di
rections and the objective is to block its motion in the -x direction. To do 
so, all the neighboring voxels to the candidate key part are selected (i.e., 
they share one side with the key part), then a random candidate voxel 
fulfilling the blocking condition is picked. Once the candidate voxels are 
identified and selected, they are added to the key parts (as illustrated in 
Fig. 4b,c,d). In such a way, the single translation of the key parts is 
ensured. 

2.4.2. Fixed interlocking parts determination 
The illustrative case in Fig. 4a shows one part (P2) embedded in a 

larger one (P4). In order to solve this dilemma, the following process can 
be applied as follows:  

1) Pick a random direction di to insert the desired part (for instance in 
Fig. 4, +y direction is selected to insert P2);  

2) Select all the voxels blocking the motion of the desired part along di 
as candidate voxels of interlocking part generation (see Fig. 4e);  

3) Generate all possible parts containing the aforementioned candidate 
voxels (see Fig. 4f,g for examples of generated part possibilities); 

4) Pick a proper part among the generated interlocking parts. Consid
ering that the key parts blocks {Pi, A} once assembled, the generated 

Fig. 4. Insight of the computational approach to generate a multi-material interlocking assembly leaning on DBGs and adjacency matrices: (a) the input structure is 
of 10 × 10 voxel-based representation of a random digital material distribution, (b) neighboring voxels of mobile part highlighted in red, (c) selection of the most 
suitable candidate to generate the key part, (d) key part redesign, (e) voxels blocking P2 toward +y direction in red, (f) P4 cannot be inserted into the assembly (not 
suitable as a solution), (g) generation of a suitable interlocking part. 
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part P4 in Fig. 4g needs to be inserted in the assembly A along one 
single translation direction (+x) and blocked along all direction once 
the key piece(s) is(are) assembled; 

If there are no possible interlocking parts along the chosen direction, 
then we should backtrack and restart the above actions with a different 
direction. 

2.5. Interlocking parts assembly planning (Step 4 of Fig. 1) 

Following the computation of the interlocking parts, the last step 
addresses the assembly sequence planning. This critical step aims at 
determining the assembly order of the generated interlocking parts to 
build the multi-material 3D/4D structure. To do so, the blocking re
lations information are used as well as the reasoning layers of Algorithm 
1. Once the interlocking parts are generated, they will be ranked ac
cording to their generation order. Afterward, we will reverse the order of 
interlocking parts computation to obtain the assembly sequence; in 
other words, the first generated parts (key parts) are the last to be 
inserted to the assembly, which is logically fitting since the key parts are 
the only mobile parts and block the remaining parts in the assembly. For 
example, if we follow the interlocking parts computation order in 
Fig. 4g, P3, as key part, was firstly generated as it had only one DOF, then 
the creation of the second key part P1 followed. Later, the extraction of 
P4 took place to enable the insertion of P2 into the remaining volume P5. 
Therefore, the assembly sequence of the case g in Fig. 4 is as follows: {P5, 
P2, P4, P1, P3}. 

Fig. 6 on the other hand, illustrates a 3D model of interlocking blocks 
assembly iteration and their assembly sequence. Starting from a vox
elized multi-material/properties cube with an edge length of six voxels, 
the interlocking parts were generated successively. Thereafter, the as
sembly sequence has been determined to finally reach a multi-material/ 
properties interlocking assembly. 

3. Results and discussion 

The proposed approach is dedicated to assembling 3D/4D structures 
with a pre-computed materials distribution addressed through a voxel- 
based representation. To do so, we use the work of Sossou et al. [21, 
26] to compute a preliminary materials distribution in the structure with 
the aid of genetic algorithms to fulfil a desired shape-changing behavior. 
Then, our computational design approach aims to determine the inter
locking blocks to be 3D printed and assembled, therefore leading to a 
complex 3D/4D object achieving the desired shape change. In this sec
tion, the relevance and applicability of the proposed approach are 
illustrated, by introducing a case study covering 4D voxelized structures 
with computed material distributions. 

3.1. Materials and fabrication 

The proposed case study is a beam with a specific shape change. The 
design of the beam is described with a voxel-based representation for 
materials distribution a multi-shaped digital distribution of an inert 
material and an active material via VoxSmart add-on, a Grasshopper 

Fig. 5. DBGs and M on +x and +y directions related to cases a, d, f, and g of Fig. 4. The dashed red circle in the DBGs and rectangle in matrices refer to key parts in 
the specific direction. 
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plugin in Rhinoceros3D environment [21–26] (Fig. 7a,b). The sample is 
18 × 18 × 126 mm3, containing 1512 voxels (33 mm3 per each voxel). 
To design the shape-changing structure, we used a soft material (Agi
lus30, Stratasys, USA, tensile strength~2,4 MPa) printed with a 
Objet260 Connex3 machine (Stratasys Ltd., USA) as passive material. 
The machine leverages a MJ technique called PolyJet. A 
temperature-sensitive hydrogel is used as active material. The material 
has been printed by using DIW with a Hydra 16 A machine (Hyrel3D, 
Norcross, USA) and a stepper controlled EMO-25 extruder (Hyrel3D, 
Norcross, USA). To ensure the shaping of the hydrogel blocks, 
SUP706B™ (Stratasys, Rheinmüster, Germany) molds were built with 
the Objet260 Connex3 machine because of the ability of the material to 
be removed manually without damaging the hydrogel. This 

thermo-responsive hydrogel has been adopted due to its ease of 
formulation and extrusion with DIW, its non-toxicity and biocompati
bility. This hydrogel shrinks when exposed to heat. The exhibited shape 
change is an isotropic shrinkage and there is lower threshold by which 
the dimension’s change begins (usually referred to as lower critical so
lution temperature – LCST). Away from the critical temperature, the 
change stops, as the material reaches equilibrium collapsed state. The 
hydrogel was prepared according to the work of Lai et al. [73]. It is 
composed Alginate (Alg) and Methylcellulose (MC). First, Alg powder is 
added into a Calcium Chloride solution (0.075% w/v) to obtain a ho
mogeneous 3% (w/v) Alg hydrogel. The solution is then heated to about 
80 ◦C and MC powder with 9% (w/v) is added to obtain Alg/MC 
hydrogel. The chemical mixture is magnetically stirred until the 

Fig. 6. Illustrative case showing 6 × 6 × 6 voxelized multi-material cube (1) the interlocking parts computation: (a) input structure, each voxel color refers to a type 
of material/property, (b) to (d) key part generation, (e) and (f) refer to fixed interlocking parts generation. (2) Assembly sequence planning of the generated 
interlocking parts: (a) insertion direction of each interlocking part, (b) the assembly order, (c) a multi-material interlocking assembly. 
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Fig. 7. Illustration of a 18 × 18×126 mm3 multi-material structure interlocking assembly generation steps: (a) initial structure, (b) initial distribution, (c) homo
geneous subassemblies after material distribution partitioning, and (d) design program flow within the VoxSmart add-on in Grasshopper for the interlocking 
computation. 
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dissolution of MC powder to finally obtain a printable Alg3/MC9 
hydrogel (viscosity ~5.103 Pa.s). 

3.2. Interlocking assembly generation results 

In this section, an implementation of the computational approach via 
new developed VoxSmart components within Rhinoceros3D/Grass
hopper environment is presented. It consists in three dedicated com
ponents: (i) the “Voxelyzer” component has been developed to obtain a 
voxel-based representation of the materials distribution, (ii) the “Ma
terial distribution partitioning” component to section the given structure 

into homogeneous parts, and (iii) the “Interlocking generation” 
component to generate a set of key parts and fixed parts with a proper 
assembly sequence. There is more than one possible solution that can be 
generated by the interlocking blocks assembly algorithm, since the di
rections of insertions are randomly chosen in each iteration, as well as 
the blocking voxels candidates. Here one possible interlocking assembly 
set is suggested to build the multi-material 4D structure. Fig. 7 illustrates 
the case study results in terms of digital materials distribution parti
tioning, interlocking parts generation, and assembly sequence planning. 
Minor changes has been made in the digital materials distribution to 
ensure both the interlocking and assemblability of the blocks. 

Fig. 8. Simulation of the original distribution deformation (A) and the interlocked distribution (B): (a) VoxSmart program flow for voxelization, materials 
assignment (inert material: Agilus30; active material: hydrogel), and SM simulation, (b) A and B distributions before thermal stimulation (at 25 ◦C) and after 
stimulation (at 40 ◦C). 

Fig. 9. Numerical simulation with VoxSmart plugin of the initial distribution (A) and adjusted distribution (B) at 25 ◦C, 30 ◦C, 40 ◦C, and 80 ◦C.  
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3.3. Simulation 

As mentioned in Section 2.4, the digital materials distribution is 
considered as an imposed input, which may lead to complications at the 
interlocking computation step. Slight modifications of the digital ma
terials distribution can then be allowed when necessary in order to 
overcome this limitation. The purpose of the simulation phase is to 
investigate the consequences of the changes regarding the physical 
behavior of the structure. We target a minor shape-changing difference 
between the original distribution and the adjusted one once stimulated, 
while maintaining the physical properties. Figs. 8 and 10 highlight 
respectively the simulation of the distributions and the change 

calculation in physical deformations at multiple temperatures. The 
simulation of the considered case study was carried out using VoxSmart 
add-on [21,26]. 

Once the simulation done, the designer will be able to access to 
detailed information about voxels displacements along x-, y-, and z-axis, 
via the simulator component (of the VoxSmart add-on) output U (i.e., 
the list of values showing all the DOFs in terms of displacements and 
rotations of the underlying truss’s nodes) as shown in Fig. 8a. In order to 
compare both distributions in terms of physical behavior the computed 
displacements are used to measure the distance between the position of 
each voxel vi in the original digital materials distribution and its position 
(vi’) in the adjusted one. To do so, vectors moduli are calculated using 
the following Eq. (2). 

‖ vi
′ vi

̅̅→
‖ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Uxadjusted − Uxoriginal )
2 +(Uyadjusted − Uyoriginal )

2
+(Uzadjusted − Uzoriginal )

2
√

(2)  

Where: 

vi =
(

Uxioriginal ,Uyioriginal ,Uzioriginal

)
and vi

′

=
(

Uxiadjusted ,Uyiadjusted ,Uziadjusted

)

are the voxel displacements vectors in the original and adjusted distri
bution respectively. 

Fig. 10. Multi-material 4D printing via interlocking blocks: (a) thermo-responsive hydrogel blocks printed with DIW technique, (b) Agilus30 blocks printed with MJ 
(PolyJet technique), (c) manual assembly of the interlocking blocks by following the assembly sequence generated by the developed VoxSmart component, (d) 
deformed structure after stimulation at 40 ◦C in water, (e) interlocking assembly deformation zooming in (Focus x5). 

Table 1 
Calculation of the maximum and average distances between voxels’ positions in 
the initial distribution (A) and adjusted one (B) at 25 ◦C, 30 ◦C, 40 ◦C, and 80 ◦C.   

25 ◦C 30 ◦C 40 ◦C 80 ◦C 

Maximum Distance 
(10− 2 mm ± 0.0001) 

0 07.74 24.22 24.61 

Average Distance 
(10− 2 mm ± 0.0001) 

0 01.79 05.58 05.68  
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Taking into account VoxSmart simulation and distances measure
ment results, we demonstrate in Fig. 9 and Table 1 that the difference in 
terms of deformation variation between both distributions is slightly 
different, or even non-existent, regarding displacements along ± x, ± y 
and ± z. The narrow modification that has been applied to the digital 
material distribution in order to generate the interlocking assembly, has 
not offended the physical properties of the original 4D structure. 
Therefore, the relevance and the applicability of the proposed approach 
is demonstrated. 

Table 1 provides the maximum and the average distances between a 
voxel’s position in the original materials distribution (A) and its posi
tions in the adjusted one (B). For instance, the largest difference in 
displacements of a voxel between (A) and (B) at 40 ◦C, was equal to 
0.2422 mm which is fairly negligible. The physical shape change of the 
case study is illustrated in Fig. 10 where the printed interlocking active 
and passive blocks (see Fig. 10a.b) are laid out before the manual as
sembly, after the assembly and after the stimulation. This figure shows a 
shape change as expected in the design and simulation stages. The 
change is achieved when the multi-material structure is exposed during 
3 min in water at 40 ◦C. The shape recovery is achieved when water is 
progressively cooled down to room temperature after 5 min. The shape 
fixity (i.e. the property of a material to stay at a specific shape once 
stimulated) is made possible when the object is constantly stimulated. 

3.4. Discussion 

The proposed research work has particular limitations that can open 
up captivating directions for future studies. First, to ensure better 
structural performances of the structure, an complimentary algorithm to 
generate a multi-scale interlocking polyvoxels will be developed. This 
strategy will also allow the authors to better control the multi-material 
distribution interlocking when adjustment is required, so the impact on 
the physical properties of the structure can be further minimized. It 
would be also significant to optimize another essential aspect not yet 
covered in the proposed research work, i.e., the consideration of geo
metric deviation related to AM processes/techniques capabilities. 
Modifications in polyvoxels geometries can be caused by AM inaccura
cies, that in the context of multiple parts assembly can be magnified, 
therefore leading to assemblability issues. As such, handling the geo
metric deviation to overcome the potential limitation, would be an 
exciting future research problem. This point can also be addressed and 
solved by using microfabrication technologies like two-photon 
polymerization. 

From a simulation point of view, we adopted Euler-Bernoulli beam 
theory (as successfully addressed in [21,26]) to simulate the behavior of 
the materials in the structure where voxel materials are considered as 
tied. This hypothesis is usually applied in the modeling of active com
posites (see [20,22,26]). In this paper, interlocking blocks are assumed 
to follow the same modeling scheme. However, it would be more real
istic to integrate the mechanical behavior at the interfaces of the inter
locking blocks. Extensive research should cover this avenue to predict 
the functional fatigue of the interlocking blocks assembly under the ef
fect of multiple cycles of stimulation. 

Future work will also be focused on the improvement of the 
computational procedure to determine interlocking blocks. The use of 
AI-based techniques may be relevant to solve such combinatorial and 
time-consuming optimization problem. Further work will investigate 
the combination of deep reinforced learning and 3D convolutional 
neural networks. The latter, which leverage spatiotemporal information, 
are suitable to classify materials distribution and/or interlocking blocks 
through voxel-based simulation or finite element models. It is also ex
pected to consider other conditions for the interlocking polyvoxels as
sembly computation such as minimizing printing support, minimizing 
the variety of polyvoxels depending on the voxels number (i.e., using 
standard polyvoxels). Last, additional effort will be dedicated to the 
development of a robotic platform to which polyvoxels can be handling 

and assembled at various scales. 

4. Conclusion 

This research work highlights a computational design approach for 
multi-material 4D printing. By considering a given digital materials 
distribution fulfilling a desired shape-changing behavior, the approach 
aims to generate interlocking blocks intended to be printed separately 
then assembled to build the multi-material 4D structure. On one hand, 
our computational design enables the creation of an interlocking as
sembly automatically, rather than its creation by expensive assembly 
design methods. On the other hand, its generality and efficiency allow to 
explore new types of complex assemblies that are impossible to be 
printed via a unique AM technique in a single run, such as combining 
solid voxels/lattices or metals/polymers in the same assembly. Thus, it 
enables the integration of dissimilar materials in 4D printed structures 
such as for instance materials ensuring internal and local stimulation. 
The illustrative case study, exhibiting a specific shape-changing 
behavior, has shown the added value of the proposal in terms of 
computation and realization. The work done opens the door toward 
promising and innovative applications in multiple domains such as 
automotive, soft robotics, spatial structures, medical technologies to 
name a few. 
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