
Wang et al. Architectural Intelligence            (2025) 4:21  

https://doi.org/10.1007/s44223-025-00103-5

RESEARCH ARTICLE Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/.

Architectural Intelligence

Vertical Parallel Multi-Material 4D Printing 
(VPM-4DP): a novel strategy for achieving 
bio-inspired doubly curved non-planar 
hygroscopic actuators
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Abstract 

Most 4D-printed hygromorphic mechanisms using fibre-polymer composite filaments are thin laminated bilayer 

composite structures, which are printed flat on the 3D printer bed and shape-change into single or double-curvature 

geometries in response to moisture uptake. The tendency towards thin laminated 2D-like bilayers might be traced 

to early research on shape-change laminates, such as bimetals, or to the vertical layering sequencing of most addi-

tive manufacturing methods. Recently, actuators with non-planar geometries have been achieved through complex 

rotational 3D printing, 5 or 6-axis printers, or multi-step repositioning of parts, but these methods require bespoke 

equipment or intensive post-processing, which greatly limits their application to the ubiquitous 3-axis gantry 

system. In this paper, we introduce a strategy for vertically printing non-planar shape-changing hygromorphic 

structures that requires only one print session and minimal post-processing. We demonstrate the novel capability 

of the presented strategy by creating actuators with double-curvature geometries based on the biological models 

of the Bauhinia variegata seed pod and the Lilium ‘Casa Blanca’ tepals. This novel approach reduces the complexity 

of manufacturing intricate 4D-printed actuators that have doubly curved geometry. The possibilities in 4D-printed 

shape parameters are expanded through this method, considering that dimensional curvature and form can now be 

more easily introduced to structures previously limited by planar printing.

Keywords Multi-material 4D printing, Hygromorphic actuators, Bio-inspired design, Doubly curved structures, 

Functionally graded structures

1 Introduction
Hydraulically actuated plant movements are driven by 

water displacement between cells and tissues, which 

includes changes in hydrostatic (turgor) pressure within 

living cells (Dumais & Forterre, 2012) and swelling/

shrinking of fibrous materials in dead plant tissue (Stahl-

berg & Taya, 2006). �ese processes can create reversible 

(elastic) and irreversible (plastic) material deformations 

like bending and twisting that are driven either by inter-

nal osmotic gradients between cells, which require meta-

bolic energy to set up, or by external humidity gradients, 

which do not require metabolic energy (Bauer et  al., 

2021). �e latter actuate when water enters inter-fibrillar 
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spaces and pushes cellulose microfibrils apart, causing 

moisture absorption and swelling deformation within 

the structures, and the opposite occurs as water exits to 

cause shrinking (Stahlberg & Taya, 2006). Since in hygro-

scopic structures there is no clear differentiation between 

a triggering stimulus and the actual actuation, we use the 

term autonomous material response/reactive self-actu-

ation in the following. Examples of this type of move-

ment include seed dispersal mechanisms like those in 

pinecones (Dawson et al., 1997) and wheat awns (Elbaum 

et al., 2007). �is inert material architecture has inspired 

much of the current research into shape-change actua-

tors (Gong & Zhang, 2025).

Most shape-change research has been based on 

Timoshenko’s bimetal principles (Timoshenko, 1925), 

using bilayer structures with differentiated material 

properties to induce stress-related bending in response 

to heat. �is includes moisture-driven bilayer actuators 

using hydrogel composites (Erb et al., 2013; Zhang et al., 

2016), paper (Mesa, 2020; Poppinga et al., 2021; Reyssat 

& Mahadevan, 2009), wood (Holstov et al., 2015; Reichert 

et  al., 2015; Rüggeberg & Burgert, 2015), and natural 

fibre composites (Le Duigou et al., 2020). �ese mecha-

nisms are designed to start as a planar surface (initial 

rest-state) and change into a single or doubly curved sur-

face (second rest-state) in response to moisture absorp-

tion or desorption. �ese moisture-driven actuators are 

composed of an expansion layer made with hygroscopic 

material (often referred to as the “active layer”) and a less 

or non-hygroscopic resistant layer (“constraint layer”), 

or two active layers with anisotropic properties that 

give them differing expansion directionality. �e rela-

tion between the material characteristics of both layers 

determines the shape-change behavior: if the expansion 

layer is isotropic, the resulting shape-change is highly 

dependent on the aspect ratio of the bilayer (Guo et al., 

2020; Pezzulla et  al., 2016). However, if the expansion 

layer is anisotropic with direction-dependent properties, 

then the direction of shape-change is primarily dictated 

by those properties as seen in Fig. 1. For example, wood 

veneer and wooden composite bilayers bend perpendicu-

lar to the grain direction of the expansion layer (Holstov 

et  al., 2015; Reichert et  al., 2015; Rüggeberg & Burgert, 

2015).

3D Printing (3DP) allows the mechanical and hygro-

scopic properties of each layer to be designed through 

the organization of the print path and the use of differ-

ent polymers for each layer. �e 3DP method for creating 

structures that autonomously shape-change in response 

to an external input is called 4D Printing (4DP), in ref-

erence to the additional dimension of movement over 

time (Campbell et al., 2014). In Fused Filament Fabrica-

tion (FFF) of hygroscopic filaments, the extrusion pro-

cess results in direction-dependent behaviour similar to 

wood grain, where the dominant direction of expansion 

is perpendicular to the printing direction (Le Duigou 

et  al., 2020). In early bilayer research, wood veneer was 

selected and cut according to the grain direction and 

Fig. 1 Fibre arrangement in isotropic expansion compared to anisotropic expansion. Fibres in alignment create a stronger direction of expansion 

(anisotropy) and these direction-dependent properties affect shape-change in materials such as wood. The anisotropic properties of a material can 

be defined through the design of the raster patterns in 4D printing (4DP) using Fused Filament Fabrication (FFF) methods
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desired expansion direction. �is basically follows the 

same principle as designing raster patterns in 4DP. 

Hygroscopic actuators made with FFF can use fibre-

polymer composite filaments as expansion layers and 

isotropic filaments like ABS, PLA, or TPU as constraint 

layers (Correa, 2022); the differential swelling causes 

stress-induced bending in the bilayer actuator. Examples 

of 4DP work include the use of hygroscopic natural fibres 

such as wood fibres (Le Duigou & Correa, 2022; Vazquez 

et al., 2020), paper pulp fibres (Mulakkal et al., 2018), and 

continuous flax fibres (De Kergariou et al., 2023; Fruleux 

et al., 2022; Le Duigou et al., 2017, 2021).

4DP has been used to transfer motion principles from 

plants, such as distribution of tissue growth or expan-

sion, into the control of residual or internal stress states. 

However, while most 4DP actuators are printed flat, most 

plant structures are not (e.g. leaves, stems, or flowers). 

Many of their intricate motions are uniquely facilitated 

by their non-planar shapes and complex anatomical fea-

tures. One of the most well-known plant movements is 

the prey-capturing mechanism of the Venus Flytrap (Dio-

naea muscipula), whose quick movement is kinetically 

amplified by the snap-buckling instability of its doubly 

curved lobes (Fig. 2a) (Forterre et al., 2005; Sachse et al., 

2020) and has inspired several studies in materials like 

hydrogel (Lee et  al., 2010), silicon (Holmes & Crosby, 

2007), and shape memory polymers (Riley et  al., 2020). 

Other examples of bio-inspired research include propa-

gation mechanisms like the Pinus wallichiana scale 

bending (Fig.  2b) (Correa et  al., 2020; Poppinga et  al., 

2020; Reyssat & Mahadevan, 2009; Tahouni et al., 2021; 

Zhu et  al., 2019), Dioscorea bulbifera twisting stabiliza-

tion (Fig. 2c) (Cheng et al., 2021), and the fast snap trap-

ping of the carnivorous Waterwheel plant (Aldrovanda 

vesiculosa) with its midrib deformation (Fig.  2d and e) 

(Poppinga et  al., 2020; Schleicher et  al., 2015). �e pre-

ceding examples use a variety of fabrication methods and 

materials, but 4DP is a rapidly developing field with high 

potential. �e 4DP method allows direct transfer of plant 

geometry and tissue architecture through precise design 

and modelling of the mechanisms’ principles.

Typical 3-axis FFF 3D printers deposit filament verti-

cally, so when printing a bilayer structure, the default ori-

entation is to print the largest surface area flat on the bed 

(Fig. 3a). �is conventional printing method is advanta-

geous due to the simplicity of modelling, designing, and 

manufacturing, but the structures produced are mostly 

limited to planar rest-states and z-axis direction shape-

change. Early research aimed at achieving non-planar 

actuators has been completed by printing a cross-sec-

tion of a plant cell’s microstructure (Fig. 3b), resulting in 

moderately vertical auxetic lattices that move along the 

Fig. 2 Existing biomimetic research based on specific plant geometries. a Snap-buckling actuation process of the Dionaea muscipula (Sachse 

et al., 2020). b 4DP two-phase doubly curved movement based on the Bhutan pine scale (Correa et al., 2020). c 4DP coiling actuator based 

on the stabilization mechanism of the Dioscorea bulbifera (Cheng et al., 2021). d Aldrovanda vesiculosa prey-capturing mechanism (Schleicher et al., 

2015) and e 4DP curved fold bending (Poppinga et al., 2020). All images adapted with permission
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Fig. 3 4DP strategies. a Standard planar 4DP method. Expansion and constraint layers are stacked on top of each other. b Cross-sectional 4DP 

research (Sahin et al., 2023). c Multi-step non-planar research (Pelliccia et al., 2024). d Helicoidal 4DP method (Le Duigou et al., 2024). e Novel 

VPM-4DP method with expansion and constraint filaments printed side-by-side. The dual-extrusion nozzle switches filaments automatically 

between layers. Expansion layers shown in grey, constraint layers shown in pink
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x/y-axis planar direction rather than the typical z-axis 

direction (Sahin et al., 2023). �is approach sets it apart 

from previous 4DP research but does not address macro-

scale curvature. Further work by Pelliccia et  al. (2024) 

successfully addresses a double-curvature rest-state with 

4DP hygroscopic actuators (Fig. 3c), however the fabrica-

tion process is considerably more complex as it requires 

multiple print sessions and customized non-planar 

g-code. Another approach would be to use a bespoke 

printer with more than 3 axes that can rotate while 

printing (Le Duigou et  al., 2024) as shown in Fig.  3d, 

but there is still the issue of cost as well as difficulty in 

fine-tuning and accessing such printers. Considering the 

complications that may arise with other printing sys-

tems, a standard 3-axis printer is still the most accessible 

and versatile machine for printing non-planar or doubly 

curved actuators.

Using a 3-axis FFF dual-extrusion 3D printer, this 

research presents a new methodology of 4D print-

ing hygroscopic actuators with doubly curved rest-state 

shapes. It requires only one print session as it uses one 

dedicated extruder each for the expansion and the con-

straint layer materials, printing the material side-by-side 

vertically, which then allows the printing of actuators with 

doubly curved geometries (Fig. 3e). In comparison to the 

previously described research, this simplifies and improves 

upon the process of creating non-planar actuators without 

increasing the need for specialized software or equipment. 

We propose to call this novel method Vertical Parallel 

Multi-Material 4D Printing (VPM-4DP). �e terms “con-

current”, “parallel”, and “simultaneous” are established ter-

minology when referring to multi-material 3D printing 

research; these terms refer to multiple filament types being 

printed at the same time (Al Ali et  al., 2024; Bao et  al., 

2023; Gao et al., 2023). However, there is no previous lit-

erature that defines a methodology for multi-material 4DP 

that focuses on developing actuators with bilayers oriented 

vertically. �erefore, we propose VPM-4DP as a novel sub-

category of 4DP that focusses on non-planar printing and 

actuation created through printing with multiple filaments 

side-by-side in this vertical configuration.

We demonstrate the novel capability of the VPM-4DP 

method by creating double-curvature rest-state struc-

tures based on the biological models of the Bauhinia var-

iegata seed pod and the Lilium ‘Casa Blanca’ tepal. �e 

Bauhinia is composed of two pod valves with fibrous 

layers at opposing 45° angles that bend in opposite direc-

tions during shrinkage, which results in twisting and 

opening as they release seeds (Armon et  al., 2011). We 

expand on existing flat 4DP work based on this twisting 

mechanism (Cheng et  al., 2021; Zeng et  al., 2022) and 

printed double-curvature rest-states that more closely 

follow the half-ellipsoid shape of the pod. Addition-

ally, we printed a structure based on the flower opening 

mechanism of the Lilium ‘Casa Blanca’. �e convex dou-

bly curved tepals of Lilium plants bend outward due to 

strain from differential edge growth, opening the flower 

for pollination (Liang & Mahadevan, 2011; Schleicher 

et al., 2015). Initial work by Correa (2022) mimicked the 

blooming motion from edge-driven growth with wood 

composite filament as the expansion material, ABS for 

constraint at the edges, and TPU for the flexible midrib, 

which was used to store elastic energy (Fig. 4a). Printing 

and assembling the structure, however, required multiple 

steps, including manually switching filaments and bend-

ing each tepal-like component along the midsection prior 

to actuation. Recent work by Pelliccia et al. (2024) further 

developed the Lilium blooming motion by using a multi-

step printing process to introduce double curvature, 

eliminating the need for manual bending and assembly 

(Fig.  4b). Nevertheless, the complex process involves 

printing the expansion layer as a single shell, adding sup-

port for rotation, printing constraints and bonding layers 

with custom g-code, and finally splitting the shell into 

three tepals.

In contrast to previous work based on the Lilium, the 

novel VPM-4DP method does not require the same level 

of manual post-processing but can achieve similar or 

even improved results. �is research continues to build 

on the previous 4DP Lilium models with the VPM-4DP 

method.

Fig. 4 Existing 4DP research based on the Lilium ‘Casa Blanca’. a Bio-inspired 4DP based on the lily blooming mechanism using wood composite 

filament with an initial flat rest-state (Correa, 2022; Poppinga et al., 2020). b Bio-inspired lily fabricated using a 4D multi-step printing method 

(Pelliccia et al., 2024). All images adapted with permission



Page 6 of 29Wang et al. Architectural Intelligence            (2025) 4:21 

2  Materials and methods
2.1  Materials used

Natural fibre-polymer composite filament is used for 

all 4DP tests. Due to the hygroscopic properties of the 

filament, the resulting printed structure has anisotropic 

swelling properties in response to water intake. �e 

expansion filament is custom made by CC-Products 

(Germany) and composed of a TECHNOCEL® cellu-

lose fibre and polyvinyl butyral-polyamide blend at 2.85 

mm diameter. �e constraint filament is supplied by 

Forward AM (�e Netherlands) under the Ultrafuse® 

2.85 mm PLA line. Compared to wood-composite fila-

ments from other works that can range from 10 to 40% 

fibre content (Le Duigou et al., 2016; Pelliccia et al., 2024; 

Tahouni et al., 2021), which is standard for most off-the-

shelf filaments, the filament used in this research likely 

has a similar composition to Laywoo-D3 (Laywood) at 

approximately 30–40% fibre content and therefore is on 

the higher end of absorbency potential.

2.2  Printing device

A dual-extrusion 3-axis FFF 3D printer (Ultimaker S3, 

Ultimaker B.V., �e Netherlands) was used to print the 

structures. �e dual extruder capability is crucial to this 

novel one-session approach due to the printer’s abil-

ity to automatically switch between expansion and con-

straint filaments within the same layer, whereas previous 

work completed with single-extrusion printers required 

manual changing of filament and limited the ability to 

print non-planar actuators.

�e samples from this new method start as rectangular 

slabs with a standardized size of 20 mm wide by 100 mm 

long by 0.6 mm thick and become more complex as new 

parameters are introduced.

2.3  Printing strategy

�e new proposed approach focuses on re-designing the 

relationship between expansion and constraint regions in 

the z-axis during printing. �e rest-state (before actua-

tion) curvature is defined with single print lines, each 

forming a curve in plan view, that are stacked onto each 

other hundreds of times to form a doubly curved sur-

face (Fig. 5a). Both expansion and constraint regions are 

printed adjacent to each other, which is fundamentally 

different from the previously established 4DP method of 

stacking two laminar regions that are homogeneous in 

the x/y-axis. �is new approach allows for multiple sam-

ples to be printed at the same time or a complete 4DP 

mechanism to be printed without the need for additional 

assembly or extensive post-processing. �is is a more 

straightforward solution for introducing curved rest-

states and multi-component structures to hygroscopic 

bilayered actuators.

�e first step of establishing the potential of VPM-4DP 

is to achieve similar results to planar-printed actuators, 

whose basic movements are bending and twisting. Pre-

liminary tests using a planar bilayer structure rotated 

Fig. 5 The three key structural considerations that differentiate VPM-4DP from established 4DP methodology: a) alternating waved layers 

for stability, b) mechanical connections created by hooked constraints to strengthen the bond between expansion and constraint layers, and c) 

samples printed in groups with connecting support lines and a brim plate to increase stability of the parts during printing. Additional activation 

of the prime tower setting for nozzle wiping reduces filament clogging. Expansion layers shown in grey, constraint layers shown in pink
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vertically on the print bed resulted in delimitation and 

delamination between the layers and overall instability. 

It was concluded that an exact transfer of planar designs 

would not be realistic due to geometric changes that arise 

from the vertical orientation, so we developed a method 

for design unique to vertical actuators.

�ere are three key structural considerations for verti-

cally printed structures that need to be addressed before 

actuation occurs:

First, the geometry of the actuator is printed standing 

upright with the dominant longitudinal axis facing up 

along the z-axis. �is orientation requires hundreds of 

vertical layers printed on top of each other. To achieve 

better adhesion and stability between each layer and pre-

vent structural failure, the expansion layers are designed 

as undulating waves instead of straight lines like in typical 

4DP (Fig. 5a). �is is adapted from clay 3D printing strat-

egies for improved layer adhesion and stability against 

buckling (Clarke-Hicks et al., 2023; Shi et al., 2019).

Second, to strengthen the adhesion of the constraint 

layer to the expansion layer, the constraints are mod-

elled as long, hooked staples that extend into the expan-

sion region approximately 0.15 mm and overlap to create 

a form of volumetric mechanical anchorage, which is 

stronger than interfacial bonding between the filament 

surfaces alone (Fig.  5b). �is removes the need for an 

additional bonding layer as done in previous thin sheet 

4DP literature.

�ird, high aspect ratio samples (tall and thin) can 

be easily pushed out of place by the print head. To pre-

vent this, it is best practice to print groups of samples 

at once and arrange them to form a triangle or a rectan-

gle, with a brim plate connecting them at the bottom 

for bed adhesion. Single layer connections between the 

parts are also added, referred to here as lateral support 

lines. �ese support lines are 0.2 mm thick (1 layer) and 

occur approximately every 5 mm vertically. As a group, 

the optimal spacing between samples is approximately 2 

mm to 2.5 mm apart to prevent fusing but allow support-

ing lines to attach (Fig. 5c). Post-processing of the struc-

ture involves trimming the supporting lines and the brim 

to split each sample apart. �e printing of samples as a 

group with the support lines greatly increases the collec-

tive stability.

�ese three key considerations were implemented in all 

the samples presented in this paper. Collectively they are 

fundamental tools in this VPM-4DP methodology.

Print setting considerations for this novel method 

include the previously mentioned brim plate, and it is 

also critical to have the prime tower setting enabled, a 

setting that creates a secondary geometry used to wipe 

the nozzle after each layer and filament switch. �is can 

help reduce print failures from nozzle clogging. �e print 

speed of both expansion and constraint filaments was 

slightly reduced to increase adhesion between layers.

Rhino (Robert McNeel & Associates, USA), Grass-

hopper (Robert McNeel & Associates, USA), and Cura 

(Ultimaker B.V., �e Netherlands) are used in distinct 

modelling processes to transfer and adapt current 4DP 

concepts from planar to non-planar geometries that are 

printed vertically on the bed.

2.4  Characterization of shape-changing

For each test, the dry sample is submerged in ambient 

temperature (21° C) water for 5 h, then removed and 

placed upside down to dry at room temperature (23° C) 

and humidity (40% RH) for a similar amount of time.

�e following tests are named according to curvature, 

motion type, and test order. �e test prefix contains a 

number, 0 or 1 or 2, to describe the number of axes in 

which the samples have curvature in their initial rest-

state (0 indicates no curvature, planar), plus a letter to 

represent whether bending (B) or twisting (T) is being 

tested. �e number after the hyphen indicates the test 

order and multiple samples within the same test are 

ordered by the letter A, B, C, or D. In the following sec-

tion, we investigate the design potential of this method 

with the goal of achieving bending and twisting in non-

curved samples with progressively higher complexity and 

precision, starting with Test 0B-1.

3  Results
3.1  Shape-change in actuator with an initial �at slab-like 

geometry

3.1.1  Evaluation of moisture-induced bending and e�ect 

of constraint line distribution (Test 0B-1)

�e strategy for inducing bending in 4DP with a bilayer 

architecture was transferred to VPM-4DP by adjusting 

the proportions of constraint and expansion regions, 

which both became thicker than previous planar bilayers 

in order to gain stability. Constraint regions, which func-

tioned well as single lines in previous methods, were con-

solidated and widened to avoid delamination.

In a bilayer structure, the two surfaces are not always 

completely covered in material; particularly, the con-

straint layer might have lines or patterns. �e more of 

the surface that is covered, referred to here as "constraint 

line surface ratio"(CLSR), the stiffer the part will be. If the 

entire surface is covered, then there will be full stiffness. 

If only half is, then the stiffness drops accordingly. For the 

presented CLSR coefficient, a “full constraint layer” refers 

to if the layer were made of just constraint filament with-

out any voids or gaps.
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Constraint thickness for all tests remained at 0.2 mm. 

Each bending test is accompanied by a graph plotting 

curvature (K) vs time when possible—samples with little 

movement were not mapped.

Test 0B-1, the first bending test and application of the 

undulating waved expansion layer and hooked constraint 

geometry, consists of samples with a thin slab-like geom-

etry 20 mm wide by 100 mm long and 0.6 mm thick each 

with three variations: 0B-1A (1 constraint, central, CLSR 

2%), 0B-1B (3 constraints, equal spacing, CLSR 6%), and 

0B-1C (5 constraints, equal spacing, CLSR 10%), all with 

the same constraint width of 0.4 mm (Fig. 6a). All vari-

ants underwent bending with 0B-1C moving the most 

due to more constraints inducing greater stiffness (Fig. 6b 

and c) (Online Resource 1). �is test demonstrates that 

the same principles used to create bending in planar 4DP 

are applicable to VPM-4DP non-curved actuators.

3.1.2  Evaluation of moisture-induced bending and e�ect 

of edge-located constraint line distribution (Test 0B-2)

Test 0B-2 investigated the impact of constraint place-

ment along the transversal axis in relation to bending 

amplitude (range of displacement). �ree variations were 

tested: 0B-2A (1 constraint, 3.6 mm wide, central, CLSR 

18%), 0B-2B (1 constraint, 3.6 mm wide, left edge, CLSR 

18%), and 0B-2C (2 constraints, 1.8 mm wide, equal spac-

ing, CLSR 18%), one at each edge (Fig.  7a). 0B-2A and 

0B-2C had similar amplitudes of bending. 0B-2B, with 

one edge constraint, bent less likely due to the uneven 

distribution of the constraint, which caused a corre-

sponding uneven bending and potentially a lower stress 

gradient (Fig. 7b and c).

3.1.3  Evaluation of moisture-induced twist bending (Test 

0T-1)

Previous planar 4DP achieved twisting by changing the 

angle between the expansion layer and the constraint 

layer, such as to a 45° diagonal, but this methodology can-

not be directly transferred to VPM-4DP due to the way 

filament is deposited by a standard 3D printer. �e new 

vertical orientation of the samples meant that diagonal 

directionality in the expansion layer could not be gener-

ated without creating breaks within each filament layer, 

which eliminated any directional impact and compro-

mised collective adhesion. �erefore, if diagonals could 

not be incorporated into the expansion layer, then the 

constraint layer geometry would have to be the direc-

tional driver of the twisting motion.

Test 0T-1 evaluates the impact of constraint lines 

arranged diagonally with four variations: 0T-1A (1 

CLSR% =

Surface area of constraint lines(ncl ∗ w ∗ l)

Surface area of full constraint layer(w ∗ l)

constraint, 3.6 mm wide, CLSR 18%) and 0T-1B (1 con-

straint, 2.2 mm wide, CLSR 11%) with one diagonal con-

straint spanning across the entire sample, and 0T-1C 

(4 constraints, 2.2 mm wide, CLSR 12%) and 0T-1D (4 

constraints, 1.2 mm wide, CLSR 7%) with 45° diagonal 

constraints spaced evenly (25 mm spacing) (Fig. 8a). �e 

width of these diagonal constraints was widened from the 

0.4 mm used in bending tests to increase surface area and 

reduce delamination since the angle of the constraints 

left cantilevering portions between the layers. 0T-1A and 

0T-1B bent but did not twist, possibly due to the constraint 

angle being too small, while 0T-1C saw some limited but 

inconclusive movement (Fig.  8b). In other 4DP research, 

45° appears to be the optimal angle to induce twisting, 

therefore this value was carried over to the following twist-

ing tests (Cheng et al., 2021; Josselin et al., 2025; Le Duigou 

et al., 2024). 0T-1D was the most successful variation that 

achieved clear twisting, demonstrating that constraint 

angle and frequency play a critical role. Using these results, 

the tests moved forward to further solidify the geometric 

requirements of inducing twisting.

3.1.4  Evaluation of moisture-induced twist bending (Test 

0T-2)

Test 0T-2 modified the frequency and width of 45° diag-

onal constraints with three variations: 0T-2A (same as 

0T-1D, 4 constraints, 1.2 mm wide, CLSR 7%), 0T-2B (9 

constraints, 0.6 mm wide, CLSR 14%), and 0T-2C (19 

constraints, 0.6 mm wide, CLSR 27%) (Fig.  9a). All the 

variations achieved twisting with the most motion from 

0T-2A and 0T-2B. Comparing 0T-2B and 0T-2C, 0T-2B 

was more successful with fewer constraints. However, 

0T-2A and 0T-2B achieved a similar amount of twisting, 

with 0T-2B twisting more, despite the previous compari-

son noting that fewer constraints were more successful 

(Fig.  9b) (Online Resource 2). �is could be explained 

by the thinner constraints on 0T-2B reducing the impact 

of increased frequency but also suggests a relationship 

between the constraint width, frequency, and spacing 

to movement. With that knowledge, after twisting was 

achieved (Fig.  10), actuators were further developed to 

have single-axis (monoclastic) curvature at their initial 

rest-state, prior to moisture intake.

3.2  Shape-change in actuator with an initial single-axis 

curvature (monoclastic)

After demonstrating that this new VPM-4DP method can 

achieve bending and twisting in non-curved actuators 

(planar rest-state), these next tests address samples that 

have single-axis curvature in their initial rest-state. We 

refer to them as monoclastic actuators.
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3.2.1  Evaluation of moisture-induced bending 

from monoclastic to anticlastic double curvature (Test 

1B-1)

Test 1B-1 used the same five 0.4 mm constraints as the 

most successful variation from the first non-curved 

bending test (Test 0B-1C), therefore they have the 

same CLSR at 10%. �ese constraints were placed on 

the outer surface of the samples, i.e. the convex side, to 

create bending in the direction opposite the curvature. 

Four variations of initial curvature radius were tested: 

1B-1A (25 mm), 1B-1B (20 mm), 1B-1C (15 mm), and 

1B-1D (10 mm) (Fig. 11a). Despite the success of these 

Fig. 6 Images from Test 0B-1. a The first bending test, 0B-1, consists of three 0.4 mm wide constraint variations. 0B-1A has one central constraint, 

0B-1B has three constraints, and 0B-1C has five constraints. The constraints are fewer but wider compared to similar existing 4DP research 

to reduce areas of potential delamination. Expansion layers shown in grey, constraint layers shown in pink. b 0B-1C, the sample with the most 

constraints, underwent the most bending. c Graph describing curvature (K) vs time. 0B-1B and C had a similar amount of curvature with slightly 

more from 0B-1C. The most movement occurs within the first 60 min of submersion, after which it decreases considerably. After application 

of the previously described structural considerations, this first test achieves bending using the same principles as flat 4DP
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constraint parameters on the earlier bending test, none 

of the single-axis curvature samples had bending in 

the desired direction other than slight movement from 

1B-1A, the variation with the largest radius (Fig. 11b). 

However, bending in the direction opposite from the 

constraints was seen in 1B-1B and 1B-1C, indicating 

that the constraint parameters were no longer sufficient 

for constraining the swelling of the expansion layer. 

�ere was no significant movement in 1B-1D, but the 

sample visibly swelled and extended in length. It can be 

deduced that the initial curvature provides the sample 

with geometric stiffness (through moment of inertia), 

acting like a curved beam. In addition, a smaller radius 

Fig. 7 Images from Test 0B-2. a Test 0B-2 consists of three constraint location variations. 0B-2A has one central constraint, 0B-2B has one edge 

constraint, and 0B-2C has one constraint at each edge. Expansion layers shown in grey, constraint layers shown in pink. b 0B-2A and 0B-2C bent 

similarly, while 0B-2B did not bend as much likely due to the concentration of the constraint at one edge. c Graph describing curvature (K) vs time. 

0B-2C continues to increase bending almost consistently after 60 min, compared to the other two samples which decrease in curvature change
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results in higher geometric stiffness. �is stiffness must 

be overcome to allow bending and shape-change.

3.2.2  Evaluation of moisture-induced bending 

from monoclastic to anticlastic double curvature (Test 

1B-2)

Because results from the variations with smaller radii 

were farther from the desired motion, the next tests 

increased the radius of the variations to 30 mm. In 

addition, because it was considered that the constraint 

parameters used in Test 1B-1 from Test 0B-1C were 

not sufficient for constraining the expansion layer, 

the frequency of constraints was increased to nine 

and the constraints were widened. Test 1B-2 uses a 

30 mm radius for the first two variations, 1B-2A (0.4 

mm wide, CLSR 18%) and 1B-2B (1.2 mm wide, CLSR 

54%), and 25 mm radius for the other two, 1B-2C (0.8 

mm wide, CLSR 36%) and 1B-2D (1.2 mm wide, CLSR 

54%) (Fig.  12a). �e additional constraints on 1B-2A 

were still not enough to completely constrain the 

expansion layer, as seen from the movement that had 

only a bit more bending than 1B-1A from the previ-

ous test. �e wider 0.8 mm constraints on 1B-2C were 

only marginally more successful. However, 1B-2B was 

extremely successful in bending and even curled out of 

the water, so the properties of nine 1.2 mm wide con-

straints on a radius of 30 mm were ample for creating 

motion. �e same 1.2 mm constraints also did well on 

a 25 mm radius in Test 1B-2D, though not to the same 

amplitude of bending (Fig.  12b) (Online Resource 3). 

Comparing Test 1B-2B and 1B-2D confirms that pre-

serving the same constraints while changing the cur-

vature radius of the expansion layer produces different 

results (Fig.  12c). As well, it is possible that bending 

in these single-curvature samples is facilitated by a 

snap-buckling instability. �e single-axis flat bending 

tests achieve more bending immediately after submer-

sion, whereas these samples have less initial movement 

because of resistance from the curvature. It may be that 

continuous bending ultimately causes the curvature to 

Fig. 8 Images from Test 0T-1. a The first twisting test 0T-1 uses diagonal constraints to induce twisting instead of a diagonal toolpath 

in the expansion layer, which is how twisting was achieved in previous 4DP research. The vertical orientation of these samples makes a diagonal 

toolpath generally unachievable with a 3-axis gantry printer due to how filament is deposited. 0T-1A and 0T-1B have one constraint that spans 

the entire length of the sample while 0T-1C and 0T-1D have four distributed evenly along the sample. Expansion layers shown in grey, constraint 

layers shown in pink. b 0T-1D was the only sample that clearly twisted, indicating that the angle, width, and distribution of those constraints were 

sufficient for inducing twisting. Twisting indicated on image with a blue arrow
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flip outward at the point of deformation and amplifies 

movement.

3.2.3  Evaluation of constraint distribution in monoclastic 

actuators (Test 1B-3)

�e next set of tests investigated the relationship between 

constraint width and frequency, and the impact of these 

parameters on movement speed or amplitude. �e same 

total amount of constraint (10.8 mm, CLSR 54%) was 

used for all samples but each sample had this percent-

age distributed differently in three variations: 1B-3A 

(same as 1B-2B, 9 constraints, 1.2 mm wide), 1B-3B (5 

constraints, 2.2 mm wide), and 1B-3C (3 constraints, 3.6 

mm wide) (Fig. 13a). Presumably if the CLSR is equal in 

Fig. 9 Images from Test 0T-2. a Test 0T-2 consists of three constraint variations. 0T-2A has the same four constraints as 0T-1D, while 0T-2B and 0T-2C 

increase the number of constraints but reduce the constraint width by half. Expansion layers shown in grey, constraint layers shown in pink. b 

0T-2B was most successful in twisting with fewer constraints than 0T-2C. However, 0T-2B was also more successful than 0T-2A, which had even 

fewer but wider constraints. Therefore, there must be an ideal ratio of constraint width and distribution to achieve the optimal amount of twisting. 

Twisting indicated on image with a blue arrow

Fig. 10 Final images of 0T-1D and 0T-2A, which use the same constraints, and 0T-2C with thinner and more frequent constraints. Visible twisting 

can be seen in all three samples, but the increased twisting in the first two samples demonstrates that the ratio of constraint width to frequency 

to expansion layer has a significant impact on movement
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all three samples then the overall stiffness is also equal. 

�e expectation was that they might have a relatively 

similar amount of bending, but the test showed that sam-

ple 1B-3C with the fewest but widest constraints moved 

the most and fastest (Fig. 13b and c). We speculate that 

perhaps there is a relationship between constraint distri-

bution and the expansion layer. From completing these 

single-curvature bending tests, the research has estab-

lished that introducing curvature changes the geometric 

properties that were previously successful for inducing 

bending in planar tests. Furthermore, in curved tests, 

those parameters must be modified by increasing con-

straint volume to compensate for additional resistance 

from curvature radius decreases.

3.2.4  Evaluation of twist bending in monoclastic actuators 

(Test 1T-1)

�is test aims to achieve twisting in a geometry with sin-

gle-curvature rest-state by combining and adapting the 

parameters of the successful planar twisting tests (Tests 

0T-1D and 0T-2) and last curved bending test (Test 

1B-3). Test 1T-1 maintains the 30 mm curvature radius 

from Test 1B-3 and the four evenly spaced 45° diago-

nal constraints from Test 0T-1D. However, it increases 

the width of the expansion layer to 0.8 mm to reduce 

fragility, as well as the constraint widths to account for 

the increased curvature resistance. �ere are four vari-

ations: 1T-1A (1.6 mm wide, CLSR 9%), 1T-1B (2.4 mm 

wide, CLSR 14%), 1T-1C (3.2 mm wide, CLSR 18%), 

and 1T-1D (3.2 mm wide, CLSR 18%, further increased 

expansion layer width of 1.0 mm) (Fig. 14a). �e results 

of this test show that all variations had a similar small 

amount of twisting, though 1T-1D was considered mar-

ginally more successful due to the wider constraints and 

increased expansion layer width that prevented the sam-

ple from splitting apart from twisting as much as the oth-

ers (Fig. 14b).

3.2.5  Evaluation of twist bending in monoclastic actuators 

(Test 1T-2)

�e amount of twisting achieved by tests 0T-1 and 0T-2 

was more pronounced than the 1T-1 tests even though 

Fig. 11 Images from Test 1B-1. a Test 1B-1 introduces curvature to the samples by using the same five constraints as 0B-1C arranged on four 

different curvature radius variations, with the largest radius at 25 mm on 1B-1A and the smallest at 10 mm on 1B-1D. Expansion layers shown in grey, 

constraint layers shown in pink. b No notable bending in the desired direction was seen from any of the samples. However, the backward bending 

from 1B-1B and 1B-1C indicates that the previously successful constraints were no longer enough to constrain the swelling of the expansion layer 

after introducing curvature. 1B-1D with the smallest radius had almost no movement at all
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the latter had wider constraints. Based on these findings, 

we test two additional parameter variations in test 1T-2. 

�e first option is to increase the overall constraint vol-

ume by increasing frequency or width of segments with 

variations 1T-2A (9 constraints, 2.4 mm wide, CLSR 

27%) and 1T-2D (4 constraints, 4.0 mm wide, CLSR 23%) 

(Fig.  15a). More constraint volume did result in slightly 

more twisting from 1T-2A and 1T-2D, but it still did not 

achieve as much as the planar twisting tests. �e second 

option is to introduce an additional element to strengthen 

the constraint direction at the edges, similar to some spe-

cies of plants that have thicker edges on leaves. Variations 

Fig. 12 Images from Test 1B-2. a Test 1B-2 consists of four variations with increased curvature radius, either 25 mm or 30 mm, and greater constraint 

width and frequency. Expansion layers shown in grey, constraint layers shown in pink. b 1B-2A and 1B-2C with thinner constraints only had slight 

bending, but 1B-2B and 1B-2D with wider constraints had significant bending. However, 1B-2D with a smaller radius did not bend as much as 1B-2B 

despite using the same constraints. This confirms that smaller radii do create more resistance to constraints and therefore movement, so constraint 

parameters should be adjusted accordingly. c Graph describing curvature (K) vs time. 1B-2B achieves much more curvature change between 20 

to 80 min. The lower curvature change before 20 min is likely due to initial resistance created by the radius curvature
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1T-2B and 1T-2C use the same four 3.2 mm wide diago-

nal constraints as 1T-1D with an additional vertical edge 

constraint of 0.6 mm wide in 1T-2B (CLSR 21%), and 1.2 

mm wide in 1T-2C (CLSR 23%) (Fig. 15a). �e addition 

of a vertical constraint somewhat reduced the amplitude 

of twisting in 1T-2B and 1T-2C, which could mean that 

twisting is affected by edge rotation ability. Initially it was 

hypothesized that an additional edge constraint would 

increase bending while the existing diagonal constraints 

induced twisting, but 1T-2B and 1T-2C visibly started to 

twist before stopping at a certain rotation then proceeded 

to bend, so it may be that the two constraint directions 

limited each other (Fig. 15b and c).

Fig. 13 Images from Test 1B-3. a Test 1B-3 consists of three variations using the same total constraint width, 10.8mm (CLSR 54%), divided 

into smaller segments of differing width and frequency. Expansion layers shown in grey, constraint layers shown in pink. b Despite the same total 

amount of constraints, 1B-3C had the most bending with fewer and wider constraints. This could be due to the relationship between constraint 

distribution and the expansion layer where there is an optimal distribution pattern. c Graph describing curvature (K) vs time. 1B-3C had the fastest 

curvature change while 1B-3B was slower and more consistent



Page 16 of 29Wang et al. Architectural Intelligence            (2025) 4:21 

3.2.6  Evaluation of twist bending in monoclastic actuators 

(Test 1T-3)

An additional test was set up to confirm the effective-

ness of the vertical constraint by adjusting its parameters. 

�e same four 3.2 mm wide diagonal constraints from 

the previous test are used with a vertical edge constraint 

of 2.2 mm wide in 1T-3A (CLSR 27%) and 3.6 mm wide 

in 1T-3B (CLSR 33%). �e diagonal constraint volumes 

were also adjusted on a 25 mm radius with variations 

1T-3C (9 constraints, 3.2 mm, CLSR 36%) and 1T-3D 

(9 constraints, 4.0 mm, CLSR 45%), increased from the 

previous test to account for the smaller radius (Fig. 16a). 

Increasing the vertical edge constraint width in 1T-3A 

and 1T-3B did result in more pronounced bending, but 

it almost completely eliminated twisting and supports 

the previous observation of the constraint limiting edge 

movement and twisting. On a 25 mm radius, 1T-3C was 

successful in achieving a similar amplitude of twisting 

as previous tests by increasing the constraints from 2.4 

mm to 3.2 mm wide (+ 0.8 mm). With slighter wider con-

straints, 1T-3D even surpassed the previous amplitude of 

twisting (Fig. 16b and c) (Online Resource 4). It could be 

extrapolated that another 5 mm decrease in radius to 20 

mm could be compensated with an increase of 0.8 mm in 

the constraints to 4.0 mm, as implemented in 1T-3C, to 

achieve the same twisting.

Overall, the results from these single-curvature tests 

demonstrate the concept that curved shapes require 

more constraints to induce the same level of movement 

as planar shapes; furthermore, the smaller the radius 

of curvature, the more constraints are necessary due to 

increased resistance to deformation in the direction of 

curvature. With this knowledge, the final tests conclude 

this research by applying these parameter modifications 

to double curvature.

3.3  Shape-change in actuator with an initial double-axis 

curvature (synclastic to anticlastic)

Reflecting on the initial goals to transfer non-planar 

biological shapes into 4DP, this work has demonstrated 

the ability of VPM-4DP to print curved actuators that 

shape-change similarly to planar 4DP. Nonetheless, 

Fig. 14 Images from Test 1T-1. a Test 1T-1 consists of four variations each with four diagonal constraints. The widths of the constraints differ 

across the variations. The constraints are wider than the previous successful non-curved twisting test, 0T-1D, to adjust for the added curvature. 

The expansion layer width was also increased to reduce fragility. Expansion layers shown in grey, constraint layers shown in pink. b All samples 

had some twisting, with 1T-1D being slightly more successful due to wider constraints and thicker expansion layer, but none achieved the same 

amplitude of twisting seen in Tests 0T-1D and 0T-2. Twisting indicated on image with a blue arrow
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its further potential lies in its ability to print a pre-

assembled double-curvature structure. With this 

new method, the two mirrored halves of the twisting 

Bauhinia pod can be printed attached together and 

with a more accurate surface curvature, as well as the 

tepals of the Lilium flower.

3.3.1  Bauhinia pod: Evaluation of moisture-induced twist 

bending from synclastic to anticlastic (Test 2T-1)

To create a shape more similar to the half-ellipsoid of the 

pod where the ends of the valves taper together, the radii 

along the long axis of the pod also taper smaller at the 

ends and therefore require the constraint widths to be 

Fig. 15 Images from Test 1T-2. a To increase twisting, the existing constraints can be widened or more frequent, or an additional constraint 

element can be introduced to strengthen the constraint direction. 1T-2A and 1T-2D use the former strategy while 1T-2B and 1T-2C use the latter. 

Expansion layers shown in grey, constraint layers shown in pink. b 1T-2A and 1T-2D have slightly more twisting from increasing previous constraints. 

The additional edge constraint used on 1T-2B and 1T-2C increased bending but appeared to also somewhat restrict twisting. Twisting indicated 

on image with a blue arrow. c) Final images of the samples



Page 18 of 29Wang et al. Architectural Intelligence            (2025) 4:21 

adjusted accordingly, as previously demonstrated. A few 

geometric changes to the printing methods were made 

to accommodate the doubly curved form: first, the pods 

were printed in multiples in a triple-line asterisk follow-

ing the stability strategy established in the initial tests. 

Second, supports were required under the bottom-most 

curve of each pod, which were manually modelled as 

thin-walled and hollow for ease of removal during post-

processing. �ird, each pod had support lines connect-

ing the two halves that break apart once the structure 

Fig. 16 Images from Test 1T-3. a Test 1T-3 consists of four variations that build on the previous strategies of widening existing constraints 

or introducing an additional constraint element. 1T-3A and 1T-3B widen the additional constraint element while 1T-3C and 1T-3D widen the existing 

diagonal constraint width. Expansion layers shown in grey, constraint layers shown in pink. b Wider constraints on 1T-3C and 1T-3D did result 

in more twisting. Increasing the edge constraint width on 1T-3A and 1T-3B created more bending, but further restricted twisting. This could imply 

that edges are involved in twisting, and therefore unrestrained edges are necessary for the twisting motion to occur. Twisting indicated on image 

with a blue arrow. c Final images of the samples
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actuates. Test 2T-1 has pods with expansion layer radius 

variation from 30 mm in the centre to 10 mm at the ends 

and a slight vertical curvature. �ere are eleven con-

straints with two width variations: 2T-1A changes from 

2.8 mm wide in the centre to 3.2 mm to 4.0 mm at the 

ends (CLSR 36%), and 2T-1B uses 4.0 mm wide con-

straints throughout the entire structure (CLSR 41%) 

(Fig. 17a). Each pod half is 20 mm wide at the centre and 

approximately 133.33 mm in length. 2T-1B had slightly 

more twisting likely due to the wider constraints used, 

however both variations were successful and achieved 

the goal of printing a pre-assembled non-planar hygro-

scopic actuator inspired by the Bauhinia pod (Fig. 17b, c, 

and d) (Online Resource 5).

3.3.2  Lilium �ower opening (3 petal design): Evaluation 

of moisture-induced bending from synclastic 

to anticlastic (Test 2B-1)

�e first test of the Lilium model, Test 2B-1, is based on 

the three tepal designs used by both Correa (2022) and 

Pelliccia et  al. (2024), and the design parameters were 

based on the doubly curved geometry with one central 

constraint as developed by Pelliccia et  al. (2024). �e 

model was printed in one session and included a base 

to hold the three tepals, which significantly reduces the 

amount of manual post-processing and assembly. How-

ever, the tepals did require slight splitting with scissors 

because of the support lines adopted for stability between 

them. Each tepal is 117 mm at the longest length and 22 

mm at the widest width. �e curvature of the tepals is 

25 mm radius in the x-axis and approximately 260 mm 

radius in the y-axis, with the parameters of constraint 

and expansion layers based on previous successful tests of 

the same x-axis radius (Test 1B-2 and 1B-3). �e previous 

moisture-induced bending actuation tests with curva-

ture indicated that reducing the frequency of constraints 

required widening of the remaining constraints. How-

ever, it should also account for the size of the expansion 

layer, so the width of the single midrib constraint was 1.8 

mm at the top where the tepal was smaller and gradually 

increased to 5.4 mm at the bottom where the tepal was 

larger (CLSR 13%) (Fig. 18a). Test 2B-1 achieved similar 

kinematic behaviour as the model shown in Pelliccia et al. 

(2024) with a greater amplitude of movement (Fig.  18b 

and c).

Since emulating the precedent model was successful, 

the next test looked at the possibility to expand the num-

ber of tepals to six in likeness to the biological geometry 

of the Lilium.

3.3.3  Lilium �ower opening (6 petal design): evaluation 

of moisture-induced bending from synclastic 

to anticlastic (Test 2B-2)

Test 2B-2 uses the same parameters for each tepal as 

Test 2B-1 but arranged with three outer and three inner 

tepals, as well as a larger base to hold the additional com-

ponents (Fig. 19a, b, and c).

3.3.4  Lilium �ower opening (6 petal design): evaluation 

of multi-stage capacity for chronological 

shape-change (Test 2B-3)

�e final Lilium test adds further complexity to the kin-

ematic model and modifies the tepal shape to more 

closely match the geometric characteristics of the bio-

logical model, the Lilium flower. Test 2B-3 mimics the 

faster bending that occurs at the tips and edges of tepals, 

as well as the slightly earlier opening of the outer tepals, 

by varying the thickness of the expansion layer and con-

straint width (Fig. 20a). �e expansion layer of the tepals 

is thicker in the centre and thinner at the tips and edges 

to increase bending, while the midrib constraint of the 

outer tepals is widened to create faster bending than the 

inner tepals. Inner tepal CLSR is 16% and outer tepal 

CLSR is 21%. �ese changes alter the stiffness ratio and 

thus the curvature amplitude and the moisture diffusion 

time. �ough the tepals did not bend as much as previous 

tests due the increased thickness of the expansion layer 

(Fig. 20b, c, and d) (Online Resource 6), overall Test 2B-3 

successfully achieves a model more similar in appearance 

and movement to the biological Lilium (Fig.  21a and b) 

and concludes this research by demonstrating the poten-

tial of VPM-4DP for creating doubly curved non-planar 

hygroscopic actuators (Figs. 22 and 23).

4  Discussion
�e proposed VPM-4DP method makes it possible to 

fabricate structures that shape-change from an initial 

synclastic curvature (initial rest-state) to anticlastic cur-

vature (moisture-saturated second rest-state) while using 

an unmodified 3-axis gantry style printer, which is the 

Fig. 17 Images from Test 2T-1. a The ends of the pod samples have a smaller radius to taper together while the centre has a larger radius. The 

first variation, 2T-1A, has constraint widths that increase and decrease according to the radius, and the second, 2T-1B, has the same constraint 

width throughout that is adjusted for the smallest radius. Expansion layers shown in grey, constraint layers shown in pink. b 2T-1A and 2T-1B were 

similar in twisting, but 2T-1B had slightly more amplitude due to the wider constraints. c) Samples placed upside down for reversible movement 

during drying. d Final image of samples

(See figure on next page.)
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Fig. 17 (See legend on previous page.)
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most conventional type of 3D printer. �is is a significant 

improvement from previous manually laminated and 

planar 4DP fabrication methods as it allows for the inte-

gration of more complex, form-active curved shapes (sin-

gle or doubly curved), such as those found in the Lilium 

or the Bauhinia pod mechanisms, without increasing 

the complexity of fabrication methods or equipment 

required.

�e newly introduced curvature of the samples 

required adaptation of existing 4DP methods, which 

Fig. 18 Images from Test 2B-1. a Test 2B-1 uses a three tepal design, which are all fabricated in a single print session and interconnected 

at the base. There is one single central constraint on each tepal. The constraint width is smaller at the tip of the tepal and wider at the base 

to account for the expansion layer size. Expansion layers shown in grey, constraint layers shown in pink. b This sample is successful in achieving 

a similar amplitude of bending as the previously mentioned research. c Graph describing curvature (K) vs time. The speed and amplitude of tepal 

bending is comparable to Test 1B-3A and 1B-3C
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Fig. 19 Images from Test 2B-2. a Test 2B-2 places an additional three tepals around the design from the previous test. Expansion layers shown 

in grey, constraint layers shown in pink. b Similar bending can be seen in this sample, with motion from all six tepals to create blooming 

like the biological model. c Graph describing curvature (K) vs time

(See figure on next page.)

Fig. 20 Images from Test 2B-3. a Test 2B-3 modifies the tepal shape to more closely match the biological model. To mimic the faster bending 

of the tips, edges, and outer tepals, the tips and edges of the tepals are thinner and the constraints on the outer tepals are wider. Expansion 

layers shown in grey, constraint layers shown in pink. b The adjustment to the design resulted in more bending in the desired areas, though there 

was not as much bending as in the previous lily tests. However, this movement is overall more similar to the Lilium blooming. c Graph describing 

curvature (K) vs time of the outer tepal. d) Reversal of bending once the sample is placed in a dry environment
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Fig. 20 (See legend on previous page.)
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revealed several considerations. First, curvature in the 

expansion layer increases the moment of inertia and 

thus the geometrical stiffness. �is increase in resist-

ance affects the shape-change movement. Curved test 

structures are observed to have slightly less initial move-

ment than planar test structures because of the resulting 

increased initial resistance. As well, a decrease in curva-

ture radius (more extreme curvature, more resistance) 

should be compensated with an increase in constraints.

Twisting test 0T-2 identified that there is an ideal vol-

ume and distribution of constraint material across the 

geometry for movement (which should apply to both 

bending and twisting). Behaving similarly to bimetals, 

the constraint layer should have good tensile strength, 

bendability, and be significantly thinner than the expan-

sion layer. �ere is an optimal ratio of constraint to 

expansion layer volume, but the constraint width does 

not need to be spread flat as a single even layer across the 

expansion as long as the ratio is fulfilled. �roughout the 

tests, adjustments to width and frequency of constraints 

still achieve similar movement as existing planar 4DP 

work; however as seen in Test 0T-1, twisting in VPM-

4DP samples is sensitive to further impact by constraint 

angle and location.

It is speculated that bending and twisting movements 

in curved tests are facilitated by snap-buckling or elastic 

instability to some measure. Once the expansion layer is 

constrained enough and the sample starts to bend, it is 

Fig. 21 a Final images of the sample from the top, front, and close up, showing the tepal arrangement and double curvature. b Comparison 

of the biological Lilium and Test 2B-3. More pronounced bending can be seen at the tips and edges of the Lilium, but the creation of this sample 

using VPM-4DP is a significant step to more printing more complex pre-assembled hygroscopic actuators
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possible that the curvature at the bending point flips out-

ward in the opposite direction. �is mechanism appears 

to work similarly to plants with curved surfaces that har-

ness this instability for movement, such as the doubly 

curved lobes of a Venus Flytrap (Forterre et  al., 2005; 

Sachse et  al., 2020). Like the Venus Flytrap, the move-

ment of these samples is also reversible, though not to 

the same extent. When placed back under lower moisture 

conditions after being submerged in water, the expan-

sion layer shrinks and causes the bending of the samples 

to straighten out or even achieve a negative curvature. 

External factors such as gravity and sample orientation 

may prevent the samples from completely reversing to 

the original rest-state. Understanding these principles 

will be helpful for future research using this printing 

method.

Fig. 22 Summary of results from all bending tests. On the table, pink highlights indicate tested variables while dotted boxes with arrows indicate 

settings that were adopted between tests. The bar and dot graph shows CLSR and curvature K value for each measured sample. In addition to CLSR, 

other variables such as constraint frequency, distribution, placement, and radius curvature impact the resulting movement. The most successful 

tests (0B-1C, 0B-2A, 1B-2B, 1B-3C, 2B-1, 2B-2, 2B-3) are bolded and displayed as images on the right
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However, the simple 3-axis printing has some limita-

tions. �ere is a limit to vertical curvature because adhe-

sion between each layer is crucial to the performance of 

the structure. Generally, the slope of any overhang should 

not exceed 45° from the vertical axis, otherwise the lay-

ers of filament will cantilever too much over each other 

and delaminate due to insufficient surface contact. In the 

tests for the pod and lily, an elongated ellipsoidal form 

was used as a reference shape based on desired height 

and radius, creating a modest vertical curvature. More 

extreme curvature could be viable with support struc-

tures, but this would require further experimentation 

with the new printing method and custom-modelled 

supports due to the unpredictability of default slicer sup-

port generation and difficulty of removal after printing.

In terms of printing time, this novel method of printing 

takes much longer than previous work with small lami-

nar samples. �e structures are larger in size, can include 

multiple actuators in a single print, and each sample is 

composed of hundreds of vertical layers, which results 

in structures that take 6 h or longer to complete com-

pared to approximately 30 min for typical 4DP bilayers. 

It is also much harder to control the quality of the print 

since there are many layers that each need to be printed 

Fig. 23 Summary of results from all twisting tests. On the table, pink highlights indicate tested variables while dotted boxes with arrows indicate 

settings that were adopted between tests. The bar and dot graph shows CLSR and twist result evaluation for each sample. The most successful tests 

(0T-2B, 1T-3D, 2T-1B) are bolded and displayed as images on the right
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properly for the structure to actuate. Even once the print 

is complete, the structures can still fail while actuating 

due to minute geometric flaws and overall fragility. One 

such minor print failure can be seen in the case of the lily 

(Tests 2B-2 and 2B-3), where one of the tepals is faulty 

and does not bend as much as the others. In addition, 

because the structures are printed in multiples, the print 

failure of one structure in the middle of a session means 

that all of them must be reprinted. However, the most 

common source of print failure is the fibre-polymer com-

posite filament clogging the nozzle after several hours 

due to fibre misalignment and polymer stringing or stick-

ing from filament retraction. It is possible that one solu-

tion is to increase layer thickness or print speed, but the 

main complication that can occur with increased print 

speed is decreased adherence in fibre filament layers 

since they typically require a slower speed to be pressed 

together. �e deactivation of the prime tower can reduce 

the print time by an hour or more, but filament clogging, 

stringing, and possibility of print failure can be exacer-

bated without this safeguard. Potentially innovation in 

the fibre-polymer composite filament field can increase 

the adhesive properties of the material, which would 

allow more effective and efficient printing. Additionally, 

the scale of the samples presented in this work has been 

limited to the size of the printer. Further research regard-

ing the scalability of this method and material would 

need to be completed to address the wider potential of 

specific field applications.

We speculate that a similar 4DP geometry with a dou-

bly curved rest-state geometry, like the lily, could be 

created by a material jetting printer (PolyJet) given its 

multi-material capability, which includes support mate-

rial for overhangs and lateral stability. A material jetting 

method would remove the need to resolve moments of 

instability in curved samples when the printed layers can-

tilever over each other, but both the machine and mate-

rials required for this approach are significantly more 

expensive than those used in FFF. Material jetting is also 

limited to isotropic inks without any type of fibrous fill-

ers. It is curious that no research on double-curvature 

rest-states that we are aware of has been done with Pol-

yJet equipment, though perhaps cost has been a barrier.

�e novelty of this printing method has generated new 

points for consideration but also addressed existing limi-

tations of 4DP, specifically in biomimetic geometries, that 

increase the potential of the fabrication method.

creating non-planar fibre-polymer composite bilayer 

hygroscopic actuators to a single print session. �rough 

this research, we have achieved hydraulically actuated 

bending and twisting in structures with single and dou-

ble-curvature rest-states. Reducing the complexity of 

fabrication in these complex structures lowers the bar-

rier to creating non-planar actuators where less equip-

ment, less custom programming, and less specialized 

knowledge is needed. With this novel method there are 

increased opportunities for design in 4DP. Applications 

that have been of great interest for this field include cli-

mate-responsive architectural façades and soft robotics. 

�e number of steps required for the manual assembly of 

these structures could potentially be reduced by printing 

multiple samples at once that are interconnected with a 

base component, like with the Bauhinia pod and Lilium 

tests. Overall, VPM-4DP creates new possibilities for 

complex design in the field of hygroscopically actuated 

structures.
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