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Foreword

Ti�any Cheng's dissertation investigates material programming

based on integrative, computational design methods and digital

additive manufacturing processes. This enables hygromorphic

structures that change their shape in response to changes of mois-

ture content. In the manufacturing process, the material is struc-

tured in such a way that the change in shape is not achieved by

additional mechatronic elements such as sensors or actuators, but

by the material system itself using its hygroscopic properties. As

similarly functioning, responsive structures occur relatively fre-

quently in living nature, the investigation of the associated bio-

logical principles and their transfer to technical systems is an

integral part of the work. This part of the research was carried

out in collaboration with biologists from the Plant Biomechanics

Group at the University of Freiburg. The doctoral research im-

pressively demonstrates how genuinely interdisciplinary research

can be conducted at the interface of architecture, engineering and

natural sciences, resulting in highly original �ndings.

Professor Achim Menges





Vorwort

Die Dissertation von Ti�any Cheng untersucht die Programmier-

ung von Materialsystemen durch integrative, computerbasierte

Entwurfsmethoden und digitale, additive Fertigungsverfahren.

Dies ermöglicht hygromorphe Strukturen, welche gezielte

Formveränderungen in Wechselwirkung mit ihrem Feuchtegehalt

aufweisen. Dabei wird der Materialaufbau im Fertigungsprozess

so strukturiert, dass die Formänderung nicht durch mechat-

ronische Zusatzelemente wie Sensoren oder Aktoren erzielt

wird, sondern unter Nutzung der hygroskopischen Eigenschaften

durch das Materialsystem selbst. Da ähnlich funktionierende,

responsive Strukturen in der lebenden Natur relativ häu�g

vorkommen, ist die Untersuchung dazugehöriger biologischen

Wirkprinzipien und deren Transfer in technische Systeme ein

integraler Bestandteil der Arbeit. Diesen Teil der Forschung

wurde in Zusammenarbeit mit Biologen der Plant Biomechanics

Group der Universität Freiburg untersucht. Die Promotion

zeigt auf beeindruckende Weise, wie an der Schnittstelle von

architektonischen, ingenieurs- und naturwissenschaftlichen

Fragestellungen genuin interdisziplinäre Forschung zielführend

betrieben und originäre Erkenntnisse gewonnen werden können.

Professor Achim Menges
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Abstract

Material, structure, and function are tightly intertwined in nature.

The movement of plants, for instance, is often encoded through

the structuring of tissue materials, allowing plants to change shape

over a range of spatial-temporal scales when powered by environ-

mental stimuli. In contrast, the human practice of design and pro-

duction relies on discrete parts for sensing, actuation, or control.

Individual components are sourced worldwide to be assembled

into complex systems that demand signi�cant energy for oper-

ation. This divergence from nature's strategy is changing the

climate and contributing to environmental degradation.

This dissertation presents a bioinspired approach to design and

fabrication as an alternative to conventional methods of making.

The interplay of cellulosic materials, mesostructures, and adaptive

response is managed through the developed computational fabric-

ation framework, resulting in hygromorphic 4D-printed systems

powered by the free-�owing moisture inputs of the environment.

The framework is also generalizable to diverse materials and pro-

cesses, as showcased through the upscaling of the methods to

an industrial robot platform to construct self-shaping hybrid ma-

terials systems. Finally, the framework's applicability is proven

through the transfer of design principles from biology to self-

xxxi



Abstract

adjusting wearables for the body and weather-responsive facades

for buildings.

The presented material programming approach has wide-

ranging potential across scales and disciplines, demonstrating that

by harnessing biobased materials, material-e�cient structures,

and environmental input for energy, bioinspired 4D-printing

can overcome the competing resources between nature and

technology.

xxxii



Zusammenfassung

Material, Struktur und Funktion sind in der Natur eng miteinander

ver�ochten. Die Bewegung von P�anzen wird beispielsweise oft

durch die Strukturierung von Gewebematerialien kodiert, die es

den P�anzen ermöglicht, ihre Form in Abhängigkeit von Um-

weltreizen über verschiedene räumliche und zeitliche Maÿstäbe

hinweg zu verändern. Im Gegensatz dazu basiert die menschliche

Praxis des Designs und der Produktion auf diskreten Bauteilen

für Sensorik, Aktuatorik und Steuerung. Einzelkomponenten

werden weltweit bezogen und zu komplexen Systemen zusam-

mengesetzt, die einen hohen Energieaufwand für ihren Betrieb

erfordern. Diese Abweichung von der natürlichen Strategie trägt

zur Klimaveränderung und zur Verschlechterung der Umwelt bei.

Diese Dissertation präsentiert einen bioinspirierten Ansatz für

Design und Fertigung als Alternative zu konventionellen Meth-

oden. Durch ein entwickeltes, computergestütztes Fabrikations-

Framework wird das Zusammenspiel von zellulosehaltigen Mater-

ialien, Mesostrukturen und adaptiven Reaktionen gesteuert. Dies

führt zu hygromorphen, 4D-gedruckten Systemen, die durch die

frei �ieÿende Feuchtigkeit der Umgebung angetrieben werden.

Das Framework lässt sich auch auf verschiedene Materialien und

Prozesse übertragen, wie die Skalierung der Methoden auf eine

xxxiii



Zusammenfassung

Industrieroboterplattform zur Konstruktion von selbstformenden,

hybriden Materialsystemen zeigt. Schlieÿlich wird die Anwend-

barkeit des Frameworks durch die Übertragung von Designprin-

zipien aus der Biologie auf selbstjustierende Wearables und wet-

terresponsive Fassaden für Gebäude demonstriert.

Der vorgestellte Ansatz der Materialprogrammierung bietet

weitreichendes Potenzial über verschiedene Maÿstäbe und Dis-

ziplinen hinweg. Er zeigt, dass bioinspiriertes 4D-Drucken durch

die Verwendung von biobasierten Materialien, materiale�zienten

Strukturen und umweltbedingten Energiequellen die konkurrier-

enden Ressourcen zwischen Natur und Technologie überbrücken

kann.

xxxiv



PART I

Introduction

1







Figure 1.1: The presented material programming framework (A) harnesses the
hygromorphic properties of cellulosic materials (B) through their structuring
at the mesoscale via 4D-printing, (C) enabling changes in shape and function
to be programmed in response to environmental humidity. The developed
computational fabrication methods are demonstrated in adaptive applications,
(D) such as weather-responsive self-shaping (E) for bioinspired architecture.
Images adapted from [101].



1
Dissertation Overview

Throughout 3.8 billion years of life on Earth, biological organ-

isms have evolved to adapt their growth patterns, properties, and

form in response to changing external conditions, facilitating their

survival or that of their o�spring. To catch sunlight or propag-

ate their seeds, plants move with various motions and speeds in

response to di�erent stimuli. Through an intertwined relation-

ship between material, structure, and the environment, pine cones

autonomously adapt to air humidity by opening and closing their

scales without consuming any metabolic energy.

The human practice of design, engineering, and making op-

erates in stark contrast to nature's processes. Synthetic systems

often rely on discrete parts, separately sourced and manufactured

from far away parts of the world, individually serving a single pur-

pose and assembled into a technically complex machinic product.

This practice exposes a lack of robustness, as system functionality

may be compromised when one part within the whole requires

maintenance or repair. The contrast between anthropocentric and

ecological approaches becomes particularly evident when con-
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1 Dissertation Overview

sidering that twining vines can explore, detect, and climb trees

without any need for sensors, actuators, controllers, nor the supply

of operating power; all of these individual functions are integrated

and encoded within their underlying material structure.

Moreover, the divergence from nature's strategies in our own

manufacturing and construction practices has led to accelerated

environmental degradation�an alarming phenomenon we now

know as climate change�due to the emissions, pollution, and

waste generated by our built environment and overall manufactur-

ing activities. Given the expected population growth and urbaniz-

ation, this paradoxical scenario underlines the urgent need to rad-

ically shift our methods of production by embracing a bioinspired

approach to create resource-e�cient, environmentally responsive,

and sustainable solutions.

1.1 Research Aim

This dissertation presents a bioinspired approach to design and fab-

rication as an alternative to conventional methods of making. The

primary objective of the research is to formulate a material pro-

gramming and 4D-printing framework that enables self-shaping

systems to be designed and realized through the integration of

material, structure, and adaptive function using additive manu-

facturing (Figure 1.1). To this end, I develop computational fab-

rication methods for managing the interplay of natural materials,

mesoscale structures, and environmental responsiveness, result-

ing in architected mesostructures with encoded instructions for

bioinspired self-shaping. I then prove the transferability of the

computational fabrication work�ow through a novel hybrid ma-

terials system and upscaled industrial robotic platform. Finally,

I demonstrate the applicability of material programming and 4D-

printing by translating the working principles of a speci�c motile

6



1.2 Research Structure

plant to a self-tightening wearable device, with the aim of expand-

ing the design and fabrication space of new bioinspired products

and buildings that adaptively align with natural ecosystems.

1.2 Research Structure

This cumulative dissertation comprises four scienti�c peer-

reviewed papers, each representing a speci�c contribution to the

research aim of material programming for 4D-printing. The

urgency for new sustainable methods of making is presented in

Chapter 2. The historical context of and current literature on smart

materials, bioinspired engineering, and digital technologies are

discussed inChapter 3, which establishes the research questions

and gap in knowledge as presented inChapter 4. The �rst

publication, introduced inSection 5.1and attached inChapter 11,

describes the theoretical and technical methods for the compu-

tational fabrication of architected mesostructures with adaptive

properties and behaviors. The second publication, introduced in

Section 5.2and attached inChapter 10, demonstrates the transfer

of the computational fabrication work�ow to large-scale industrial

robotic platforms and hybrid materials systems. Through a case

study of bioinspired design, the third publication showcases the

process of developing an adaptive wearable device for medical

and sports applications, introduced inSection 6.1and attached

in Chapter 9; furthermore, the presented framework is applied to

the design and construction of an adaptive facade, introduced in

Section 6.2and attached inChapter 12. Finally, limitations and

future perspectives of this work are discussed inChapter 7.

7





2
Relevance &
Motivation

While propelling human society into an era of unprecedented

growth and prosperity, industrialization set the stage for the current

global climate crisis.

Human activities, primarily those related to energy production

and consumption for manufacturing, have manifested in extreme

weather events, such as heat waves, wild�res, and �ooding [67].

The transition from wood to fossil fuels as a primary energy source

marked the beginning of a signi�cant change in the chemistry of

the atmosphere [135]. The burning of fossil fuels (e.g., coal,

oil, and natural gas) for energy emits heat-trapping greenhouse

gases, most notably carbon dioxide (CO2). The proliferation and

globalization of manufacturing, intended to serve the demands

of a growing mass market, have been closely associated with

the exponential rise in CO2. This correlation was empirically

demonstrated during the global pandemic of COVID-19 in 2020,

when a temporary dip in manufacturing activities led to a notable
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reduction in emissions [132].

The building sector is annually responsible for 39% of global

energy-related CO2 emissions [65], with much of this �gure at-

tributable to the production of high embodied energy materials

such as concrete. Coupled with an additional 31% of emissions

from other industries, over two-thirds of global CO2 emissions are

linked to our built environment and overall manufacturing activ-

ities. Further exacerbating environmental impact, many existing

buildings adhere to conservative designs, often leading to ine�-

cient and static building envelopes that do not adapt to seasonal

requirements. The consequent demand for operational energy to

regulate the indoor climate accounts for 27% of global CO2 emis-

sions [132].

Projections suggest that demand for energy and housing will

escalate due to global population growth and urban migration [67].

As current practices in manufacturing and construction are at odds

with the health of our planet, a paradigm shift is needed to produce

more buildings and products while doing so in a manner that is

exponentially more sustainable.

2.1 Anthropocentric Manufacturing

Manufacturing methods in anthropocentric systems stand in stark

contrast to the ecological balance observed in nature.

Conventional systems are based on either static designs

or mechanisms that derive their movement from the electro-

mechanical activation of multiple static and rigid elements.

This strategy promotes the technical subdivision of a complex

system, with individual elements sourced and manufactured from

around the world, each serving a singular purpose (e.g., sensing,

actuating, and control). Manufacturers often use non-renewable
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materials including steel or aluminum in high embodied energy

processes such as subtractive machining to form parts or molds for

injection molding. Besides the external operating power needed

for manufacturing, human-engineered systems also depend on

continuing energy expenditures to produce motion. All this

presents numerous limitations, including complexity in design

and assembly, high maintenance requirements and costs, and

concerns around signi�cant energy demands for production and

operation. As these systems eventually reach end-of-life, their

conventionally layered construction of many di�erent materials

makes reuse and recycling a challenge.

A case in point that illustrates the shortcomings of human-

engineered systems is the Institut du Monde Arabe in Paris, France.

The building features a kinetic facade composed of 240 photo-

sensitive and motor-controlled apertures intended for the modula-

tion of sunlight and heat entering the building. These sophisticated

but complex kinematic mechanisms built with rigid links and joints

unfortunately no longer function [89], a poignant testament to the

lack of longevity and operational robustness found in conventional

approaches.

2.2 Production in Natural Ecosystems

In contrast, nature o�ers an entirely di�erent strategy of

manufacturing�an e�cient, productive, and self-sustaining

system that quietly occurs everywhere.

Natural materials excel at the notion of "minimum inventory

/ maximum diversity" [99]. From a minimal material palette of

structural proteins and polysaccharides (e.g., keratin, collagen,

chitin, and cellulose) forms a plethora of biological composites

characterized by a remarkable variety of form and function. Their
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functionalities arise from the in�nite arrangement of the small kit

of parts into complex hierarchical structures [41]. For instance,

the mechanical properties of tendon and bone are derived from

the �brous material distribution of collagen, while responsiveness

in plants occurs through the hygroscopic properties of cellulose

micro�brils. In a process that does not require any additional

metabolic energy [42], these biological composites are powered by

environmental stimuli to perform multifunctional shape changes

prescribed by their material structures.

Unlike anthropocentric manufacturing, natural ecosystems

maintain ecological balance through a closed-loop production

cycle [13]. The formation of biological materials is achieved

through additive growth processes, resulting in no waste. At

the end of its life cycle, the materials used to build an organism

decompose into simpler organic matter, ultimately returning to the

biomass of the Earth and then reincarnating into new organisms�

underscoring the e�ciency, productivity, and self-su�ciency

inherent in natural systems.
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3
Context & State of the
Art

Nature has been a bountiful source of inspiration for inventors

across �elds, who have adopted ingenious biological insights for

solving complex problems in consumer products [36], mobility

engineering [31], and architecture [7]. Inspired by bones whose

trabeculae adjust to loading conditions through the distribution

of their internal tissue structure, the ceiling of the zoology lecture

hall at the University of Freiburg incorporates ribbing and vaulting

that follow the �ow of forces [5]. More recently, the di�erentiated

and �brous protective forewing shell of beetles inspired the Elytra

Filament Pavilion, an ultra-lightweight but strong structure [102].

One of the major challenges in realizing bioinspired concepts,

however, is in the materialization of adaptive structures.

From the dawn of civilization, materials have shaped human

progress�so much so, that historical periods of time have been

named after the predominant material used. Due to the increased

use of machinery during the Industrial Revolution, the geometry
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and dimensions of materials were standardized, paving the way to

modern mass production [2]. Engineers and suppliers alike began

to favor materials with inert activity and speci�c properties (e.g.,

isotropic plastics) over those with variability and active behaviors

(e.g., anisotropic lumber). With the advent of the Silicon Age,

computation and automation applied to mechanical systems fur-

ther entrenched the abstraction of physical materials. This has

all led to a global shift from bespoke, locally-produced goods to

mass-produced standard products. While the standardization of

materials and properties has been instrumental to the reduced cost

of production and goods that we enjoy today, it has taken a toll

on the environment in the form of pollution, depletion of future

energy reserves [16], and long-term damages to the ecosystem

[32].

Although modern processes often seek to eliminate the het-

erogeneity and intrinsic activity of materials (e.g., kiln drying is

tasked to generate stable and passive wood materials, albeit at the

cost of high energy consumption and signi�cant air emissions [17;

14]), history showcases the e�ective use of such qualities. For ex-

ample, the ancient Egyptians employed wooden wedges to quarry

rock for the construction of buildings and monuments, which when

wetted, caused rock tons to split with the swelling pressure [48;

116].

The following sections provide an overview of structures that

can adapt their properties or alter their shape in response to external

in�uences, as well as recent advancements in the science and

development of materials, computational modeling, and digital

fabrication, which have given rise to new bioinspired designs.
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3.1 Programming Matter in Practice

3.1 Programming Matter in Practice

The ability of physical objects to react and interact with the dy-

namic world around them has become of great interest and rel-

evance, especially in a changing climate where adaptability and

resilience are paramount [84]. This concept of programming shape

change has been employed within the built environment to create

kinetic, sculptural structures such as the Burke Brise Soleil of the

Milwaukee Art Museum, as well as to address pressing societal

issues such as deployable shelters for homeless populations [62].

Retractable roofs have become a popular feature in stadiums,

allowing for use of the playing �eld regardless of rain or shine. The

trend harkens back to ancient times with the retractable velarium

of the Roman Colosseum [68], and �nds modern analogs in sport-

ing venues including the Waldstadion, Wembley Stadium, and

Mercedes-Benz Stadium [86]. Yet, these retractable roof sys-

tems often entail considerable construction costs and complexity,

besetting technical complications and safety concerns such as im-

possible operation during gameplay or high wind conditions [120].

In enclosed buildings, external shading can positively impact

indoor environmental quality while contributing to signi�cant en-

ergy savings when it comes to heating, cooling, and lighting [9].

The Institut du Monde Arabe sports a kinetic facade with dynamic

apertures that control light �ltration within the interior spaces.

The operational e�ectiveness of the system was short-lived, how-

ever, and the apertures ceased to function a few years after the

building's inauguration [89]. Due to the high number of moving

parts and their interdependency within the rigid body kinematic

mechanisms, a malfunction of a single component can disable an

entire aperture.

The Media-TIC building is another manifestation of an ad-
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aptive facade based on a pneumatic system of patterned ethylene

tetra�uoroethylene (ETFE) layers that, by changing the air pres-

sure within the cushions, couple to create shade and decouple to

let light pass. The comparatively reduced level of mechanical

complexity ensures that maintenance does not prove too di�cult

or expensive; however, post-occupancy evaluation shows some

discontent in thermal comfort due to too much light being blocked

in winter [69].

Finally, the One Ocean thematic pavilion for EXPO 2012 is

characterized by its array of lamellae composed of glass �ber re-

inforced plastic (GFRP). Driven by linear actuators at the top and

bottom, the �exible lamellae deform elastically to bend, rotate,

and subsequently open the facade [73]. Still, the system is un-

derpinned by complex control algorithms and requires energy for

actuation, which is an ongoing energy expenditure. In the con-

text of sustainable architectural design, these operational energy

demands represent a substantial area for potential improvement.

3.2 Inspirations from Plant Biomechanics

Plants grow and move in response to environmental stimuli.

Within the plant kingdom is a great diversity of movements

spanning a broad range of time scales, from milliseconds to hours

and days [87; 47]. Examples include pine cones, whose scales

remain closed until favorably dry conditions for wind-assisted

seed release [58; 33; 100; 104; 43; 131]; the bracts of �owering

plants such as pipeworts or straw�owers open daily for pollination

and close nightly for protection [95; 15]; and the seeds of wheat

and storksbills are equipped with awns that have mastered the

mechanism of self-drilling seed burial [44; 46; 1]. These move-

ments are attributed to the hygroscopicity of plant tissues that
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absorb or release water in response to changes in environmental

humidity, facilitated by the anisotropic arrangement of their

cellulose micro�brils, which leads to directional swelling or

shrinking [49].

In terms of biomimetic transfer, the pine cone scale's highly

swellable sclereid and considerably less swellable sclerenchymat-

ous tissue layers have been abstracted as paper and polymer in

arti�cial hygromorphs [110]. In a more sophisticated mechanism,

the ice plant's hydration-induced �exing and packing of seed cap-

sules have been conceptualized as a hierarchical design of origami

unfolding, folding, and locking [59].

Some motile plants have evolved to achieve fast movements

by leveraging mechanical instability [64; 63]. Notably, the Venus

�ytrap employs a snap-buckling mechanism for the rapid closure

of its trap to strategically capture prey in nutrient-de�cient en-

vironments [113]. A carnivorous cousin, the waterwheel plant,

exhibits a similar trap structure and speed boost mechanism. This

has inspired a biomimetic analog, abstracted as a simpli�ed curved

folding element made of GFRP whose two "lobes" are actuated by

a pneumatic cushion behind the midrib [76].

The diverse shapes and structures observed even within a spe-

cies are due to biological morphogenesis [83; 37; 70]. Di�erential

growth rates are responsible for the wide variety of geometrically

complex forms as seen in the leaf and petal organs of the snap-

dragon [94; 107]. This working principle has guided scientists to

overcome the geometric limitations of double curvature surface

transformations, inspiring elastomer plates [118] and fabric sheets

[117] with an inner network of airways, designed to emulate the

anisotropic growth of biological tissue under air in�ation.

While the existing literature illustrates the potential of biolo-

gically inspired engineering, the practical applications of shape-
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changing and self-shaping systems still remain con�ned mainly to

laboratory prototypes. The completely passive actuation of plant

structures is also a ripe �eld for research and development [18;

88; 123], which necessitates a look into speci�c properties and

processes of the materials that make up a system [34; 97; 91].

3.3 Smart Materials & Structures

Di�erent types of metals expand to varying extents in response

to changes in temperature. When two metal strips with di�erent

coe�cients of thermal expansion are bonded and heated, the so-

called bimetal converts temperature �uctuations into mechanical

displacement in the form of a bending arc. Historically, this prop-

erty has been used in early thermostats for temperature-regulated

heating and cooling; more recently, interest in bimetallic strips

has been reignited in the design and architectural research context

through functional prototypes and installations [124; 75].

Wood materials are naturally anisotropic as well as responsive

to moisture. In the same vein as thermo-bimetals, this stimuli-

responsive property of wood can be utilized for hygromorphic

bilayers that convert changes in humidity into curvature. The

meteorosensitivity of wood actuators has been investigated at small

scales in weather-responsive composites made of epoxy-bonded

wood veneer and glass �ber [109; 60; 61], as well as at large scales

in self-forming timber bilayer components [137; 138; 57]. In true

biomimetic fashion, spiral-molded wood veneers were designed by

drawing inspiration from the awns of storksbills in the manufacture

of autonomous seed-burying ecological robots [85].

Besides wood, there are a wide variety of organic materials

that change in volume when exposed to external stimuli, from liv-

ing natt	o bacteria [139] and semolina �our [128] to ceramics [8].

18



3.4 Digital Design & Fabrication

Owing to their ability to imbibe or release signi�cant amounts

of �uid, hydrogels are a popular smart material often chosen for

use in biomedical applications such as arti�cial muscles and soft

robots due to their soft properties similar to natural tissues. As hy-

drogels are structurally isotropic, magnetic �elds have been used

to control the alignment of particles within the layer matrices of

hydrogel bilayers [45]. However, the isotropically elastic proper-

ties of hydrogels can also be utilized in thin sheets of functionally

graded hydrogel solutions to program double curvature shapes

induced by di�erential shrinkage [71].

Despite these advancements in materials science and pro-

cessing, the production of smart materials and structures is la-

borious and expensive, involving highly specialized material con-

coctions and machine solutions. Furthermore, the process of

emulating biological functional gradation poses signi�cant chal-

lenges, as natural materials and bioinspired structures alike often

have heterogeneous properties [50] and require thorough under-

standing and treatment. Given these limitations, it becomes clear

that leveraging digital technologies is necessary; through com-

putational design and digital fabrication tools, we can manage

and materialize the complex interdependencies between material,

structure, function, and formation [74; 90].

3.4 Digital Design & Fabrication

The rise of digital technologies has fundamentally changed how

we create, analyze, and actualize designs [20]. Computational

design has facilitated the modeling and simulation of complex re-

lationships. At the same time, the high level of control associated

with digital fabrication has enabled the production of physical arti-

facts with variable properties and mass-customization [96]. Thus,

19



3 Context & State of the Art

digital design and fabrication methods are increasingly acknow-

ledged as indispensable for realizing high-performance designs

with intricate material structures [10]. This sentiment is epitom-

ized by additive manufacturing, of which "complexity comes for

free" is an oft-quoted tenet. Metamaterials have been 3D-printed

with tunable mechanical properties in auxetic structures [93; 77],

material-machines [66], bioinspired mechanisms [78; 140], and

shoe soles with tailored �exibility [3].

Within the realm of additive manufacturing, 4D-printing

has emerged as a process for fabricating smart structures with

programmable shape changes triggered by environmental stimuli

[129]. Initial research involved using a commercial PolyJet

3D-printer to selectively deposit shape memory polymers within

a multi-material geometry to program shape changes [106; 38].

On the other hand, extrusion-based 3D-printing leaves mesoscale

features through its sequence of deposition [92; 40]. Scientists

have taken advantage of this feature by controlling the deposition

sequence of isotropic hydrogels, resulting in anisotropic structures

with guided self-shaping [6; 79]. Moreover, cellulose �brils

mixed within hydrogels can be aligned via extrusion through

the nozzle as an additional technique for programming localized

anisotropy [54].

Fused �lament fabrication (FFF) is an a�ordable and access-

ible technology that has already gained widespread use among

hobbyists and the maker community. As an extrusion-based

process, anisotropy can be imparted onto printed parts through

toolpath control, democratizing this method of 4D-printing. Re-

searchers have leveraged the shape memory e�ect of polylactic

acid (PLA), the most popular �lament among makers, to craft

temperature-responsive bilayers [133; 4]. Similarly, moisture-

responsive bilayers have been made using wood �laments, which
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can be purchased o�-the-shelf [29; 134]. Interestingly, parts prin-

ted with the wood �lament resemble wood grain, leading to studies

on multi-phase movement inspired by the �brous structure of the

Bhutan pine cone seed scales [28; 30]. In parallel, other scient-

ists have experimented with custom �laments of tunable cellulosic

�llers and matrix materials [82; 115; 80] and continuous natural

�ber �lament using a custom-modi�ed machine [81]; while yet

to hit the commercial mainstream, it is evident that 4D-printing

heralds broad potential for programming reliable and repeatable

stimuli-responsive motions.

Despite the prospective vitality of 4D-printing as a process

for fabricating highly tunable geometries, there remains a paucity

of applications outside controlled lab environments. While there

have been e�orts to apply 4D-printing to architectural domains,

for example, prototypes have only been realized up to several

centimeters in scale.
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Figure 4.1: This thesis seeks to bridge the gap between natural and anthropo-
centric approaches by employing technological analogs. Additive fabrication
sequences can be controlled to emulate the di�erentiated growth of biological
organisms, whose material structures dictate their adaptation in response to
environmental energy. Material programming for 4D-printing is proposed to
manage the interrelations between material, structure, and function in bioin-
spired systems.



4
Research Question

This thesis seeks to present an alternative approach to design-

ing, making, and operating buildings and products by bridging the

gap between natural and anthropocentric systems (Figure 4.1).

Nature uses few material building blocks, which have intrinsic-

ally active properties. These materials are assembled into hetero-

geneous structures, tailored to the speci�c functional needs and

environmental conditions of the organism. By tapping into the

freely available environmental stimuli of the environment, natural

systems autonomously adapt to their surroundings.

The central premise of the research is that technological ana-

logs can be employed. Cellulosic materials are hygromorphic,

providing actuation potential. Due to the considerable anisotropic

strength and sti�ness arising from their �brous structure, cellu-

losic materials are already used as ingredients in many consumer

products and building materials. Despite the fact that the hy-

gromorphic activity of cellulose is antagonistically silenced in

industry, cellulosic materials can be strategically structured with

extrusion-based additive manufacturing as bioinspired material
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systems that perform autonomous tasks when powered by free-

�owing environmental humidity.

This leads to the driving research question: how can we achieve

the high level of integration between material, structure, and func-

tion observed in natural ecosystems?

4.1 Gap in Knowledge

Material programming for 4D-printing is proposed to manage

the interrelations between cellulose-based materials, architected

mesostructures, and hygromorphic responsiveness in engineered

material systems. However, a range of knowledge gaps and chal-

lenges still persist in the design and fabrication of bioinspired

self-shaping structures.

Primarily, the lack of established methods for digital design and

4D-printing imposes a signi�cant constraint. Current computer-

aided design (CAD) software for physical production has focused

on the geometric modeling of solid shapes or collection of connec-

ted surfaces enclosing a �nite volume. As the dominant paradigm

in these digital tools, the boundary representation (B-rep) of ob-

jects does not accurately represent the physical behavior of ma-

terial artifacts. Moreover, in manufacturing digitally designed ob-

jects through 3D-printing, existing software programs for toolpath

generation called slicers in�ll static designs with generic internal

structures, making it impossible for parts to be programmed with

responsive behaviors.

Another key issue lies in the specialized nature of smart, pro-

grammable materials and the machines used to process them,

which are typically developed on a project-speci�c basis. This

specialization not only creates barriers to the broad adoption of

4D-printing technologies due to their high costs and complexity,

but it also prevents the transfer of development and sharing of
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improvements across di�erent fabrication platforms and material

systems. As a result, 4D-printing has been made less accessible

for most designers and manufacturers.

Consequently, our current capacity to produce bioinspired

designs is reduced to relatively simplistic abstractions of biolo-

gical systems. Scalability is also a limiting factor, relegating the

deployment of bioinspired self-shaping structures to within the

lab context and hindering 4D-printing's innovation potential in

research and industry.

4.2 Scope of the Thesis

In addressing the identi�ed knowledge gaps and challenges, the

scope of this research is de�ned as follows:

Computational fabrication methods for 4D-printing The

design and additive fabrication of self-shaping systems

necessitates the integration of materials, structure, and

adaptive functionalities. Within the context of 4D-printing,

computational fabrication methods will be developed for in-

corporating the hygromorphic properties of cellulose-based

materials and controlling their extrusion in architected

mesostructures, ultimately leading to the programmability

of environmental response in bioinspired self-shaping

systems.

Transferability across materials, platforms, and scalesAn es-

sential aspect of this research is that the computational fab-

rication work�ow is transferable and scalable across various

material systems and fabrication platforms. The developed

methods using hobbyist desktop 3D-printers and o�-the-

shelf wood-�lled �laments will be transferred to industrial

robotic platforms for the large-scale additive fabrication of
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hybrid materials systems, including timber elements and

cellulosic granules.

Application of working principles from biological role models

The material programming and 4D-printing framework

should facilitate the design and fabrication of bioinspired

structures. This research will demonstrate the translation

of working principles derived from new and existing biolo-

gical role models for their implementation in 4D-printed

products and buildings with tunable self-shaping properties

and behaviors.

The thesis posits that material programming and 4D-printing will

enable natural materials to be arranged in architected mesostruc-

tures as analog material codes that achieve targeted adaptive mo-

tions. By capitalizing on the natural ebb and �ow of environ-

mental humidity, the conventionally undesirable characteristics of

cellulose-based materials can be harnessed into an intentional and

functional hygromorphic response. The developed methods are

envisioned across various application domains, contributing to

energy autonomy in a wide array of bioinspired multifunctional

innovations, including wearable devices as well as building skins.
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Results
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Figure 5.1: The architected mesostructures of 4D-printed material systems act
as coded programs capable of carrying out self-shaping functions. Through
the choreographed extrusion sequences of hygromorphic �laments, material
properties and behaviors are encoded in the physical material structure in place
of electromechanical control. Images adapted from [22].



5
Developed Methods

An important focus of this dissertation lies in the formula-

tion of material programming for 4D-printing, which harnesses

the hygromorphic activity of cellulosic materials in functional

structures. This section explains the fundamental principles upon

which the material programming framework is based.

Figure 5.2: Hygromorphic materials absorb and desorb water from the climate,
increasing and decreasing in moisture content (MC). This causes swelling and
shrinking, respectively.

Hygromorphic, cellulosic materials absorb and desorb water

molecules to equilibrate to the ambient relative humidity (RH).

The increase and decrease of moisture content (MC) is associated

with corresponding swelling and shrinking (Figure 5.2). In biolo-

31



5 Developed Methods

gical structures such as woody plants, the dominant �ber direction

causes swelling and shrinking to occur in the direction perpendic-

ular to the �bers (Figure 5.3). Similarly, the extrusion process of

FFF 3D-printing creates anisotropic material paths resembling the

�brous structure of biological materials.

Figure 5.3: The anisotropic structure of hygromorphic materials directs di-
mensional changes from swelling and shrinking in the direction perpendicular
to the material paths.

The layering of the hygromorphic material with a comparat-

ively moisture-stable material forms a bilayer structure. As the

hygromorphic layer actuates in response to changing RH levels,

the moisture-stable layer restricts this expansion or contraction on

one side of the bilayer, inducing an overall bending e�ect (Fig-

ure 5.4). Thus, the restricting moisture-stable layer ampli�es the

shape change of the actuating layer, and the two combined layers

control the bending direction and orientation through the aniso-

tropies (perpendicular relative to each other) and spatial ordering

of the layers, respectively. The meso-scale [39; 105] tailoring

of material paths within the bilayer structure, termed themeso-

structure, encodes bending behaviors of a certain magnitude and

duration in one direction.
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Figure 5.4: Upon relative humidity (RH) changes, the combination of hygro-
morphic and relatively moisture-stable materials in a bilayer structure results in
bending, controlled by the anisotropy and order of both material layers.

5.1 Design for 4D-Printing

The developed computational material programming framework

capitalizes on the inherent anisotropy created from the FFF 3D-

printing process to control material-based shape changes through

the mesostructure design (Figure 5.5). Using familiar geometric

CAD descriptors in a hierarchical work�ow, the material prop-

erties and behavior of multiple individual elements can be pro-

grammed at a high-level to produce intricate mesostructures (Fig-

ure 5.1).

The following section provides a summary of the �lament ma-

terials, fabrication machines, mesostructure modeling, and design

space of the 4D-printed mechanisms; the more technical details are

described by Chenget al.[22] in the article attached inChapter 11.
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Figure 5.5: The material programming of self-shaping materials systems is
based on the fabrication parameters of fused �lament fabrication (FFF) 3D-
printing, including the nozzle size# , layer height� , toolpath spacing of the
actuating� and restricting' �laments, as well as the resulting extrusion paths
%.

5.1.1 Filament Materials

5.1.1.1 Actuation from Hygroscopic, Natural Fibers

These methods have been tested with primarily wood-�lled ther-

moplastic �laments. Although �laments with other hygroscopic

�llers have been tested (e.g., hemp, jute, bamboo, and coconut),

wood-�lled �laments are the most widely available natural �ber

�lament on the market.

Wood-�lled �laments are a composite of recycled wood

particles (ligno-cellulosic �our or �bers) within a biobased

matrix polymer such as PLA or polyhydroxyalkanoate (PHA).

Several brands of wood-�lled �laments (including ColorFabb's

WoodFill, FormFutura's EasyWood, and Lay Filaments) ranging

from 30-40% �ber content have been tested, with varying degrees

of success most likely depending on the company's proprietary

blend of raw plastic, �ller, and additives. Generally, �lament

materials with higher �ber content show more shape change in
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response to wetting and drying.

The �laments LAYWOODmeta5 and LAYWOO-D3 (Lay Fil-

aments; Cologne, Germany), composed of 40% recycled wood

�bers, were chosen for this study because they exhibited the most

swelling and shrinking during early trials. An initial characteriz-

ation of LAYWOO-D3's shape change was performed on printed

specimens. Upon water immersion for1 h, one-layer specimens

with single-direction material paths were observed to swell 2% on

average in the direction perpendicular to the material paths. Mar-

keted to be climate responsive, LAYWOODmeta5 was chosen for

later trials as the product is highly absorptive with 6% swelling in

the direction perpendicular to printed material paths.

It should be noted, however, that the exact compositions of

LAYWOODmeta5 and LAYWOO-D3 have not been disclosed by

the �lament producer. Therefore, material codesign has also been

investigated in later research, in which hygroscopic �laments were

custom-engineered speci�cally for smart, shape-changing struc-

tures [72; 127]. This research has resulted in the compounding of

native cellulose powder with two partially biobased thermoplastic

matrix polymers, polyketone (PK) and thermoplastic polyureth-

ane (TPU), to produce a palette of cellulose-�lled �laments with

varying hygroscopicity based on �ller content.

In order to maintain a consistent MC before use, the hygro-

scopic �laments were stored in and printed from drying boxes (F3

Safe Light, Fiber Three; Darmstadt, Germany).

5.1.1.2 Additional Materials

In addition to the hygroscopic �lament that serves as the actuat-

ing layer, a moisture-stable �lament such as PLA or acrylonitrile

butadiene styrene (ABS) (which o�ers higher temperature resist-

ance) is typically employed for the restricting layer.
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Other �laments such as acrylonitrile styrene acrylate (ASA)

and TPU can be utilized for their UV-resistant and �exural proper-

ties, respectively. Besides PLA, however, these materials are con-

ventionally petroleum-based (with the exception of TPU, which

can be partially made from renewable sources with recent ad-

vances in chemistry).

When printing with a second (or even third) �lament, it is

advantageous to select materials with the same matrix polymer

for improved bondability. As an added bene�t, utilizing the same

matrix polymer will increase recyclability (for example, pairing

PLA with a wood-�lled PLA �lament).

5.1.2 Additive Manufacturing

5.1.2.1 Hobbyist, Desktop 3D-Printer Machines

The fabrication can be carried out by any FFF 3D-printer cap-

able of executing G-code commands. Several brands of hobbyist,

desktop 3D-printers have been tested (including LulzBot TAZ 6

and Prusa i3 MK3S+); however, the FELIX 3.0 and FELIX Tec

4.1 were primarily used due to their dual print heads (FELIXprint-

ers; œsselstein, Netherlands). When printing more materials than

number of print heads on a 3D-printer, the �lament was manually

changed between print pauses (as was the case when using a third

material).

5.1.2.2 Printing Process Parameters

The quality of the printed material paths results from the combina-

tion of feedrate (speed of print head travel) and �owrate (amount of

�lament extrusion), as well as the temperature of the hot-ends. The

optimal values of these process parameters have been determined

as listed inTable 5.1, but may vary according to project. Using

0•35 mmdiameter brass nozzles, these parameters produced ex-
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truded paths with widths of approximately 0.5� 0•075 mm. The

bed temperature helps to keep parts adhered to the build plate

while printing.

Printing process parameter Actuating Restricting

Feedrate (mm min� 1) 1200 700
Flowrate (mm�lament mm� 1

travel) 0.040 0.033
Hot-end temperature (°C) 195 205
Bed temperature (°C) 45

Table 5.1: The optimal values of the predominant �laments used
in this research for the actuating layer (LAYWOODmeta5) and
restricting layer (PLA).

5.1.3 Computational Fabrication

5.1.3.1 Behavior Building Blocks

The computational design work�ow was developed through

a visual programming environment (Grasshopper 3D,

Build 1.0.0007 ) running within a CAD modeling software

(Rhinoceros 3D, version 6 SR13 ) based on non-uniform

rational basis spline (NURBS) geometry. The utilization of this

well-established geometric and algorithmic modeling approach

makes the framework accessible to more potential users as well as

extensible with third-party libraries ranging from environmental

analysis to robotic control.

Within an abstract representation of the self-shaping design,

any number of functional regions can be geometrically de�ned

with individually speci�ed physical metadata (such as passive

sti�ness properties or actively shape-changing areas). Theact-

ive regions are characterized by a bilayer structure, composed of

an actuating and restricting material, with a programmed direc-

tion, orientation, and magnitude of bending. Thepassiveregions
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are tunable in terms of mechanical properties. While unable to

change shape on their own, they assist in transforming the metric

of a surface by allowing stretching and contraction, or by allow-

ing folds to emerge through tailored compliance. Theexternal

regions additionally allow externally manufactured components

to be embedded inside the 4D-printed structure, represented by a

cavity within the mesostructure. These functional regions serve

as the building blocks for programming self-shaping behaviors.

Figure 5.6: Through the design of the mesostructure, active regions can be
programmed with various bending behaviors. For example, the magnitude of
bending is tuned via the toolpath spacing of material paths. Active regions can
also be combined together in di�erent con�gurations. Images adapted from
[23].

5.1.3.2 Mesostructure Network

The functional regions with their physical metadata are conver-

ted into the mesostructured features that physically encode pro-

grammed behaviors into the material structure. Depending on the

type of region and the programmed functionality, these mesostruc-

tures follow di�erent patterns.
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For the active regions, the order in which the actuating and

restricting layers are printed controls the bending orientation. The

anisotropy, density, and height of the material paths control the

bending direction, magnitude, and duration, respectively (Fig-

ure 5.6). For the passive regions, the geometry and density of

material paths are used to modulate the elastic modulus, based

on the bulk properties of the material being printed [108]. For

the external regions, empty voids are simply left during the initial

extrusion sequence. Externally-sourced components such as mag-

nets or specialized smart materials can be inserted, after which the

extrusion sequence continues to enclose them inside.

This mesostructure network essentially becomes the toolpath

trajectory that the 3D-printer's print heads follow, with speci�c

information as to which material to extrude, the rate of material

extrusion, and the speed of print head travel. These instructions

are generated and output as G-code.

5.1.4 Motion Mechanisms

The resulting self-shaping designs are 4D-printed in the �at state

from the generated G-code, in stable temperature and RH con-

ditions. After fabrication, the 4D-printed mechanisms transform

into 3D shapes upon exposure to wetting and drying. During ex-

perimentation, the 4D-printed specimens typically undergo30 min

wetting and24 hdrying to evaluate the shape transformation ac-

cording to programmed target shapes. For testing cyclic actuation,

a humidity control device (MiniOne Humidity Generator, Preser-

vatech; Bydgoszcz, Poland) is used to generate alternating high

and low RH cycles. Time-lapse capture is also used during the

triggering of shape changes, in order to evaluate the timing and

sequence of self-shaping.

Selected self-shaping mechanisms are presented here, illus-

39



5 Developed Methods

trating the range of possible designs produced using the material

programming method for 4D-printing.

Figure 5.7: By combining regions of active bending with regions of passive
stretching and contraction, an initially �at 4D-printed surface structure trans-
forms into a doubly curved bumpy surface upon drying.

5.1.4.1 Double Curvature

Active and passive regions are utilized in the design of shape-

changing mechanisms with double curvature, a property that is

particularly challenging to form from �at surface geometries. As

stated in theTheorema Egregium, the Gaussian curvature of a

surface can only be modi�ed by changing the distances between

points along the surface [53], generating timeless struggles for

cartographers in projecting the spherical earth onto a map and

for tailors in �tting fabric onto a dress form. However, a �at

4D-printed sheet can be encoded with passive regions that change

the surface metric through stretching and contraction while active

regions bend in strategic areas, allowing shape changes with non-

zero Gaussian curvature.Figure 5.7shows an initially �at 4D-

printed surface structure has been programmed to transform into

a bumpy surface upon drying, exhibiting synclastic or positive

Gaussian curvature.
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Figure 5.8: The combination of active bending surfaces and passive curved
hinges results in curved folding with ampli�ed motion. Here, a multi-module
arrangement of 4D-printed curved folding mechanisms equalizes to high, me-
dium, and low RH levels. Images adapted from [125].

5.1.4.2 Curved Crease Origami

The principle of curved folding stipulates that when two adjacent

surfaces, connected by a curved hinge, bend in opposite orient-

ations, a fold will emerge along their mutual hinge [35]. Thus,

active regions can be tasked to bend concave and convex surfaces,

while passive regions are employed to create a �exible curved

hinge that mechanically links the adjacent surfaces together, result-

ing in buckling and folding along the curved hinge upon actuation

triggering. As opposed to straight-crease origami where actuation

is concentrated on the hinges, the distribution of actuation forces

throughout large surface areas generates larger displacement with

smaller strains. By following the geometric principles of curved

folding, mountain or valley folds are programmed in the curved

crease origami structures, explored in parallel research [125]. Fur-

thermore, the desired fold angles are tunable via the geometry of

the passive curved hinges and the bending behavior of the act-

ive surfaces.Figure 5.8shows an aperiodic tiling of 4D-printed

curved folding mechanisms.
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Figure 5.9: Multi-layered assemblies of alternating concave and convex active
bending elements are constructed in one additive manufacturing sequence,
producing a lightweight and deployable self-shaping structure that grows over
100 times its initial volume upon drying.

5.1.4.3 Expanding Structures

Kirigami-inspired principles can be utilized to generate structures

that dramatically change in size and shape. As opposed to the

subtractive process of kirigami, which relies on cutting, the ad-

ditive nature of 4D-printing allows multi-layered assemblies to be

constructed in one automated fabrication process. The geomet-

ric con�guration of stacking and alternating concave and convex

bending creates materially e�cient, lightweight, and deployable

structures that can substantially increase in volume.Figure 5.9

shows an initially �at 4D-printed structure that transformed into

an elliptical volume upon drying, an expansion of over 100 times

its initial size. Showcased at the Mori Art Museum as part of

theFuture and the Artsexhibition (2019-2020), these expanding

mechanisms demonstrate the use of 4D-printing goes beyond the

traditional paper craft.
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Figure 5.10: The large-scale additive manufacturing platform consisting of an
industrial robot and multiple end e�ectors.

5.2 Hybrid Additive Fabrication for

Large-Scale Self-Shaping

The computational design and material programming framework

for 4D-printing is scalable and adaptable to a variety of fabrication

processes. This section demonstrates the transferability of the

aforementioned methods from small-scale, hobbyist, desktop 3D-

printing to large-scale, industrial, robotic additive manufacturing

(Figure 5.10).
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The presented platform is supported by a 6-axis KUKA Fortec

KR420 R3080 robot arm (KUKA; Augsburg, Germany) on a

12 m linear track. The system is equipped with multiple end-

e�ectors, interchangeable via a quick tool change adapter system

(SCHUNK; Lau�en am Neckar, Germany) that fully integrates a

pellet extruder (CEAD; Delft, Netherlands) and a vacuum gripper

(Schmalz; Glatten, Germany). The following is a summary of the

adapted materials system and resulting biocomposite structures

that demonstrate upscaled 4D-printing; full details can be found

in the article by Chenget al. [24] attached inChapter 10.

Figure 5.11: Constructed from a combination of tunable 3D-printed metama-
terials and natural wood actuators, this biocomposite structure has been de-
ployed in ambient conditions, equalizing from a wood MC of 25% to 10%
and demonstrating the physical programming of with areas of graded stretch-
ing, areas of high anisotropic sti�ness, as well as areas of bending in di�erent
directions.

5.2.1 Biobased Materials System

The large-scale additive manufacturing platform is utilized for the

careful con�guration of biocomposite structures consisting of 3D-

printed metamaterial structures and embedded wood bilayer actu-

ators. Thermoplastic granular pellets made from a cellulose-�lled

PLA compound (UPM Formi 3D 20/19, UPM Biocomposites;

Lahti, Finland) are extruded through the process of fused granular

fabrication (FGF), forming passive regions with tailored sti�ness
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properties.

Serving as both active and external regions, hygroscopically

actuated wood bilayers are inserted as planar elements through

pick-and-placement by the vacuum gripper. These wood bilayers

have been manufactured according to the orthotropic-dependent

properties of the wood species used (Table 5.2). Actuating boards

take into account the radial direction, while restricting boards take

into account the longitudinal direction. The radius of curvature

has been calculated by employing the Timoshenko theory for bi-

metallic strips [130] adapted for wood bilayers [112] as a function

of change in wood MC.

Wood board property Actuating Restricting

Orientation (°) 90 0
Height (mm) 11 3
E-modulus (MPa) 1700 14000
Swelling coe�cient 0.0016 0.0001
Starting wood MC (%) 25
Ending wood MC (%) 10
Radius (mm) 420

Table 5.2: Speci�cations of the wood bilayer actuators as used in
this study (actuating and restricting boards both sycamore maple)
for attaining a predicted radius of420 mm, using reference values
from literature [121; 111].

5.2.2 Upscaled 4D-Printing

The hybrid approach of combining dual processes and materi-

als can achieve the scale and actuation strength of wood bilayers

while maintaining the high resolution physical programmability

that 3D-printing enables. Through the strategic positioning of

hygroscopic actuators and tailored metamaterial structures, fully

biobased structures are programmed to transform from �at to
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curved simply through changes in RH.

A series of meter-scale prototypes demonstrate self-shaping

at large scale.Figure 5.11shows a 80 cm x 80 cm biocompos-

ite structure. The gradient in metamaterial pattern as well as

pattern depth enabled the unhindered actuation of wood bilayers

programmed to bend in alternating directions.

Figure 5.12: A biocomposite tripod has been designed to bend in each leg
through the insertion of wood boards with their radial' , tangential) , and
longitudinal ! directions indicated. After acclimating its wood MC to am-
bient conditions, this prototype reached a height of42 cm, demonstrating the
feasibility of upscaled 4D-printing. Images adapted from [24].
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Figure 5.12shows a three-legged biocomposite structure with

an overall footprint of 190 cm x 150 cm. Physically programmed

to bend in each leg, the tripod prototype transformed from �at

to curved under conditions of 30% RH at 23°C. After 180 hof

self-shaping, the tripod prototype reached a height of42 cm.

The computational design and hybrid additive manufacturing

methods are extended in later research, where bending-active

auxetic metamaterials are investigated for tailoring Gaussian

curvature in self-forming shell structures [98].
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Figure 6.1: The developed methods for 4D-printing are applied to the design of
adaptive wearables. Through a bioinspired process, the squeezing mechanism
of a twining vine is translated into a self-adjusting orthotic splint. Images
adapted from [23].



6
Design System Case
Studies

This chapter delves into the practical application of the de-

veloped methods, covering scales that range from body to build-

ing.

Biological skins serve a crucial role in how living organisms

adaptively protect against pathogens, dynamically regulate body

temperature, and respond to situation-speci�c requirements when

interacting with the world around them. What we wear on top of

our human skin serves as another layer of added protection and

comfort. While this "second skin" is interchangeable in the daily

and seasonal timescale (e.g., breathable fabrics that encourage nat-

ural ventilation when hot, insulated clothing that traps body heat

when cold, sunglasses when sunny, or an umbrella when rain-

ing), they do not react to dynamic changes of the body or evolving

rehabilitation needs which are essential in sports apparel and med-

ical devices. Likewise, building envelopes serve as the primary

barrier between the interior space and outdoor environment, play-
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ing a decisive role in maintaining occupant comfort. Despite the

clear potentials of adaptivity inspired by biological skins, quite

often this "third skin" does not dynamically adapt to the ephem-

eral nature of the external climate. As a result, we typically rely

on active methods of heating, cooling, and ventilation to regulate

the indoor climate, with deleterious impacts on the environment.

The following two case studies deal with developing adaptive

design systems for body-scale applications and larger building-

scale implementations. In the �rst part of this chapter, material

programming for 4D-printing is applied to the design of a self-

tightening orthotic splint, inspired by a clever biological mechan-

ism for force generation. In the second part of this chapter, the

4D-printing approach is transferred to the scale of buildings, in

the creation of an architecturally integrated facade for weather-

responsive solar shading.

6.1 Personalized and Programmable

Wearable Systems

There is immense potential for adaptive wearable technologies

in medical and sports applications. Orthoses must be correctly

�tted to provide proper support and still require regular re�tting

appointments during their course of use. For example, muscular

atrophy often occurs from immobilization with an orthotic cast,

leading to the necessity for frequent reapplications of the cast to

prevent slipping. Ubiquitously employed in orthoses, Velcro is

a fastening mechanism inspired by the prickly hooks of burdock

burs. The hook and loop system can be adjusted by detaching, re-

positioning, and reattaching the fabric. However, the readjustment

of Velcro-equipped devices still requires the complete release of

pressure in each of the individual strips.

The twining air potato (Dioscorea bulbifera) climbs by gen-
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erating large squeezing forces on its host structure, allowing it to

ascend great heights without slipping. The smooth and continuous

quality of this force-generating mechanism presents a promising

opportunity for self-tightening orthotic devices (Figure 6.1). The

following summarizes the process of translating a speci�c work-

ing principle from biology to 4D-printed wearable system, while

the full details are described by Chenget al. [23] in the article

attached inChapter 9.

6.1.1 Bioinspired Process

A biology push [122] or bottom-up design approach is used, start-

ing with the selection and investigation of the biological role model

(Figure 6.2). The force generation ofD. bulbiferaoccurs in two

motion steps, which are characterized and abstracted as follows:

1. The loose wrapping of the helical stem around an existing

support; this is translated as a long curling ribbon called the

helix mechanism.

2. The expansion of stipules (a lateral outgrowth of the leaf

base) which are sparsely distributed on the inner surface of

the stem helix; these are translated as hinged �aps called

pocket mechanisms.

Both of these mechanisms are individually programmable.

The helix mechanism's direction and magnitude of bending de-

termine the geometry of the helical structure and how it winds

about a cylindrical support. The pocket mechanisms' �ap length

and bending magnitude determine how much space is created un-

derneath the �aps, pushing the helix outward from its support

and thereby tensioning the entire system. Furthermore, the pocket

mechanisms can additionally be tuned in delay and duration, or
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populated in higher numbers. The combined motion sequencing

of the two mechanisms leads to controlled pressure on the support

structure.

Figure 6.2: The working principles ofDioscorea bulbifera's force generation
are transferred to 4D-printed motion mechanisms. The programming and
sequencing of the bioinspired mechanisms are utilized in a user-customized,
self-tightening wearable device. Images adapted from [23].

6.1.2 Self-Tightening Mechanism

The e�cient and e�ective tensioning mechanism ofD. bulbifera

is then translated into a customizable, bioinspired, self-tightening

orthotic splint.

Due to the sheer variety of the human body in shape and size

(even across one limb), a parameter study of the helix mechanism

has been conducted to ascertain the relationship between meso-

structure and bending behavior, resulting in an extensible database

for approximating the required mesostructures for producing de-
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sired geometries. Multiple individual regions can be combined,

creating a rich array of achievable shapes from an initially �at state

(Figure 6.3).

Figure 6.3: By combining multiple individually tuned regions, a large variety
of helical geometries can be achieved from an initially �at surface structure.
Examples of helix mechanisms with constant and varying curvature (in direction
and magnitude) are shown here.

The squeezing forces of the 4D-printed material system are

evaluated in an experiment comparing double helix structures

without and with pocket mechanisms of varying programmed

parameters (Figure 6.4). Results show that the pocket mechan-

isms and force generation are highly correlated, as the pure helical

specimen yielded the lowest forces (an increase of 0.22 N). The ad-

53



6 Design System Case Studies

dition of more pocket mechanisms led to higher squeezing forces

(from an increase of 0.72 N to 1.01 N when doubled). Finally, the

delayed actuation of the pocket mechanisms resulted in the highest

forces (an increase of 1.24 N), as observed in the plant role model.

Figure 6.4: A parameter study on the increase in force generated by 4D-printed
material systems without and with pocket mechanisms of varying programmed
parameters. The addition of more pocket mechanisms leads to higher squeezing
forces; and the delayed actuation, as observed in the plant role model, is
correlated with the highest forces. Images adapted from [23].
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13:45
2023.03.22

17.5 �¢  / 37.4% RH

09:20
2023.03.22

11.7 �¢  / 57.6% RH

Figure 6.5: The weather-responsive, 4D-printed self-shaping facade system of
thelivMatS Biomimetic Shell. Here, the adaptive shading elements are shown
autonomously �ltering daylight and regulating the interior climate shortly after
installation on the 22nd of March 2023.

6.2 Architectural Integration of

Self-Shaping Mechanisms

Considering the signi�cant impact of the built environment on

global energy consumption (with the majority of total energy us-

age going towards building operation for heating and cooling),

reducing the energy required to regulate buildings is of critical

importance.

The sun o�ers free and clean energy, in the form of light and

heat, in abundance. Harnessing this unlimited energy source dur-
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ing winter can reduce our reliance on fossil fuels to heat buildings

while o�seting heating costs; during the summer, however, there

is the need to shield from excess solar heat to reduce cooling

demands. Adaptive building envelopes have emerged to respond

to these seasonal climate conditions, although many of the cur-

rent solutions are mechanically complex, comprised of multiple

components, and still rely on additional operating energy.

This section explores how material programming for 4D-

printing can be utilized in the creation of adaptive building

skins that passively respond to �uctuations in weather, much like

their biological counterparts, providing a more energy-e�cient

and environmentally-friendly alternative [136]. The Solar Gate

is a weather-responsive shading system situated at the large,

south-facing clerestory of thelivMatS Biomimetic Shell @ FIT.

The positioning of the Solar Gate aims to capture heat gains

during the frigid winter months by allowing the sun to penetrate

into the building interior, while the self-shaping mechanisms

assist in avoiding overheating during the warm summer months

by shielding from direct sunlight. By transferring the developed

methods to the scale of an architectural facade (Figure 6.5),

the Solar Gate demonstrates that the fundamental principles of

bioinspired 4D-printing can be e�ectively scaled and appliedin

natura. Further details can be found in the article by Chenget al.

[26], attached inChapter 12.

6.2.1 Hygromorphic Structures for Solar Shading

Cellulose-based hygromorphic materials may seem counterintu-

itive for use in solar shading applications. The motion response

of hygromorphic materials is a�ected by the surrounding RH. As

a function of absolute humidity and temperature, changes in RH

and, consequently, the behavior of hygromorphic structures are
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signi�cantly driven by air temperature.

The Solar Gate project is located in southern Germany, a re-

gion characterized by typically dry and hot summers as well as

humid and frigid winters. In temperate climates, there exists an

indirect but reliable link between solar radiation and the behavior

of hygromorphic structures (Figure 6.6). As such, the stronger the

solar radiation, the higher the air temperature and therefore lower

RH�triggering hygromorphic structures that have been physic-

ally programmed via 4D-printing to �atten or close when dry,

providing shading. In contrast, when the RH increases due to

lowered temperatures, the 4D-printed mechanisms curl or open

when humid, allowing any available sunlight to heat the indoor

space.

Air temperature (�¢ ) Air relative humidity (%)

Figure 6.6: Looking at a particularly warm, dry day and a relatively cold, humid
day in November of 2022, it is evident that the RH follows an inverse trend to
air temperature. The hygromorphic, cellulose-based structures are designed to
�atten or close at low RH and block out the sun during high temperatures, and
curl or open at high RH to harvest solar heat during low temperatures. Images
adapted from [26].
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6.2.2 Weather-Responsive Facade System

The adaptive shading elements should be programmed to respond

to daily and seasonal sun paths, which vary widely depending on

the geographic location, time of year, and time of day. It is there-

fore necessary to consider environmental-, site-, and building-

speci�c conditions when designing such systems.

Figure 6.7: The weather-responsive facade system has been designed in the
context of environmental and site conditions. The adaptive shading elements
are programmed to block the high angle sunlight of the summer months (shown
here at noon on the summer solstice), and to let the low angle sunlight of the
winter months pass through (shown here at noon on the winter solstice). Images
adapted from [26].

The facade of the target building faces south with an11� o�set

to the west (Figure 6.7). The design of the shading element is based

on a pair of self-shaping bilayer �aps, slightly angled in opposite

directions to o�er built-in functionality that addresses the sun's

east-to-west azimuth path. The motion response of these �aps

tackles the changing angle of the sun's elevation, which changes

daily and seasonally between65� at noon on the summer solstice

(21st of June) and18•5� at noon on the winter solstice (21st of

December). Moreover, the element geometry capitalizes on the

lower angle of the winter sun to pierce deeper through the building

during the heating season, providing a natural source of warmth.

At the same time, the higher angle of the summer sun is e�ectively
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blocked by the element geometry during the cooling season.

The self-shaping shading elements are integrated within a

double-layered facade equipped with operable vents along the top

and bottom of the window system (Figure 6.8). These vents enable

switchable equalization with or isolation from the exterior weather

conditions as needed. Tessellated across a total area of10 m2, each

of the unique 424 shading elements has been programmed via ma-

terial programming for 4D-printing to self-shape in response to

changes in daily and seasonal weather cycles without using any

operating energy at all.

Figure 6.8: The architectural integration of 4D-printed adaptive shading ele-
ments, illustrated here with an exploded assembly of one window. The window
components are attached to the structural steel frame of the building facade.
Images adapted from [26].
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Figure 7.1: Interior view of the Solar Gate installed on thelivMatS Biomimetic
Shell @ FIT building demonstrator.



7
Discussion

This dissertation demonstrates that material programming for

4D-printing can employ technological analogs to emulate an integ-

ration of material, structure, and function akin to nature. The de-

veloped methods for computational fabrication harness cellulosic

materials in architected mesostructures to achieve environmental

responsiveness. The computational fabrication work�ow has been

transferred from hobbyist desktop 3D-printers and o�-the-shelf

�laments to an industrial robotic platform and novel hybrid ma-

terials system. Finally, the material programming framework for

4D-printing is showcased in the creation of two di�erent adapt-

ive applications highlighting bioinspired self-shaping in varied

contexts.

7.1 Expanded Design Space of 4D-Printing

The research underscores the invaluable utility of natural and

biobased material resources. As the most abundant biomass on

Earth, cellulose stands out as a renewable and ecological mater-

ial capable of sequestering CO2 [52]. The developed computa-
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tional fabrication methods, presented inSection 5.1and attached

in Chapter 11, facilitate the humidity-responsive actuation po-

tential of cellulosic materials in architected mesostructures that

act as analog material codes and dictate adaptive functionalities.

Moreover, the precise and e�cient allocation of extrusion-based

additive manufacturing ensures the economical use of cellulosic

materials.

The design and production of intricate mesostructures are sim-

pli�ed by the hierarchical work�ow of the developed computa-

tional fabrication methods. In a building block approach, basic

self-shaping units are instantiated and customized using famil-

iar geometric descriptors from CAD software. This hierarchy

abstracts the low-level complexity of mesostructure design and

machine code syntax, allowing the user to focus on high-level pro-

gramming of self-shaping behaviors. This design and production

�exibility is showcased in subsequent studies on sequential motion

steps [126] and curved folding origami [125] (AppendixA.2). Fur-

thermore, material programming and 4D-printing make it possible

to emulate bioinspired self-shaping structures at a higher �delity

than before. In later research, the functional morphology of the

butterwort's deformation has been investigated through reverse

biomimetics, inspiring 4D-printed structures with di�erentiated

cross sections [114] (AppendixA.5).

7.2 Generalizable to Diverse Materials and

Processes

The versatility of the computational fabrication work�ow has been

proven through the transfer and upscaling of the developed meth-

ods to an industrial robotic platform, presented inSection 5.2

and attached inChapter 10. The hybridized additive fabrication
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process, initially prototyped with a collaborative robot (cobot),

capitalizes on the scale and strength of wood actuators as well

as the physical programmability enabled by extrusion-based 3D-

printing [21] (AppendixA.1). In further research, the hybrid ad-

ditive fabrication process has been utilized for self-forming shell

structures with tunable double curvature arising from wood-bent

auxetic metamaterials [98] (AppendixA.3).

The material programming and 4D-printing approach has been

demonstrated with a wide array of materials, from o�-the-shelf to

custom-engineered materials. The hybrid materials system used

for the construction of large-scale self-shaping structures is com-

prised of both natural (timber elements) and synthetic (cellulose-

�lled PLA) biocomposites, allowing cellulosic materials to be

arranged at multiple resolutions. Due to cellulose's role in food

manufacturing and the projected upsurge in food demand in the

forthcoming decades, it will be important to recapture cellulose

from waste, such as extraction from agricultural waste or wood

waste like chips and sawdust. Considering the severe depletion of

timber supply in many parts of the world [55], the e�cient use of

our natural resources is absolutely essential [103]. In this light,

3D-printable lab-grown wood, tunable with varying characterist-

ics, may be a promising solution to this [11].

In terms of polymers, the development of custom �laments

with tunable hygro-responsiveness and sti�nesses via the vary-

ing mass ratios of re�ned cellulose powder and partially biobased

polymers has enabled the 4D-printing of material systems that

react to ambient humidity in the range of minutes [72; 127] (Ap-

pendixA.4). In future work, it will be pertinent to work towards

fully biobased �laments while addressing their recyclability or

biodegradability, prioritizing reuse and then programmed decay.
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7 Discussion

Figure 7.2: Prototype of a 4D-printed multifunctional orthosis, materially
programmed with localized shape changes and graded compliance into a single
device that can be produced using an inexpensive, everyday 3D-printer. Images
adapted from [22].

7.3 Energy Autonomy in Self-Shaping

Applications

The developed methods pave the way for transferring the many

working principles from nature to a wide range of bioinspired ap-

plications. Section 6.1, and the attachedChapter 9, introduces

a design case study on adaptively self-shaping wearable devices.

Through a bioinspired design process, the air potato's tension-

ing mechanism was translated into a 4D-printed self-tightening

splint. While the air potato's stipules sprout along the stem rather

sparsely, the 4D-printed system can be programmed with increased

amounts of the bioinspired tensioning mechanism. By under-

standing biological strategies and harnessing digital technologies,

it is possible to tailor bioinspired designs with bene�cial features,
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which even outperformed the plant role model in terms of force

generation. The material programming framework has also en-

abled a subsequent prototype of a 4D-printed multifunctional or-

thosis. The highly customized device exhibits a compliant surface

with tailored sti�ness, shape-changing zones for sweat-activated

pressure release, and magnets embedded within the mesostruc-

ture during the printing process (Figure 7.2). Without the need

for frequent device re�tting appointments, medical specialists can

provide their care to more patients. Wearable systems might be

custom-�t by incorporating technologies like 3D-scanning to di-

gitally reconstruct a patient's limb and inverse design to solve

for the required mesostructure design that achieves the adaptive

functionality. In developing nations grappling with burgeoning

populations and constricted healthcare resources, the on-demand

printability of functional designs lowers the barrier to accessing

personalized and adaptive solutions that provide comfort, sup-

port, and performance [25]. Given that the �laments and printing

equipment are cheap and locally available, additive manufacturing

proved to be an incredibly resilient solution to personal protect-

ive equipment (PPE) production during the coronavirus pandemic

amid supply chain disruptions [12].
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Air temperature (�¢ ) Air relative humidity (%)

Figure 7.3: The Solar Gate is the �rst truly weather-responsive, 4D-printed
self-shaping facade system�representing a step towards a more sustainable,
resource-e�cient, and energy-autonomous solution for regulating comfort in
our built environment. Images adapted from [26].

The Solar Gate project marks the �rst truly weather-responsive

4D-printed self-shaping facade system.Section 6.2, and the at-

tachedChapter 12, demonstrates the transferability of 4D-printing

at the scale of a building, using the same accessible and a�ordable

FFF printing equipment. Not only does the Solar Gate o�er an

energy-e�cient solution for adaptive solar shading (Figure 7.3),

but it also adds a dynamic aesthetic quality to the architecture

(Figure 7.1). While the 4D-printed adaptive shading elements

have been designed to autonomously compute their own shapes

as a pre-programmed response to �uctuating climate conditions,

addressing the agency of building occupants becomes a salient

avenue for further investigation (for example, to override the pass-

ive functionality of the system). Of particular interest is also

the study of ideal mechanism designs and movement responses

for additional climate groups. So far, this work has only ex-

plored nastic plant movements; conducting research on tropistic

movement patterns will be a pivotal step towards a future gen-

eration of self-shaping structures [101]. As moisture-responsive

material systems are currently limited in size and thickness by the
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poroelastic time [119], it will be advantageous to explore hierarch-

ical mechanisms as speed boosts, enabled through multi-scale and

multi-material robotic fabrication.
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Figure 8.1: A graphical overview of the material programming framework for
4D-printing, of which the developed methods and proposed applications are
generalizable across diverse materials and platforms, from small to large scale.
Images adapted from [23; 26].



8
Outlook

At the time of writing, we have just passed this year's Earth

Overshoot Day1�the date that our demand for ecological re-

sources and services in a given year exceeds what the Earth is

able to generate that year. Ecosystem destabilization is warm-

ing our planet, escalating demands for cooling around the globe.

Ironically, the more we seek cooling, the warmer we make our sur-

roundings. While access to cooling is critical to ensure health and

safety in rapidly rising temperatures, air conditioning consumes

an extensive amount of energy in order to provide enough cool-

ing. The increased energy use to meet our accelerating cooling

demands will exacerbate the threats to both environment and hu-

midity; comfort becomes an increasingly scarce commodity, and

con�icts arise due to resource competition [19].

In light of the ecological challenges that society faces, digital

technologies can serve as catalysts to reinvent the way we design

1 For the year 2023, Earth Overshoot Day fell on August 2nd.
https://www.overshootday.org/content/uploads/2023/06/Earth-Overshoot-Day-
2023-Nowcast-Report.pdf
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8 Outlook

and make in harmony with nature, leading to a future that is more

sustainable, resilient, and adaptable. This requires a nuanced

understanding of the interplay between materials, their intrinsic

properties, and the technologies used to shape and control them.

This research paves the way to a future where the bioinspired

4D-printing of cellulosic, self-shaping structures is not only feas-

ibly designed but easily manufacturable. The presented pathways

(Figure 8.1) are just one approach to overcoming the boundar-

ies between nature and technology, with wide-ranging potentials

across scales and application domains.

The grand challenges that lay ahead of us are undeniably daunt-

ing. However, the magnitude of the challenge also presents big

opportunities. While buildings are undoubtedly a leading cause

of climate change, as they account for major emissions, they have

the highest potential for being the key to solving it [27]. The pro-

jections and consequences under abusiness (and design) as usual

approach are dire. Yet, our response should be simple: we must

act, and indeed, we can. History shows us that we could reverse

environmental degradation and restore the health of Germany's

forests through sustainable silviculture [56], as well as resurrect

the American bison from the brink of extinction through close-

to-nature conservation [51]. By envisioning a new paradigm of

design and making, we may actualize a future where both envir-

onment and humanity can thrive continuously and perpetually.
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Article A

9.1 Bioinspired Motion Mechanisms

T. Cheng, M. Thielen, S. Poppinga, Y. Tahouni, D. Wood, T. Stein-

berg, A. Menges, T. Speck: 2021,Bio-Inspired Motion Mech-

anisms: Computational Design and Material Programming of

Self-Adjusting 4D-Printed Wearable Systems. Advanced Sci-

ence, vol. 8, no. 13. (DOI: 10.1002/advs.202100411)

This scienti�c article, introduced inSection 6.1, combines in-

sights from plant biomechanics with computational design for the

4D-printing of passively adaptive wearable devices. The func-

tional principles behind the air potato plant's tensioning mechan-

ism are identi�ed and abstracted to a 4D-printed material system.

Emperical studies are conducted to evaluate the parameters in�u-

encing the squeezing forces of 4D-printed specimens. The exper-

imental data is correllated to the prototyping of a custom-�tted,

self-tightening orthotic splint. The work shows that squeezing

forces can exceed those of the original role model through tuning

of 4D-printing control parameters, demonstrating the bene�ts of
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an integrated bioinspired and computational design process.

This original research was led by T. Cheng, under the super-

vision and direction of A. Menges and T. Speck. T. Cheng, A.

Menges, and T. Speck created the concept for bioinspired self-

tightening wearables in discussion with M. Thielen, S. Poppinga,

and T. Steinberg. T. Cheng, M. Thielen, and S. Poppinga designed,

conducted, and evaluated the experiments, with with assistance

from N.K. Kalousdian. T. Cheng was responsible for the produc-

tion of all prototypes, with assistance from A. Razavi. T. Cheng

further developed the computational design model, with assistance

from M. Moussavi. T. Cheng and Y. Tahouni photographed the

4D-printed wearables, with assistance from R. Faulkner. T. Cheng

wrote and prepared the manuscript with M. Thielen, S. Poppinga,

and T. Steinberg. All authors participated in the revisions and

responses to peer review. A. Menges, T. Speck, and T. Steinberg

provided research funding.
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This paper presents a material programming approach for designing
�D-printed self-shaping material systems based on biological role models.
Plants have inspired numerous adaptive systems that move without using any
operating energy; however, these systems are typically designed and
fabricated in the form of simpli“ed bilayers. This work introduces
computational design methods for �D-printing bio-inspired behaviors with
compounded mechanisms. To emulate the anisotropic arrangement of motile
plant structures, material systems are tailored at the mesoscale using
extrusion-based �D-printing. The methodology is demonstrated by
transferring the principle of force generation by a twining plant (Dioscorea
bulbifera) to the application of a self-tightening splint. Through the tensioning
of its stem helix,D. bulbiferaexhibits a squeezing force on its support to
provide stability against gravity. The functional strategies ofD. bulbiferaare
abstracted and translated to customized �D-printed material systems. The
squeezing forces of these bio-inspired motion mechanisms are then
evaluated. Finally, the function of self-tightening is prototyped in a
wrist-forearm splint„a common orthotic device for alignment. The presented
approach enables the transfer of novel and expanded biomimetic design
strategies to �D-printed motion mechanisms, further opening the design
space to new types of adaptive creations for wearable assistive technologies
and beyond.
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�. Introduction

Plants perform a variety of functionally ro-
bust and often reversible motions. Passive-
nastic movements are particularly promis-
ing for biomimetic approaches, as they are
structurally predetermined and function
without additional investment of metabolic
energy from the plant. This is due to the
fact that the respective motile plant struc-
tures often show hygroscopic behavior in
their individual cells and tissues, which can
absorb and desorb water molecules from
the environment. Individual deformation
on the cellular level takes place perpen-
dicular to the orientation of cellulose mi-
cro“brils, causing anisotropic swelling or
shrinking. When arranged in the form of
a functional bilayer, the di�erential expan-
sion between the individual cells of a motile
plant organ•s structuring results in various
global shape changes.[ �,� ]

The hygroscopic working principles of
motile plant structures have, in an ab-
stracted way, inspired numerous adaptive
structures that do not rely on elaborate
technical equipment nor require the supply
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Figure �. The biomimetic process as used in this paper, from role modelto wearable material system: a) the investigation and understanding ofDioscorea
bulbifera•s biomechanics and functional morphology for generating forces by twining around a support and expanding its stipules;[ �� ] b) the abstraction
of these functional principles and their transfer to bio-inspired motion mechanisms through computational design methods; c) the combining and
stacking of several motion mechanisms as one multifunctional �D-printed material system.

of operating energy.[ � ] In particular, the bending behavior of
conifer cones[ � ] has been emulated in bilayers crafted from
various materials, ranging from cellulosic paper and polymer
composites[ �…�] to wood veneer and epoxy-bonded glass “ber
composites.[ 	,
 ] Similar bio-inspired systems for self-shaping
have even been upscaled for building elements and construction-
scale applications.[ ��…��] Besides the opening and closing of
conifer cones, other behaviors have also been replicated. Con-
trolled bending or twisting in structures can be achieved through
several techniques, including stretching thin sheets to form a
residually stressed bilayer[ �� ] or by magnetically orientating par-
ticles within the bilayer•s microstructure.[ ��,�� ]

�D-printing, the additive manufacturing technique for pro-
ducing programmable matter which can reshape itself or change
its behavior over time,[ �� ] has emerged as an automated method
for embedding anisotropy in structured material systems. Smart
materials with stimuli responsiveness have been �D-printed in
multiple approaches[ ��…��] ; however, both the materials as well
as equipment that can process them are often custom-made
or highly specialized, making these techniques less a�ordable
in both research and practice. While more accessible desktop
�D-printers have the capacity to create reversible shape changes
with hygroscopically actuated materials,[ ��…��] these systems are
typically designed and fabricated in the form of a simpli“ed
bilayer. �D-printing the di�erentiated material organization
and multifunctionality of motile plant structures necessitates a
design-oriented approach in material programming.

�. Material Programming with �D-Printing

Computational design has the potential to transfer complex and
compounded behaviors of di�erent plant role models to promis-
ing technical systems. We present a material programming ap-
proach for �D-printing bio-inspired material systems and de-

scribe the key computational methods for structuring motion
mechanisms at the mesoscale.[ �� ] This includes the modular-
ization of self-shaping material systems as assemblies of sub-
mechanisms with custom-prescribed properties and behaviors.
This modular architecture makes it possible to manage the in-
tegration of multiple motion mechanisms within one material
system. We explain the details of designing motion mechanisms
with customized anisotropies and magnitudes of hygroscopic ac-
tuation, which can be printed by a standard fused “lament fab-
rication (FFF) �D-printer utilizing various types of commercially
available “lament materials.

Our methodology is demonstrated through a case study of
biomimetic design (Figure � ). The twining air potato (Dioscorea
bulbifera) exhibits a squeezing force to its support in order to
provide stability against gravity. Based on this strategy of force
generation,[ �	 ] we transfer the technical principles to a prototype
of a user-customized, self-tightening orthotic splint. We “rst
outline our biomimetic process, using a bottom-up (biology
push) approach,[ �
 ] starting from the selection ofD. bulbiferaas
a role model to the abstraction and translation of its functional
principles as �D-printed motion mechanisms that can adapt to
moisture stimuli. We then �D-print the holistic material system
using wood-“lled “laments and evaluate several variationsby
measuring their squeezing forces under controlled settings.
As a use case, we “nally develop a “rst working prototype of a
wrist-forearm splint, a common orthotic device.

�. Biomimetic Process

�.�. Selecting a Suitable Role Model

In this paper, we have used orthotic devices as a motivating
example, as there is immense potential for passive adaptiv-
ity in wearable assistive technologies for medical and sports
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applications. Orthoses and prostheses fall in the categoryof exter-
nally applied devices used to modify the structural and functional
characteristics of the neuromuscular and skeletal systemsor re-
place (either wholly or in part) an absent or de“cient limb seg-
ment, respectively.[ �� ] Moreover, orthotic and prosthetic devices
must be properly “tted in order to provide support, and these de-
vices often need to be re“tted during their course of use. Forex-
ample, muscular atrophy commonly occurs from injury-related
immobilization with an orthotic cast, leading to the necessity for
frequent adjustments to prevent slipping.

Velcro[ �� ] is a well-known and widespread biomimetic fasten-
ing mechanism often employed in orthoses. Inspired by the
hook-covered fruits of burdocks (Arctium sp.) and avens (Geum
sp.), this hook and loop system can be adjusted by opening, read-
justing, and closing it again. Although Velcro-equipped devices
eliminate the need for frequent re“tting appointments with a
medical practitioner, readjusting the fastening system still re-
quires full detachment of the strips. Without a mechanism for
incremental changes and needing to completely release the pres-
sure at every adjustment attempt, it may be cumbersome and
challenging for the patient to make the correct adjustments, risk-
ing constriction and pain from improper “t. [ �� ]

Twining plants are prime examples of adaptive biological struc-
tures. By winding around their host plants via growth-based mo-
tion sequences, they are able to climb up to dozens of meters;
some species even reach lengths of more than ��� m.[ ��,�� ] In-
terestingly, D. bulbiferaexhibits a squeezing force on the host
plant through the tensioning of its stem helix, which has been
shown to occur with the expansion of stipules at its leaf base.[ �	 ]

The quality of this squeezing behavior is smooth and continuous
(from loose to tight), rather than discrete (either fully detached
or attached) when compared to the Velcro system„presentinga
promising opportunity for incremental adjustment in adaptive,
wearable devices.

�.�. Abstraction of Biomechanics and Functional Morphology

The above-mentioned squeezing behavior ofD. bulbiferaprovides
stability against slipping due to gravity, allowing the plant to as-
cend smooth supports. The procedure for generating squeezing
forces can be generally described in two phases: �) the loosewrap-
ping of a helix around an existing support, and �) the delayed
expanding of discrete lateral structures (distributed on the inner
surface of this helix) which apply pressure to the support„ thus
pushing the helix outward, and thereby tensioning the system.[ �	 ]

We translate these functional principles as the helix mecha-
nism and the pocket mechanism. The helix mechanism is es-
sentially a long strip of length� which bends at angle� , result-
ing in a radius of curvature� and allowing it to wind around a
support structure (Figure � a). As the bending angle determines
how deep or shallow the twist is, it (along with the magnitudeof
bending) also determines the pitch� of the helix (cf. [ ��,�� ] ). The
pocket mechanism mimics the stipule growth that is responsi-
ble for creating tension. Interpreted as hinged ”aps that sit on
top of the helix, they curl to create space between their twisting
base surface and the support structure (Figure �b). The depth
� created between the base surface and support is determined
by the length and bending magnitude of the hinged ”ap (subse-
quently, the travel distance� of the ”ap can also be known). We

then transfer and implement these two technical interpretations
of D. bulbifera•s force generation to �D-printed motion mecha-
nisms through computational design.

�. Technical Transfer

�.�. Designing and Programming Mesoscale Material Structures

We represent self-shaping material systems as compounded as-
semblies of simpler sub-mechanisms; these basic units for shape
change are called motion mechanisms. A single motion mecha-
nism is composed of at least two di�erent materials: a stimuli-
responsive actuating material and a restricting material,which
remains relatively stable (in comparison with the former). Upon
stimuli response, the two materials together result in a di�eren-
tial volume change, producing spatial transformations through
bending.[ �� ] While the bending behavior of a motion mecha-
nism is primarily governed by its material constituents, their
properties can be further tuned by structuring the material at
the mesoscale.

The motion mechanism•s shape transformation is de“ned by
its bending direction, orientation, and magnitude. The direc-
tion of bending in a motion mechanism is determined by the
anisotropy of the actuating material. Paths of material deposition
during fabrication will bias bend according to the predominant
angle; the restricting material is extruded in the same direction
as bending, while the actuating material is aligned perpendicu-
lar to it. The orientation of bending is determined by the spatial
ordering of the actuating and restricting materials; the order in
which the materials are layered will create either a convex or con-
cave transformation. The magnitude of bending is determined
by the overall ”exural rigidity of the motion mechanism, as well
as the actuating material•s capacity for expansion or contraction.
Programming parameters that in”uence ”exural rigidity include
the thickness and porosity of each material. Flexural rigidity can
be increased by simply printing more layers to add thickness. On
one hand, thicker layers of the actuating material will decrease
the speed of self-shaping, as moisture would need to penetrate
a larger volume and therefore require a longer duration of di�u-
sion. On the other hand, the ratio between actuating to restricting
material can also be adjusted; thus, porosity can be used to a�ect
”exural rigidity without changing thicknesses. Higher porosity,
achieved with larger spacing between material paths, lowersthe
”exural rigidity while requiring less time to self-shape (see Digi-
tal Fabrication in Section � for more details).

We developed a parametric model for programming the mo-
tion mechanisms and converting their mesoscale design to �D-
printable machine instructions. Tuning these parameters for the
actuating and restricting materials in di�erent combinations will
produce a large variety of motion mechanisms from initially
”at states (Figure � a…d). We use the bottom-up, forward model-
ing approach[ ��,�	 ] to combine multiple motion mechanisms into
higher-level assemblies, creating a rich array of more complex
movements (Figure �e…g).

�.�. Fabricating Customized Motion Mechanisms

We then �D-print the helix and pocket mechanisms, abstracted
from D. bulbifera, as the two main types of motion mechanisms
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Figure �. Dioscorea bulbiferais characterized by a twining stem with discrete stipules that expand to produce a gap between the stem and its support,
thus putting the stem under tension: a) “rst, the twining stem loosely winds around its support, a behavior abstracted asa twisting strip called the helix
mechanism which coils around a support structure; b) then, stipules grow at the petiole bases, abstracted as hinged ”apscalled pocket mechanisms that
curl to create space between themselves and the support structure at distributed points. Consequently, the pocket mechanisms push the helix mechanism
outward, tensioning the helix and generating squeezing forces. These motion mechanisms are integrated into one material system comprising multiple
functions.

in our self-shaping material system. In order to understand the
parameters for mesoscale material structuring and establish the
variables for achieving targeted shape changes, we conducta pa-
rameter study for each mechanism. The control parameters for
creating variations in shape are material-speci“c, and we perform
the study using a moisture-reactive “lament for the actuating ma-
terial and a relatively stable thermoplastic “lament for the re-
stricting material. The resultant swelling and shrinking of the
actuating material in response to changes in relative humidity
(RH) causes the motion mechanism to bend.

�.�.�. Bio-Inspired Helix Mechanism

The helix mechanisms are implemented as strips that twist in the
direction perpendicular to the anisotropic paths of the actuating
material. The strip length of the helix mechanism, along with the
angle and amount of twisting, de“nes its coiling around a cylin-
drical structure at a speci“c pitch and radius. Through bothkine-
matic models and empirical �D-printed specimens, we identi“ed
the role of each parameter and determined the relationships be-

tween anisotropy and bending direction (Figure � a…e), as well as
”exural rigidity and bending radius (Figure �f…j).

�.�.�. Bio-Inspired Pocket Mechanism

The pocket mechanisms are implemented as space-making ”aps
which are stacked onto the helix mechanism. To produce the
pocket mechanism, we combine several motion mechanisms in
a single fabrication process (Figure � ). The pocket mechanism
comprises the following: a curling ”ap on top of a base helix,
connected to each other only at one end by a compliant hinge. A
directional lock allows the free tip of the ”ap to travel across it in
one direction but not the other. As these components are printed
in one fabrication sequence, a sacri“cial separation layerexists
to prevent the ”ap from adhering to its base during the heated
extrusion process.

Each of these “ve components can be programmed individ-
ually. To create a pocket of space, the ”ap and base must have
opposing bending orientations, but with identical bending di-
rections to prevent them from clashing while changing shape.
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Figure �. A motion mechanism can produce a breadth of shape changes
through the programming of both the actuating material (shown in blue)
and restricting material (shown in green). The following shows how dif-
ferences in extrusion paths result in varying self-shapingbehaviors: a)
the actuating material paths are spaced at �.	 mm, and the restricting
material paths at �.	 mm; b) the actuating material paths arespaced at
�.� mm, while the restricting material paths remain at �.	 mm (resulting
in less bending); c) the actuating material paths are spacedat �.� mm, and
the restricting material paths are more densely packed with�.� mm o�-
sets (resulting in even less bending); d) the actuating material maths are
spaced at �.	 mm in multiple layers, while the restricting material paths
remain at �.	 mm in a thin layer (resulting in slower actuation, in addition
to decreased bending). Multiple motion mechanisms can be aggregated
to transform into more nuanced geometries: e) motion mechanisms with
identical bending directions but opposite bending orientations (resulting
in a wavy surface); f) discrete motion mechanisms forming a gradation
of bending magnitudes (resulting in a surface with decayingactuation);
g) two motion mechanisms with parallel bending directions and ”ipped
bending orientations (resulting in an anticlastic surface).

Their bending magnitudes and actuation times can be di�eren-
tiated from each other. The hinged ”ap is programmed to have a
lower porosity than that of its base surface, in order to delay the
pocket mechanism•s moisture-induced actuation until after the
initial coiling of the helix mechanism.

As the hinge and lock do not self-shape, both are composed of
only the restricting material and without any actuating material.

Figure �. The properties of the helix mechanism are programmed by tai-
loring the mesoscale structure. The following shows how varying the an-
gle of extrusion paths result in �D-printed strips with di�erent bending
directions: a) the helix mechanism bending at �°; b) bendingat ��°; c)
bending at �	°; d) bending at 
�°; e) and with a gradient of bending di-
rections, from �	° to �	°. In addition to bending direction, the bending
magnitude of a helix mechanism can be customized by tuning porosity at
the mesoscale: f) extrusion paths with wide o�sets result inhigh porosity
(leading to increased bending); g) more densely packed extrusion paths
result in less porosity (leading to decreased bending); h) decreased bend-
ing is also achieved through thicker layers, shown here withwidely spaced
extrusion paths; i) and with densely packed extrusion paths. j) Finally, the
helix mechanism can be programmed with varying magnitudes of bend-
ing, forming a spiral.
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Figure �. The pocket mechanism is an assembly of “ve components, each programmed to perform a di�erent function: a) the ”ap and baseshare the
same bending direction; however, their bending orientations are inverse to each other. The ”ap is also thicker than the base, resulting in less porosity
and causing slower actuation. b) Consequently, the pocket mechanism•s base (i.e., the helix mechanism) “rst actuates,then the ”ap slowly follows,
self-shaping until it passes over the directional lock.

The hinge is programmed to be compliant, allowing the ”ap and
base to change shape independently. The lock geometry is de-
signed as a slope, which facilitates the free tip of the ”ap totravel
over it in one direction when curling, while preventing the ”ap
from collapsing when loaded. Determining the ”ap•s displace-
ment additionally allows us to strategically place the directional
lock; several locks can be added to create resistance to pressure
at multiple steps.

The separation layer, composed of a dissolvable “lament, isa
removable support structure used to isolate the ”ap from the base
during fabrication. After fabrication, the entire �D-printed mate-
rial system is placed in a solvent for softening and dissolving the
separation layer, creating a gap between the ”ap and base. Asan
imprint of its mesostructured surface is left at the interfaces of
the two functional areas even after removal, the separationlayer
is programmed with an anisotropy that compliments that of both
the ”ap and base.

�.�. Evaluation of the �D-Printed Material System

The helix and pocket mechanisms are aggregated to form func-
tional self-shaping material systems with bio-inspired tension-
ing. To assess the performance of the �D-printed behavior, we
compare two material systems with and without the pocket mech-
anisms. Both systems comprise the same set of double helices
with mirrored chirality (one left-handed and one right-handed);
however, one system also contains pocket mechanisms. The sys-
tem•s ability to self-stabilize and generate force is evaluated in
two experiments.

�.�.�. Self-stabilization

We tested the ability of the �D-printed material system to stabi-
lize itself on a smooth support. Two double helices with mirrored
chirality can grip onto an upright, standing cylindrical structure
without sliding down. However, a system consisting of the same
helices but also containing the pocket mechanisms can stabilize
itself on support structures of smaller diameters as well, expand-
ing the range of diameters onto which it can grip. We demon-
strated that our material system containing pocket mechanisms
was able to adapt and grip onto supports of diameters ranging
from �� to �� mm ( Figure � a). In comparison, the same material
system consisting of just the helices (without any pocket mecha-
nisms) was only able to successfully stabilize itself on a ��mm
diameter support (Figure �b).

�.�.�. Force Generation

We measured the squeezing forces of the �D-printed material
system. For each experiment, we produced two batches of �D-
printed specimens: one batch containing a left-handed helix
mechanism paired with a right-handed helix mechanism, and
the second batch containing the same pair of helix mechanisms
but combined with pocket mechanisms spaced apart at ��� mm
along the helix. Additional sets of helical material systems with
various pocket types were �D-printed, including helix mecha-
nisms with more pocket mechanisms spaced apart at ��� mm
and helix mechanisms with pocket mechanisms that were pro-
grammed with further actuation delay.
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Figure �. The �D-printed helical material system with the bio-inspired tensioning mechanism was able to self-stabilize on supports with diameters as
small as �	 mm: a) shown here are time-lapse stills of the initially unsaturated (dry) bio-inspired material system withpocket mechanisms releasing
from a �� mm support during an elapsed period of ��
 min as it re aches full moisture saturation; b) in comparison, after only �� min, the helical material
system without pocket mechanisms was destabilized from a support of the same size. c) The grip forces of initially saturated (wet) �D-printed helical
material systems with various pocket types were measured, during separate experiments, on a �� mm diameter support at exposure to low RH; these
results compare the change in forces of the pure helix mechanism (�.�� N increase), with pocket mechanisms spaced apart at ��� mm along the helix
(�.�� N increase), additional pocket mechanisms with ��� mm spacings (�.�� N increase), and the same number of pocket mechanisms with further
actuation delay (�.�� N increase); d) shown here is the �D-printed material system, with pocket mechanisms spaced ��� mmapart, equipped with force
sensors and self-tightening in low RH.

Our experiments simultaneously tracked the change in
squeezing forces of the helix mechanism as well as the helix
mechanism combined with pocket mechanisms, as they accli-
mate to a dry environment while gripping onto a �� mm diam-
eter support and form a tighter grip over time (Figure �c). Com-
pared to specimens comprising only the helix mechanism, the
experiment showed that specimens containing the pocket mech-
anism (spaced apart at ��� mm) generated ���% higher force
values. Specimens with more pocket mechanisms (spaced apart
at ��� mm) exhibited even more force, ��
% than the specimens
without the pocket mechanism, as this causes greater distribu-
tion of forces across the same area. Finally, programming those
additional pocket mechanisms with further actuation delayled to
a ���% increase in force generation than the purely helical ma-
terial system, demonstrating the most tensioning.

�.�. Toward a Self-Adjusting Orthotic Device

As an outlook of a possible application, we transferred these bio-
inspired motion mechanisms to a prototype of a �D-printed or-
thotic splint with adaptive tightening (Figure � ). Unlike the con-
sistent diameter support structures that were used for the force
measurements and initial parameter studies, the human body is
quite varied in shapes and sizes even across one limb. To imple-
ment a self-tightening wrist-forearm splint, we employed a top-
down, inverse modeling approach to design the device for a spe-
ci“c user. In this process, the desired geometry (in its actuated
state) was modeled on the physical arm, rather than by digitally
programming the ”at assembly.

The wearable device was designed directly on the body and can
be mocked up with colored masking tape to represent a double

Adv. Sci.���� , � , ������� © ���� The Authors. Advanced Science published by Wiley-VCHGmbH������� (	 of ��)



www.advancedsciencenews.com www.advancedscience.com

Figure 	. A “rst prototype of a common orthotic device, the wrist-forearm splint, as an adaptive bio-inspired functional mechanism: a) this helix mecha-
nism is designed to wrap the body from forearm to “nger; b) thehelix mechanism serves as the primary structure and provides global support, while the
pocket mechanisms allow the device to self-tighten through several points of pressure; c) close-up view of the many densely packed pocket mechanisms
placed at the interface between the helix mechanism and skin.

helix mechanism squeezing from the forearm to “ngers, with the
placement of pocket mechanisms indicated in another color.The
device can be designed to feature a multitude of pocket mecha-
nism types (ranging from thin and shallow, to wide and deep)
and be populated with any quantity of them (while meeting a
minimum gap tolerance of � mm between each to avoid fus-
ing together during the extrusion process). The entire arm was
then �D-scanned (Kinect for Xbox One, Microsoft, Washington,
USA), digitizing both the target geometry as well as the body part
(Figure 	 a). The initial design was reconstructed as a developable
surface for analyzing the principal curvatures and their radii. Af-
ter extracting these values, the design can be unrolled as a ”at,
printable geometry; in order to produce the di�erent curvature
information (bending directions, orientations, and magnitudes),
the ”at geometry was discretized into an assembly of motion
mechanisms with various programmed properties. Finally, the
di�erentiated mesoscale material structure was convertedinto
a set of toolpaths and G-code instructions, which were directly
executed by the machine (Figure 	b) and manufactured in the
”at state.

Adaptive tensioning and force generation can provide promis-
ing bene“ts for implementation in devices that interact with the
human body, using moisture from either the body or environ-
ment as a stimulus. We envision that wearable devices might
be designed to release pressure and allow ventilation in reac-
tion to ”uctuations in moisture from body sweat, or loosen for
temporary removal in daily activities such as showering when
triggered by steam in the environment. During long-term use,

a self-shaping device for immobilization can be programmed to
slowly tighten itself over time (eliminating the need for frequent
appointments to remove and reapply the cast as a result of muscle
atrophy).

�. Discussion

We have developed a computational design method for phys-
ically programming self-shaping systems with di�erentiated
mesoscale material structuring. This material programming ap-
proach allows individual motion mechanisms, each containing
di�erent speci“cations for shape change, to be aggregated asone
�D-printed material system.

We “rst performed a parameter study on tailoring motion
mechanisms using extrusion-based �D-printing and identi“ed
the control parameters for a particular set of “laments. Material
behaviors such as the anisotropy and magnitude of hygroscopic
actuation can be customized by tailoring the mesostructure dur-
ing �D-printing. Although we can achieve a delayed actuation by
decreasing the mesoscale porosity, the precise control of timing
and duration should be further studied and veri“ed in future ex-
periments. Pure and wood-“lled thermoplastics were used only
as a proxy to show how di�erent movements can be achieved;
other material combinations can also be used with the presented
techniques by calibrating the control parameters. As all materials
have their own strengths and weaknesses, they should be curated
for the task at hand. In this study, we have employed moistureas
a stimulus; while this material system responds to a rather wide
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Figure 
. Programming a self-adjusting orthotic splint, demonstrated through a top-down, inverse modeling approach: a) the envisaged process begins
with the physical modeling of a splint design on the patient•s arm by a medical care specialist, which is then �D-scanned,allowing both the splint and arm
geometries to be digitally reconstructed; b) the splint design is processed as a surface and analyzed, then unrolled with the target curvature information
(bending directions, orientations, and magnitudes) assigned to each motion mechanism in the ”at assembly, and “nally the toolpaths are generated for
fabrication; c) the adaptive �D-printed proof of concept isworn by a user.

range of humidity levels, a material with sensitivity to higher hu-
midity ”uctuations may be needed in areas of frequent sweat.In
other applications where there is more variability in body tem-
perature, a material system that reacts instead to heat might be
more suitable.

We demonstrated our approach by using a role model with an
application as a case study. Inspired byD. bulbifera•s capacity to
generating squeezing forces, we abstracted its functional princi-
ples as two types of motion mechanisms. Next, we �D-printed
and tested the holistic material system, which can self-tighten
and adaptively generate forces. When comparing our �D-printed
material system to the natural role model, both the �D-printed
specimens andD. bulbiferagenerated relatively low squeezing
forces; however, the number and types of tensioning pocket
mechanisms on our helical material systems can be tuned. Com-
putational design and �D-printing can enable bio-inspired ma-
terial systems to incorporate a much higher number of pocket
mechanisms for increased tensioning, as the addition of these
mechanisms generally produced higher squeezing forces andal-
lowed the system to grip onto supports of various (and tighter)
cross-sections. Furthermore, the �D-printed material system can
even be equipped without any pocket mechanisms if tensioning
is undesired. As hygroscopic materials are commonly a�ected by
decreased sti�ness at high moisture content, we have designed

and programmed our material system such that the tightening
occurs during dry and low RH conditions. We expect that newly
developed materials with higher sti�nesses can alleviate this lim-
itation in applications where a certain target pressure is required
(e.g., for full immobilization in high RH environments). At the
same time, variations in sti�ness could also be incorporated as a
design feature.

Finally, a use case was illustrated for designing and prototyping
a custom orthotic device for adaptive tightening. Orthoticdevices
must be properly “tted to provide support. Because muscular
atrophy commonly occurs from injury-related immobilization,
these devices require frequent readjustments over time. Thus,
our presented approach shows an exciting potential for applica-
tions in wearable systems that interact with the human body by,
for example, self-tightening to address muscular atrophy or self-
releasing to allow short-term ventilation and removal.

Not only can �D-printed systems allow for adaptation during
their course of use, but they can also be tailored to unique pa-
tient scenarios. Customization in wearable assistive technologies
has been shown to o�er improved “t and comfort over mass-
produced, o�-the-shelf ones.[ �� ] Craft-based techniques, such as
plaster casting and molding, are the traditional means of pro-
ducing custom-made orthoses and prostheses.[ �
 ] However, ad-
ditive manufacturing o�ers rapid and a�ordable customization
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options for patients,[ �� ] not only in matching the device to a
patient•s anatomy but also incorporating functions to meet the
needs of treating a particular pathology. Attempts to transition to-
ward mass-customization processes face challenges in their ap-
plications in the industry, as digital design and modeling tech-
niques are highly specialized.[ �� ]

Through proving this concept with a “rst working proto-
type of a common orthotic device, we envision that this de-
sign process might enable medical experts to physically design,
prototype, and custom-“t self-adjusting orthotic devices with-
out any specialized knowledge in digital modeling.[ �� ] Further-
more, this approach extends the design space beyond the bio-
inspiration. As a result of computational design and additive
manufacturing, our �D-printed splint can be modi“ed to possess
more desirable features (such as the pocket mechanisms with
multiple tailored attributes) than occurring naturally in the plant
role model„ultimately adding to the usefulness of bio-inspired
adaptive wearable devices.

�. Conclusion

We have demonstrated a material programming approach for de-
signing and �D-printing bio-inspired motion mechanisms that
can adapt to environmental stimuli. As a showcase, we focused
on D. bulbifera•s functional principles for tensioning and used
orthotics as a motivating application. These motion mechanisms
can be produced with any consumer desktop FFF �D-printer ca-
pable of reading and executing G-code. Using computationalde-
sign to control the anisotropic extrusion for a set of materials, we
tailored self-shaping material systems at mesoscale precision (al-
ternative “lament combinations can also be used). While we have
exploited hygroscopy to present these methods, we hope that
as more “laments with new modes of responsiveness become
available, shape changes induced by stimuli other than moisture
(such as heat or light) will be unlocked. The presented process
has made it possible to mimic and apply the tensioning mecha-
nism found in D. bulbiferato self-adjusting wearable systems.

The modular architecture of our methodology can be used to
create more complex con“gurations of self-shaping structures,
expanding the range of role models from biology that can be
transferred to technical systems via �D-printing. To the best of
our knowledge, the presented �D-printed motion mechanisms
constitute the “rst examples of a building block approach to
programming bio-inspired adaptive systems, with potential
applications extending beyond self-adjusting wearable devices
to self-shaping architectural elements.[ �� ] The combination and
stacking of several motion mechanisms with discrete movement
kinematics (e.g., wrapping, squeezing), functions (e.g.,align-
ment, sti�ening), and sequencing (e.g., “rst twisting, and then
generating force) into one material system opens up a powerful
design space for a multitude of on-demand printable solutions.

	. Experimental Section
Computational Design: Based on topological and geometrical

constraints,[ ��,�� ] a toolkit was developed for designing mesoscale
material structures[ �	 ] through a visual programming environment
(Grasshopper 3D) running within a computer-aided design software

(Rhinoceros 3D). As an extrusion-based process, FFF �D-printing plays
a dominant role in crafting features at the mesoscale; the paths of ma-
terial deposition inherently create anisotropy. It is therefore essential to
design the toolpath trajectory and quality of material extrusion. Controlled
self-shaping in a motion mechanism is enabled by multiple programming
variables, which are assigned in the digital model for each material
layer: anisotropy (angle from �° to ���°), porosity (spacing from �.� mm
to �.
 mm for the actuating material, and �.� mm to �.� mm for th e
restricting material), layer height (from �.�� mm to �.�	 mm), number of
layers (�…
), speed of travel (���…���� mm min Š� ), and ”ow of material
(�.��� mm of “lament per linear mm). These programming parameters
can be input manually or, for more complex aggregations, modeled
algorithmically. Before printing, the behavior of the motion mechanisms
can also be visualized using a live physics engine (Kangaroo). The
speci“ed parameters were translated into the G-code machine language
(Voxel2GCode), which instructs the �D-printer on where to move, at
what speeds, and with how much material. This fabrication data can be
carried out by any FFF �D-printer capable of reading G-code.

Digital Fabrication: A desktop FFF �D-printer with two print heads (FE-
LIX Tec � Dual Head, FELIXprinters, Utrecht, Netherlands) was used for
conducting this research. By following G-code commands, the print head
extrudes a selected material along planned paths with custom extrusion
settings (Table S�, Supporting Information). A �D-printerwith only one
print head can also be used to replicate these results; however, this re-
quires manual “lament changes in between print pauses, as was done
when printing the separation layer (using a third material). Materials were
extruded using �.�	 mm diameter brass nozzles, with cartesian move-
ments at �.�	 mm precision. The nozzle size, in combination with the
material ”ow (which had been kept constant for this study), produced ex-
truded paths with widths of approximately �.	± �.��	 mm. This dimen-
sion, together with the value assigned for porosity, determines the actual
pore size resulting between material depositions. Based onthe fabrica-
tion setup, an interface or overlap was created between material paths
with spacing values� �.
 mm. With a spacing value of �.� mm, there
becomes limited engagement between adjacent paths and little shape
change was observed.

Materials: This approach can be applied to any two “lament mate-
rials with di�erent expansion coe
cients, using various options already
on the market. A combination of wood-polymer composite (WPC) and
acrylonitrile butadiene styrene (ABS) “laments was used. Whereas the
ABS used for the restricting material (ABS, MakerBot Industries, New
York, USA) was pure polymer, the WPC used for the actuating material
(Laywoo-D� & LAYWOODmeta	, Lay Filaments, Cologne, Germany) con-
tained ��% recycled wood “llers within a polymer matrix. Because of its hy-
groscopy, the WPC released moisture in dry or low RH conditions (Movies
S� and S�, Supporting Information) and gained moisture in wet or high
RH conditions (Movies S� and S�, Supporting Information). High-impact
polystyrene (HiPS) was used as a dissolvable “lament, whichhad similar
print settings as ABS. The separation layers were printed with HiPS (Smart-
“l SUPPORT, SmartMaterials�D, Alcalá la Real, Spain) and dissolved in
D-Limonene (Filament�Print, Pontevedra, Spain). The actuating material
was extruded at a constant ��� °C, while both the restrictingand dissolv-
ing materials were extruded at ��� °C. The materials were printed on a
bed heated to �	 °C. All “laments were �.�	 mm diameter and housed
in, as well as printed from, a dry storage box (PolyBox Edition II, Poly-
maker, Shanghai, China) maintained at ��…�	% RH. This minimized any
unwanted shape changes during production and ensured consistent per-
formance.

Controlled Actuation: To study the e�ect of individual control parame-
ters on a motion mechanism, �D-printed specimens were actuated under
controlled conditions and their shape transformations were documented
from wet to dry. All specimens were “rst primed in a water bath for at
least �� min to completely saturate the actuating material with moisture;
then, after wiping excess water from the surface, they were relocated to
a climate-controlled dry environment (�	…��% RH) for 
 h. The dimen-
sions, weight, and curvature of all specimens were recorded immediately
after removal from the print bed, at full saturation, and after drying (Table
S�, Supporting Information). For each parameter studied, a minimum
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of three identical specimens was �D-printed and their results averaged.
The climate-controlled chamber included a glass display case (��� mm ×
��� mm × ��� mm) which sat on top of a platform containing a humidity
control device (MiniOne Humidity Generator, Preservatech, Bydgoszcz,
Poland). An onboard computer (Raspberry Pi � Model B, Raspberry
Pi Foundation, Cambridge, United Kingdom) and image input device
(Raspberry Pi Camera v�, Raspberry Pi Foundation, Cambridge, United
Kingdom) captured a photo of the �D-printed specimen every 
� s.

Self-Stabilization Test: To assess the ability of this bio-inspired mate-
rial system to resist sliding on smooth cylindrical supports, �D-printed
specimens were tested on vertical support structures from dry to wet
conditions. Each specimen was wrapped around an upright, standing sup-
port structure, and left to equalize in ambient dry conditions (��% RH)
for at least �� h. The initially dry, tightly wrapping systemwas then trans-
ferred (still in the upright position) to a water tank (��� mm × ��� mm ×
��� mm) until its grip loosened under direct exposure to water and “nally
slid down. Several diameters (�	 mm, �� mm, and �� mm) were used, and
each specimen was �D-printed twice. Via time-lapse video (Nikon D����
DSLR camera with digiCamControl software) at �� s intervals, the experi-
ment captured how long it took each specimen to become destabilized.

Force Measurements: The squeezing forces of two �D-printed speci-
mens were evaluated at the same time. The setup of this experiment in-
cluded a pair of same-sized horizontal supports (Plexiglas tubes with di-
ameters of either �� mm, 	� mm, or �� mm). Each support was equipped
with three sensors for measuring three areas of the same specimen. In-
stead of load cells (cf.[ ��,�
 ] ), Interlink Force-Sensitive Resistors (FSR ��
)
were employed to detect force; this sensor technology is more ”exible in
construction for placement on cylindrical substrates. The sensor-equipped
supports were wrapped in clear, polyethylene “lm to protectthe sensors
from large ”uctuations in temperature and humidity and prevent noise
in data. All specimens were primed by submerging in water forat least
�� min, wiped from excess water on the surface, and coiled around their
support structures. Starting from their fully saturated conditions with a
loose grip, the entire setup was exposed to a climate-controlled dry envi-
ronment (�	…��% RH), slowly forming a tight grip within �� h, after which
the forces plateau over the course of �� h (Figure S�, Supporting Informa-
tion). The forces of each sensor, along with the temperatureand humidity
values (DHT��), were logged by a microcontroller (Arduino Uno, Arduino
LLC, Torino, Italy) every 
� s during the experiment. The overall squeezing
forces of several sized �D-printed specimens were recorded. For each size,
this procedure was repeated for two cycles.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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10.1 Programming Material Compliance &

Actuation

T. Cheng, D. Wood, L. Kiesewetter, E. Özdemir, K. Antorveza,

A. Menges: 2021,Programming Material Compliance and Ac-

tuation: Hybrid Additive Fabrication of Biocomposite Struc-

tures for Large-Scale Self-Shaping. Bioinspiration & Biomi-

metics, vol. 16, no. 5. (DOI: 10.1088/1748-3190/ac10af)

This article, presented inSection 5.2, describes a method

for upscaling 4D-printing through a hybrid additive fabrication

approach. By transferring the work�ow introduced in the article

of Chapter 11to a large-scale additive manufacturing platform,

hygroscopic wood actuators are embedded within 3D-printed

metamaterial structures. Through physical experiments, the

range of programmable sti�ness in 3D-printed meta-structures is

de�ned as well as the tectonic integration between hygroscopic

wood actuators and 3D-printed meta-structures evaluated. In
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parallel, the article demonstrates the upscaled self-shaping of

�at surface structures with encoded anticlastic curvature. The

key �ndings are synthesized for the production and actuation of

prototypes up to3 m in length.

This original research was led by T. Cheng, under the supervi-

sion and direction of A. Menges, and built upon a prior conference

paper written and presented by Chenget al.[21] in AppendixA.1.

T. Cheng and D. Wood �rst developed the concept for hybrid

robotic additive manufacturing, and the production process was

prototyped at the DigitalFUTURES workshop in 2018. T. Cheng

further developed the large-scale additive manufacturing platform,

with assistance from CEAD B.V. and BEC GmbH. D. Wood and

L. Kiesewetter contributed expertise on bilayer production. T.

Cheng, L. Kiesewetter, E. Özdemir were responsible for the pro-

duction of all prototypes, with assistance from M. Preisack and M.

Schneider. T. Cheng and E. Özdemir designed and conducted the

experiments, the results evaluated by T. Cheng, L. Kiesewetter,

E. Özdemir, and K. Antorveza. T. Cheng wrote the manuscript

and K. Antorveza prepared the �gures. All authors participated in

the revisions and responses to peer review. A. Menges provided

research funding.
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Abstract
We present a hybrid approach to manufacturing a new class of large-scale self-shaping structures
through a method of additive fabrication combining fused granular fabrication (FGF) and
integrated hygroscopic wood actuators (HWAs). Wood materials naturally change shape with high
forces in response to moisture stimuli. The strength and simplicity of this actuation make the
material suitable for self-shaping architectural-scale components. However, the anisotropic
composition of wood, which enables this inherent behavior,cannot be fully customized within
existing stock. On the other hand, FGF allows for the design of large physical parts with
multi-functional interior substructures as inspired by many biological materials. We propose to
encode passively actuated movement into physical structures by integrating HWAs within
3D-printed meta-structures with functionally graded stiffnesses. By leveraging robotic
manufacturing platforms, self-shaping biocomposite material systems can be upscaled with
variable resolutions and at high volumes, resulting in large-scale structures capable of transforming
from ”at to curved simply through changes in relative humidity.

1. Introduction

Wood is a sustainable, readily available, easily
machinable, and high-performance construction
material with a long history of human usage. Nat-
urally, wood is also hygroscopic; ”uctuations in
moisture result in swelling and shrinking. This
capacity to change shape is inherent to the material•s
biological structure, and continues to occur even as
dead tissue long after harvesting (Ederet al 2020).
Ancient Egyptians have exploited wood•s dimen-
sional instability to split rocks through the wetting
of wooden wedges, achieving high enough swelling
forces to fracture granite weighing over two metric
tons while requiring no motors or electrical energy
(El-Sehily2016). Nonetheless, the hygroscopicity of
wood often results in unwanted deformation during
manufacturing and throughout the course of the

material•s use, and is thus commonly perceived as
a major de“ciency. In fact, tremendous effort and
energy are dedicated to suppressing this moisture-
induced behavior in industry through kiln drying
and extensive modi“cation processes (Breineret al
1987and Bergman and Bowe2008).

In nature, however, a wide range of materi-
als employ hygroscopicity to advantageously change
shape, simply in response to environmental stimuli.
One example is the Pinaceae conifer cone: without
consuming any metabolic energy, its scales have been
observed to open when suitably dry for seed dis-
persal, while remaining closed when damp. Due to
their complex anisotropic structuring of hygroscopic
cells and tissues, cones of the pine family (e.g. pines
and spruces) react to changes in climatic conditions
with autonomous movements (Harlowet al1964and
Dawsonet al1997). Even after detaching from the tree

© 2021 The Author(s). Published by IOP Publishing Ltd
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millions of years ago, ancient but well-preserved cones
can still continue to open and close (Poppingaet al
2017).

By drawing inspiration from nature and embrac-
ing wood•s hygroscopic and orthotropic behavior,
wood can be harnessed to become a natural
actuator. In a cross-ply bilayer con“guration,
moisture-induced changes in shape are converted
into curvature through bending (Rüggeberg and
Burgert 2015). This adaptiveness alludes to the
potential for self-forming building components or
weather-responsive facade elements (Vailatiet al
2018). Bilayers crafted from maple wood veneer
and epoxy-bonded glass “ber composite have been
studied to reversibly and reliably bend in response
to relative humidity (RH) ”uctuations (Reichert
et al 2015). At increased size and thickness, bilayers
constructed from beech and spruce wood have been
proven for the manufacturing of curved mass timber
components (Grönquistet al2019) and self-erecting
of multi-part mechanisms such as gridshell structures
(Grönquistet al2020).

These bio-inspired wood bilayers showcase how a
biological material can be designed and engineered as
an integrated sensor, actuator, and controller (Menges
and Reichert2015). However, when compared to
the pine cone, they still lack the functional gra-
dation and complex movements occurring from a
highly differentiated structure. The structural prop-
erties of wood speci“c to shrinking and swelling can
be adjusted globally through densi“cation, deligni“-
cation, or chemical treatment (Freyet al 2018and
Grönquistet al2019). As a natural material, however,
its intrinsically stark anisotropy cannot be fully cus-
tomized within raw logs or sawn stock. Tailoring the
direction of hygroscopic actuation can be achieved
by additively combining multiple boards into larger
parts as a discrete approximation (Woodet al 2016
and Woodet al2018). Still, due to the existing struc-
ture of the material, there are limits to the resolution
of variations in actuation as well as stiffness; more-
over, these properties cannot be entirely decoupled
when using wood as the sole material.

In parallel, additive manufacturing has emerged
as a popular digital fabrication technique for creat-
ing geometrically complex shapes with precision and
repeatability. Additive processes have been demon-
strated at larger scales through timber as a structural
material for building non-standardized architectural
components (Willmannet al2016and Thomaet al
2019). At smaller scales, this technology has enabled
the manufacturing of compliant mechanisms with
tunable deformation behaviors (Megaroet al 2017)
and mechanical meta-materials with a range of elas-
ticities (Panettaet al2015). Interestingly, extrusion-
based 3D-printing produces anisotropy through the
paths of material deposition, which can be numer-
ically controlled to affect the mechanical properties
(Raney and Lewis2015). Using stimuli-responsive

materials, matter can even be programmed to change
shape (Tibbits2014, Correa et al 2015, Tahouni
et al 2020 and Langhanslet al 2021), but these
laboratory-scale prototypes generally lack the high
swelling force and actuation speed necessary for
some applications (e.g. upscaling for buildings).
Compared to other moisture-reactive and bio-based
materials, wood retains its stiffness remarkably well
(Rowell2012).

2. Research aim

Whereas wood is responsive and multiple boards can
be combined to build large structures quickly, 3D-
printing is slow for building volume but can produce
a high resolution of detail. Thus, an integrative multi-
material approach utilizing dual processes can achieve
the scale and actuation strength of wood bilayers
while maintaining the physical programmability that
extrusion-based 3D-printing enables. In this paper,
we present a hybrid fabrication method for producing
large-scale self-shaping biocomposite material sys-
tems by combining shape-changinghygroscopic wood
actuators(HWAs) with 3D-printed meta-structuresof
customized properties and complimentary function-
alities (“gure1).

We “rst introduce our integrated computational
design and hybrid additive fabrication strategy. The
production set-up features an industrial six-axis
robotic arm for the fused granular fabrication (FGF)
of 3D-printed meta-structures, as well as the tool-
ing and placement of pre-manufactured HWAs. We
program the actuation and compliance of large self-
shaping structures through the strategic placement of
the HWAs and by modulating the geometry and qual-
ity of extrusion. We evaluate the effect of mesoscale
functional patterns on macroscale objects and assess
the tectonic integration between the natural and
meta-materials, both bio-based. Finally, we produce
300 cm long components with thicknesses up to 8 cm,
which are capable of tailored self-shaping at a large
scale.

3. Methods in material programming

3.1. Integrative computational design
Combining multiple materials and processes to create
a self-shaping biocomposite material system at large-
scale calls for integrative strategies in what we term
material programming.

We developed a parametric model for de“ning
areas ofactive actuationand areas withpassive prop-
erties(Chenget al2020). Individual HWAs are rep-
resented by discrete areas of active actuation, each
delineated by its overall dimensions when ”at as well
as its orientation, direction, and amount of bending.
The 3D-printed meta-structure is represented by a
continuous area of passive properties, whose variable

2
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Figure 1. Biocomposite structures are fabricated in the ”at state viaa hybrid additive fabrication sequence. (a) Using an
industrial robotic arm, compliance is tailored at varying magnitudes and anisotropies through FGF; (b) after a tool change,
actuation is programmed by inserting HWAs with 25% WMC. (c) The components are then deployed in ambient conditions,
resulting in self-shaping at the meter scale as the HWAs equalize to a WMC of 10%.

Figure 2. (a) The HWA is comprised of a passive layer oriented 0� and an active layer oriented 90� , resulting in the respective
radial (R), tangential (T), and longitudinal (L) directions (± 15� depending on the sawn stock) of each bilayer element. (b) HWAs
are detailed for each biocomposite design with toothed-edges surrounding their extremities, which “ll the neighboring cells of the
3D-printed meta-structure.

compliance and anisotropy depend on its distribution
of mesoscale functional patterns. In manufacturing,
mesoscale is de“ned as being situated between micro-
scopic and macroscopic length scales (Dow and Scat-
tergood2003); here, we are referring to the internal
topology and underlying structure of a bulk compo-
nent. Based on the meta-structure design and 3D-
printing constraints described in section3.2, FGF
inherently encodes arti“cial properties into the mate-
rial system, extensive of their material composition
(Redlich1970). In section3.4, we describe the test set-
up for studying these properties and determining the
programming parameters for controlling compliance
and actuation.

Biocomposite designs are modeled using a visual
programming environment (Grasshopper 3D ,
Build 1.0.0007) running within a computer-aided
design software (Rhinoceros 3D , version 6
SR13). The meta-structure is generated by ana-
lyzing local, spatial changes in geometry between
the ”at surface and the shaped surface and then
mapping functional patterns according to their
target distortions. This meta-structure design is then
converted to 3D-printable machine instructions,
which dictate the trajectory and quality of extrusion.
The physical HWAs were pre-manufactured for the
hybrid additive fabrication process, their preparation
explained in section3.2. Thus, voids are left in the

3
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Figure 3. (a) Mesoscale functional patterns are customizable through modulating the depth, thickness, resolution, aspect ratio,
and geometry parameters. (b) Multi-layered, crossing, zig-zag toolpaths can be applied to any structured grid. (c) Thenozzle
diameter constraintN and layer height parameterH are the primary factors in the resulting bead cross-sectionC and path widthP
extrusion properties.

meta-structure to indicate their locations for the
later insertion phase. Prior to the robotic fabrication
process (described in section3.3), we simulated the
robotic toolpaths digitally as well as physically tested
the extrusion and insertion sequence on a desktop
fused “lament fabrication 3D-printer (FELIX Tec 4
Dual Head, FELIXprinters, Utrecht, Netherlands).

3.2. Natural and meta-materials
3.2.1. Hygroscopic wood actuator
For each biocomposite test and prototype, we pre-
manufactured the HWAs in standardized, rectilinear,
cross-ply, double-layered plates. Each plate was
constructed from a thicker active layer of boards and
a thinner passive layer of boards, arranged perpen-
dicular to one another (tableA1). The bilayer con“g-
uration was based on an estimated range of desired
curvatures and structural capacity (details in
appendixA).

Boards for the active layer were sourced from a
local carpentry mill, pre-cut into individual elements
for assembly, and then placed in adsorption at 95%
RH to raise their WMC; in the case that boards could
be sourced directly from a sawmill close to the time
of harvesting, they were placed in desorption at 95%
RH to lower the WMC from the green state. Equaliza-
tion was achieved by storing the boards in a humidity-
controlled (MiniOne Humidity Generator, Preservat-
ech, Bydgoszcz, Poland) custom-built chamber, while
monitoring their WMC with a “xed resistance sen-
sor data logger (Hygrofox, Scanntronik, Zorneding,
Germany). After reaching a WMC of 25%, the boards
were planned down to the desired thickness and edge-
glued to create an active layer.

Boards for the passive layer were sourced, already
cut and planned to “nal dimensions for assembly, and
stored to maintain a low WMC. The high WMC active
layer and low WMC passive layer were then laminated

4
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Figure 4. (a) A process chart of the computational design work”ow for hybrid additive fabrication; design and fabrication
parameters are input to generate the main robot program and subroutines (details in appendixB). (b) The coordinated
production sequence of one biocomposite component; the blue, red, and green toolpaths respectively represent the 3D-printing
of the meta-structure•s base layers (shown here in the midstof production), placing of the HWA, and 3D-printing of the
meta-structure•s top layers. (c) The same biocomposite component after HWA insertion, (d) and with the HWA fully embedded.

together with a one-component polyurethane adhe-
sive (LOCTITE HB S309 PURBOND, Henkel, Sem-
pach Station, Switzerland) and pressed in a vacuum
bag. After curing, each speci“c HWA was cut from
the bilayer sheets using a three-axis computer numer-
ical control milling machine (“gure2). The “nished
HWAs were kept in a sealed container and covered
with moist towels to maintain a ”at geometry until
the robotic placement procedure.

3.2.2. 3D-printed meta-structure
Mesoscale features are inevitably imprinted onto the
3D-printed meta-structure and affected by the layer-
by-layer extrusion process. These features can be cus-
tomized by controlling the geometric trajectory of
the toolpath, as well as by “ne-tuning the speed of
printing and ”ow of material (Chenget al2020).

The 3D-printed meta-structure is structured as a
grid that can vary in density and angle between the

X- and Y-axes, as well as in the pattern geometry
of each cell (“gure3(a)). By modulating the pattern
geometry, as well as the resolution and aspect ratio
of the basic cell unit in theXY-plane, passive proper-
ties such as compliance and bending stiffness can be
customized at varying magnitudes and anisotropies;
furthermore, the thickness of the pattern can be tuned
by controlling the width of extruded paths via the ”ow
of material during extrusion. The pattern depth is
adjusted through the number of printed layers in the
Z-axis. As a continuous path of material deposition
provides the best possible mechanical performance,
we formulated a path-planning logic for multi-layered
crossing zig-zag toolpaths (“gure3(b)).

The “nest resolution of detail that can be achieved
is constrained by the nozzle size of the extruder
(“gure 3(c)). We used a 3 mm diameter nozzle
and printed all layers with a height of 2 mm,
producing extruded paths with a bead width of
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Figure 5. (a) Functional patterns were studied in coupons with variations in the three Cartesian coordinates. (b) The set-up of
the three-point ”exural test spans 120 cm; each coupon was loaded incrementally and its de”ections were measured. (c) Visualized
here are correlations among pattern types withX-axis anisotropy (red), isotropy (blue), andY-axis anisotropy (green). The data
shows a negative, inverted relationship between the maximum allowable de”ection and the maximum loading before failure.

6 ± 0.25 mm and cross-section of 11.14 mm2 when
printed at 125 mm sŠ1 (the “rst layer was printed
1 mm above the build plate and at 75 mm sŠ1 to max-
imize adhesion and surface area contact). The mate-
rial ”ow was automatically mapped in relation to the
printing speed for maintaining the target bead cross-
section, with small adjustments to the bead cross-
section made through a multiplier.

We produced the meta-structure through the
extrusion of granular pellets developed speci“cally
for FGF. The granular pellets were made from a
cellulose-“lled bio-based polylactic acid compound
(UPM Formi 3D 20/19, UPM Biocomposites, Lahti,
Finland). The material was chosen for its cellulose
“bers (20% “ber content), which help to prevent the
creation of internal stresses; moreover, the material
can be post-processed similarly to wood.

Prior to fabrication, the granular pellets were
stored in cool and dry conditions. Just before print-
ing, the pellets were dried at 80� C for at least 3 h in
a dehumidifying dryer (DRYPLUS, VISMEC, Cam-
posampiero, Italy). During printing, the material was
transported directly from the dryer through four heat
zones, starting from a “rst temperature of 160� C and
“nally extruded through the nozzle at a temperature
of 190� C.

3.3. Robotic platform for hybrid additive
fabrication
The biocomposite components were fabricated in a
production hall utilizing a six-axis industrial robotic
arm (KUKA Fortec KR420 R3080) on a 12 m lin-
ear track. The robotic arm was equipped with multi-
ple interchangeable end-effectors: a robotic extrusion
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Figure 6. (a) The material programming of a biocomposite specimen with a single HWA; it was designed to bend in one
direction. (b) A specimen with its HWA inserted in the convexdirection during fabrication; it was allowed to self-shapein the
concave direction (see supplementary video 1https://stacks.iop.org/BB/16/055004/mmedia), which resulted in a 66.8 cm bending
radius. (c) Shown here are time-lapse stills from the self-shaping of a specimen with its HWA inserted in the concave direction
during fabrication, resulting in a 57.9 cm bending radius.

system for the FGF of thermoplastic granular pellets
(Robot Extruder, CEAD, Delft, Netherlands) and a
vacuum gripper for handling planar HWAs (vacuum
area gripping system, Schmalz, Glatten, Germany).
The production set-up included a quick tool change
adapter system (Change System, SCHUNK, Lauffen
am Neckar, Germany), allowing the two methods of
additive fabrication to be fully integrated together
(“gure 4(b)).

We produced the biocomposite components in
one robotic fabrication procedure that incorporated
several automation subroutines. On a non-heated
build plate table with a workspace of 300 cm× 150 cm
(extendable to 1200 cm× 200 cm), the base of the
meta-structure was “rst 3D-printed with voids for
indicating the positions of the HWAs. During espe-
cially lengthy fabrication sessions, the meta-structure
was out“tted with 3D-printed tabs for mechanical
fastening in order to prevent delamination from the
build plate. After reaching the depth of the HWAs,
a tool change was called to initiate the pick-and-
place sequence. The planar HWAs were individually
retrieved from a feeding tray to the workspace, then
rotated to the correct orientation and inserted. After
insertion into the meta-structure, a tool change was
called for reverting back to the 3D-printing sequence.
As the humidity and temperature were not easily
regulated in the production hall, a limited time
window remained for encasing the HWA, which
risked actuating during the “nal phase of fabrication
unless mechanically fastened.

The process of preparing and generating the robot
code is shown in “gure4(a), and the technical details
of the code organization are described in appendixB.

3.4. Testing and evaluation
To gain an understanding of the programmable mate-
rial properties, we performed several experiments.
In one parameter study, several coupons of the 3D-
printed meta-structures were subject to a three-point
”exural test spanning a length of 120 cm (“gure5(b)),
with their de”ections logged at each loading step until
failure. The measurements were plotted on a par-
allel coordinates graph for visualizing the relation-
ships between various combinations of the material
programming parameters and their ”exibility or
ability to resist bending. For each pattern, we pro-
duced three coupons with the dimensions 160 cm×
40 cm and averaged the results. Both fabrication and
testing occurred in the production hall with environ-
mental conditions of 23� C and 38%…39% RH.

In another study, we evaluated the tectonic inte-
gration between the natural and meta-materials. We
produced a series of specimens with varying arrange-
ments of HWAs embedded within the 3D-printed
meta-structure. Immediately after fabrication, each
specimen was transported to the actuation environ-
ment along with a naked, unembedded HWA as the
control. The self-shaping process was captured by
time-lapse photography (Nikon D7100 DSLR cam-
era with Camera Control Pro 2 software) at an inter-
val of 15 min. At approximately the seventh day of

7
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Figure 7. (a) The material programming of a biocomposite specimen with a pair of HWAs aligned parallel to each other; it was
designed with high stiffness along the center beam that bridges the HWAs, and low stiffness at the edges for allowing the HWAs to
bend in alternating directions. (b) The concave HWA on the left side achieved a 61.4 cm bending radius, while the convex HWA
on the right side achieved 68.7 cm (see supplementary video 2). (c) Shown here are time-lapse stills from the self-shaping of a
specimen with its HWAs inserted in the opposite directions.

equalizing to indoor conditions regulated to 30% RH
at 21� C to 23� C (WMC measured by “xed resistance
moisture meter), the bending radii were calculated
from the measured chord length and sagitta and then
compared to the naked HWA. For each design, we
produced three specimens with the size of 80 cm×
80 cm and averaged the results.

4. Self-shaping biocomposite material
system

4.1. Programmed compliance via mesoscale
functional patterns
We measured the effects of the mesoscale functional
patterns on bending behavior. Three categories of
functional patterns were produced: patterns with
anisotropy in theX-axis, isotropic patterns, and pat-
terns with anisotropy in theY-axis (“gure 5(a)). In
general, we were able to tune the compliance across
a wide range (“gure5(c)). A high amount of ”exibil-
ity could be attained (with the maximum de”ection
measured at 13 cm); yet, using the same material but
in a different pattern, the bending stiffness could be
increased to resist loads up to 40 kg.

In one series of sample tests, the patterns were kept
constant but with varying depths. This was achieved
simply by adjusting the number of printed layers
along theZ-axis. The results in this series showed
that raising the depth was very effective at increas-
ing bending stiffness, while also drastically increasing

the weight. Bending stiffness could also be increased
without changing the overall depth via higher reso-
lutions of the pattern, but increases the density and
therefore the weight.

In another series of sample tests, the weight and
depth of all coupons were kept constant (within
5%) with variations in the pattern occurring on the
XY-plane. This was achieved by calculating the total
length of the printed path, and adjusting the num-
ber of cells in theX- and Y-axes to maintain the
same length and number of layers (and thus weight
and depth, respectively). These results showed a pos-
itive correlation between anisotropy in theY-axis,
the direction of spanning, with the maximum allow-
able load before failure. Therefore, strength could be
achieved in a speci“c direction without adding signif-
icant weight.

4.2. Tectonic integration with embedded
hygroscopic wood actuators
The biocomposite components gain their self-shaping
abilities through the HWAs embedded within the
3D-printed meta-structures. Although performing
distinct functions, each material is programmed to
behave in relation to the other and function together
as a holistic entity. Essentially acting as an exoskele-
ton, the meta-structure should be ”exible enough to
permit bending in the same direction as the HWA,
while at the same time strong enough to contain
the HWA and extend its area of in”uence (e.g. by

8
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Figure 8. (a) The design for an asymmetrical arch was fabricated with an overall footprint of 300 cm× 90 cm. Curvature on one
side was programmed via the insertion of HWAs, shown here with the radial (R), tangential (T), and longitudinal (L) directions
of the bilayer elements indicated. High bending stiffness at the other end was programmed via the 3D-printed meta-structure.
(b) After equalizing to ambient conditions, the biocomposite prototype reached a height of 20 cm, demonstrating self-shaping at
large-scale.

transferring loads in the direction orthogonal to
bending).

We designed the HWAs with toothed-edges sur-
rounding the extremities, which “ll the neighboring
cells of the 3D-printed meta-structure (“gure2(b)).
Besides increasing the surface area for an interfer-
ence “t, these teeth create additional points for the
encapsulating 3D-printed layers to grip, resulting in a
stronger bond between the two materials. We found
that increasing the material ”ow of the 3D-printed
meta-structure surrounding the HWAs aided in pre-
venting damage due to stress concentrations where
the two materials interface. Without the teeth attach-
ment geometry or forti“ed 3D-printing for securely
embedding the HWAs, the HWAs were observed to
break through the 3D-printed meta-structure in some
specimens; therefore all of the tested specimens in the
following study incorporated these features.

We produced two types of biocomposite speci-
mens: a design with a single HWA (“gure6(a)) and
a design with a pair of HWAs aligned parallel to each
other in alternating directions (“gure7(a)). To assess
the interaction between the two materials, we mea-
sured the bending radius of each HWA in the different
samples. In general, we were able to cause the entire
surface to change shape (see supplementary videos
1-2 (https://stacks.iop.org/BB/16/055004/mmedia));
the objective was to achieve unhindered bending
with a radius as close as possible to the naked
HWA.

The HWAs were observed to equalize to the tar-
get WMC of 10% after about 160 h. Without the 3D-
printed meta-structure, the naked HWAs had an aver-
age bending radius of 49.5 cm when self-shaping in
the concave direction (with the active layer on top).
It was observed that the naked HWAs had an average
bending radius of 52.4 cm when self-shaping in the
convex direction (with the active layer on bottom),
presumably from additional resistance in the form of
self-weight.

In both designs, there was a gradient in the pat-
tern depth for tuning stiffness; because of the layer-
by-layer extrusion process, the gradient occurs only
on the upper layers. For the single HWA biocompos-
ite design, we compared specimens with the HWA
inserted in opposite directions. The specimen with
the HWA inserted in the concave direction exhib-
ited a bending radius of 57.9 cm (“gure6(c)), while
the specimen with the HWA inserted in the con-
vex direction exhibited a bending radius of 66.8 cm
(“gure 6(b)). We infer this to be because the side with
depth gradient is allowed to contract or expand more
easily; as the HWA•s active layer shrinks in equaliza-
tion to ambient RH, it should be positioned on top in
the concave direction. This postulation was corrob-
orated by the double HWA biocomposite specimens,
in which two variations with opposite bending direc-
tions were compared (“gures7(b) and (c)). In both
cases, the concave HWAs achieved a bending radius
of 61.4 cm, tighter than that of the convex HWAs
measured at 68.7 cm.

9
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Figure 9. (a) The biocomposite tripod was designed to bend in each leg,and was produced in the inverted direction with an
overall footprint of 190 cm× 150 cm. (b) After equalizing to ambient conditions, this prototype reached a height of 42 cm.
(c) Shown in this time-lapse series is the tripod prototype self-shaping in the reverse direction as its WMC increases through
water misting.

4.3. Full-scale deployment via robotic fabrication
As a demonstration of this approach, we deployed
our hybrid additive fabrication strategy at full-scale
to produce a set of larger biocomposite prototypes.
We designed these prototypes by synthesizing our
“ndings from the previous sections.

The “rst biocomposite prototype was a long-
spanning geometry that was designed to bend at one
end in creating an asymmetrical arch (“gure8) from
an initial overall footprint of 300 cm× 90 cm. To cre-
ate curvature, one side was programmed with three
HWAs, while the meta-structure on the other side
was programmed with depths up to 8 cm to promote
stiffness. The fabricated prototype weighed 4.5 kg;
after self-shaping for 180 h, the biocomposite arch
achieved a bending radius of 91.6 cm, reaching a
height of 20 cm and spanning a total distance of
245 cm.

The second biocomposite prototype was a three-
legged geometry that was programmed to bend in
each of the 85 cm to 140 cm long legs, creating a
tripod structure (“gure9). This prototype was fabri-
cated with an overall footprint of 190 cm× 150 cm.
It was designed with two shorter legs and one longer
leg with an additional HWA; the meta-structure was
designed as an exoskeleton with depths up to 5 cm for
joining all the areas. The resultant prototype weighed
4.8 kg; after self-shaping for 180 h, the biocomposite

tripod reached a height of 42 cm, spanning a distance
of 160 cm between the long and short legs.

The biocomposite structures were intended to
self-erect from their initially ”at states. After 72 h
of equalization to ambient RH, the HWAs of both
prototypes were observed to have notably less cur-
vature than the naked HWA. As the scale had sig-
ni“cantly increased from the previous specimens, it
was evident that both 3D-printed meta-structure and
HWAs had dif“culty self-erecting with the added
weight. Although the 3D-printed meta-structure was
able to accommodate the HWAs with high ”exibil-
ity in the bending areas, it lacked enough stiffness in
the remaining areas to lift the entire structure while
the HWAs self-shaped in the convex direction; fur-
thermore, the mechanical linkage of the 3D-printed
meta-structure to the HWAs exhibited high bond
stresses from the increased forces. The prototypes
were ”ipped over to self-shape in the concave direc-
tion, reducing the lifting load; the self-shaping pro-
cess was then accelerated, and the HWAs embed-
ded within the tripod prototype achieved an average
bending radius of 77.5 cm after equalization.

5. Discussion

Our results indicate the bene“ts of leveraging the
autonomous actuation of wood bilayers with the
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tailoring of mechanical properties enabled by 3D-
printing. Related work in hybrid additive manufac-
turing has shown that it is possible to 3D-print a
working quadcopter drone with an embedded moth-
erboard and other electronic parts (Lewiset al2016
and Valentineet al 2017). But in place of electron-
ics and digital control, we encode movement in the
physical materialand fabrication logicusing stimuli-
responsive actuators. While our biocomposite mate-
rial system achieves adaptivity through changes in its
curvature and structure, there are still a number of
open questions.

The “rst topic for future work is the interface
between the HWAs and 3D-printed meta-structure,
as they are two separate materials serving distinct
roles within the system. The robotic fabrication plat-
form can be extended to include subtractive tooling
along with the additive extrusion and placement pro-
cesses for better “t and precision; both the HWAs and
3D-printed meta-structure can be shaped to incorpo-
rate high-resolution features for increased grip and
friction. In addition, the automated application of
adhesives can also improve the connection between
natural and meta-materials; this inclusion could also
lend itself to the future in-situ construction of the
HWAs during the robotic procedure (instead of pre-
manufacturing them prior to hybrid additive fabrica-
tion), opening the design space to more continuous
material distributions.

For further upscaling, the resultant increase in the
structure•s self-weight becomes exceedingly impor-
tant at larger scales. It will be critical to consider
the structural mechanics of self-shaping biocom-
posite structures by simulating their movement and
adaptive loading for multiple structural conditions.
Higher actuation forces might be attained by employ-
ing thicker HWAs for increased structural depth and
stiffness, as well as a redundancy of HWAs in the
system to distribute the load across many actuators.
Especially during the self-erecting process, it will be
necessary to capitalize on 3D-printing•s ability to tune
the ratio between strength to weight. As the program-
ming of the meta-structure behavior is dependent
on a multitude of geometrical and physical parame-
ters, (re)calibration to the chosen material is required
when new functional patterns are used. This might be
alleviated by the inclusion of “nite element analysis
for an improved prediction and mechanical model of
the meta-structure pattern and behavior.

Although we have shown self-shaping at a large
scale, the adoption of biocomposite material systems
in architecture will require further investigation. In
the case of irreversible self-shaping (e.g. in deployable
structures and shells), safety mechanisms will need
to be examined. Potential 3D-printed functions for
blocking shape changes and locking the desired struc-
ture may mitigate the competing criteria between
”exibility (during the shape change) and stiffness
(for structure after the transformation). Auxetic

mechanisms present promising opportunities for
generating double curvature through changing Gaus-
sian curvatures (La Magna and Knippers2018). We
are particularly interested in surveying the additional
functionalities which are enabled by hybrid additive
fabrication, such as spatial arrangement (e.g. verti-
cally oriented or tilted HWAs), stacking and layering
of HWAs in theZ-axis, and differentiated distribu-
tion of passive and active wood elements within the
3D-printed meta-structure.

For the application of weather-responsive facades
that can manage the indoor climate, the biggest chal-
lenge is increasing actuation speeds by overcoming
the poroelastic time scale (Poppingaet al 2018).
Exploring geometries with increased surface area to
volume ratio (e.g. discretized and distributed HWAs
with decreased width but preserved length and depth)
might offer better exposure and sensitivity to their
environment. Still, a change in material would be
required after the geometrical and spatial limits are
reached. In scenarios requiring a high degree of con-
trol over timing and duration (e.g. for shape changes
centered around the changing needs and schedules
of building occupants), it is possible to further “ne-
tune biocomposite behavior by regulating its micro-
climate. Temperature and RH, as a function of abso-
lute moisture and air temperature, are interrelated; as
such, heat could be harnessed to manipulate local RH
to desired conditions by capitalizing on the thermal
mass of the building envelope.

6. Conclusion

We have demonstrated the capacity of self-shaping
biocomposite material systems to exhibit responsive
movements at the meter scale. To the best of our
knowledge, the presented structures constitute the
“rst examples of large-scale self-shaping with differ-
entiated substructures as inspired by biological mate-
rials. Through an integrative approach of hybrid addi-
tive fabrication, we combine the actuating behavior of
wood bilayers with the physical programmability of
extrusion-based 3D-printing. To encode the desired
material properties and behaviors, we have developed
a material programming method for tailoring 3D-
printed meta-structures and embedding HWAs using
robotic fabrication. We introduce the parameters for
tuning mechanical properties (e.g. compliance and
elasticity of varying magnitudes and anisotropies)
and assess the tectonic interface between the natu-
ral and meta-materials. Finally, we detail the sequen-
tial process of multi-material and multi-tool hybrid
additive fabrication in an industrial setting.

The physical material and fabrication logic, rather
than any electronics or digital control, dictate the self-
shaping behaviors of the biocomposite material sys-
tem. These adaptive systems allude to the potential for
buildings to become more in tune with the ”uctuating
environment. Biocomposite elements that self-shade
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Table A1. Speci“cations of the HWA manufacturing as used in this project.

Layer Wood species
Height
h [mm] Orientationa

Emodulus
[Mpa]

Swelling
coef“cient�

Starting WMC
[%] Ending WMC [%] Radius� [mm]

Active Maple 11 90� 1700 0.0016
25 10 420

Passive Maple 3 0� 14 000 0.0001

aAs a result of the orientation, the active layers take into account the radial direction, whereas the passive layers takeinto account the
longitudinal direction.

and self-ventilate without electrical power can serve as
a solution to energy-ef“cient indoor climate control,
while autonomously self-forming and self-stiffening
biocomposite components present promising appli-
cations for the simple and cheap on-site assembly
and construction of architectural structures. Through
a rearranging of materials across scales, large-scale
responsive systems that intelligently interact with
their surroundings can be created from natural and
sustainable resources.
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Appendix A. Technical details of the
hygroscopic wood actuator design

We designed the HWA•s curvature using a model
derived from the Timoshenko theory of predicting
bending in bimetallic thermostats (Timoshenko
1925) adapted for modeling wood bilayers
(Rüggeberg and Burgert2015) as a function of
change in WMC.

Where cŠ c0 is the WMC change,� is the
differential swelling coef“cient,H is the total bilayer

thickness, andh andEare the height and elastic mod-
ulus of each layer according to their respective orien-
tations, the single direction (cylindrical) curvature is
calculated as:

1
�

=
6(1 + m)2

�
3(1+ m)2 + (1 + mn)

�
m2 + 1

mn

��

×
(� 2 Š � 1)(cŠ c0)

H

m =
h1

h2
, n =

E1

E2
.

The ”at state of the HWA is programmed through
the WMC of the active layer of boards at the time of
HWA manufacturing. Therefore, by tuning the WMC
of the active layer, HWAs can be calibrated to link
a speci“c curvature to a determined RH level. We
designed our HWAs to be ”at at equalization to a high
RH environment (with a WMC of 25%) and curved at
equalization to dry, ambient conditions (with a target
WMC of 10%).

Sycamore maple (Acer pseudoplatanus) was used
for all the presented experiments. We calculated the
speci“cations for each layer of boards according to
reference values from literature (Sondereggeret al
2013and Rijsdijk and Laming2010), for attaining a
predicted radius of 420 mm.

Appendix B. Robotic code organization

The code for robotic production was written in the
KUKA robot language and organized in a modular
structure of.src “les. A main program “le was auto-
matically generated along with the associated sub-
routine “les to be executed in the correct sequence.
The following pseudocode outlines the basic pro-
gram steps that were taken during the hybrid additive
fabrication procedure:
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11.1 Multifunctional Mesostructures

T. Cheng, Y. Tahouni, D. Wood, B. Stolz, R. Mülhaupt, A. Menges:

2020,Multifunctional Mesostructures: Design and Material

Programming for 4D-Printing . Symposium on Computational

Fabrication (SCF '20). (DOI: 10.1145/3424630.3425418)

This article, introduced inSection 5.1, describes a material

programming framework for the computational design and 4D-

printing of self-shaping surfaces structures. The key novelty is

the custom-developed design-to-fabrication work�ow, which in-

tegrates physical metadata such as material and fabrication con-

straints in the digital modeling process. In this way, the bending

behavior (direction, orientation, and magnitude) of each individual

element within a single part can be customized and arranged, the

overall shape change predicted, and the desired design directly 4D-

printed �at. A number of prototypes are produced and actuated,

demonstrating the potential for double curvature shape change and

4D-printed parts with externally sourced components embedded
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This original research was led by T. Cheng, under the super-

vision and direction of A. Menges, and built upon early work

explored by Correaet al. [29]. T. Cheng created the concept

for and developed the digital 4D-printing work�ow, implemented

with assistance from M. Moussavi. B. Stolz and R. Mülhaupt

engineered and provided the passive cooling materials. T. Cheng

and Y. Tahouni produced the prototypes, with assistance from A.

Razavi. T. Cheng and B. Stolz designed and conducted the exper-

iments, the results evaluated by T. Cheng, B. Stolz, Y. Tahouni,

and D. Wood. T. Cheng wrote and prepared the manuscript, edited

with input from all authors. T. Cheng presented the paper at the 5th

annual ACM Symposium on Computational Fabrication in 2020.

A. Menges and R. Mülhaupt provided research funding.

106



Multifunctional Mesostructures:
Design and Material Programming for 4D-printing

Ti�any Cheng
Institute for Computational Design

and Construction
Stuttgart, Germany

ti�any.cheng@icd.uni-stuttgart.de

Yasaman Tahouni
Institute for Computational Design

and Construction
Stuttgart, Germany

Dylan Wood
Institute for Computational Design

and Construction
Stuttgart, Germany

Benjamin Stolz
Freiburg Materials Research Center

Freiburg, Germany

Rolf Mülhaupt
Freiburg Materials Research Center

Freiburg, Germany

Achim Menges
Institute for Computational Design

and Construction
Stuttgart, Germany

Figure 1: An orthotic device with physically encoded areas of shape change, varying sti�ness, and passive cooling.

ABSTRACT
Natural materials, such as in plant and bone organs, adapt to their
surroundings with functionally graded underlying structures. Ad-
vances in extrusion-based 4D-printing have enabled the manu-
facture of bio-inspired systems with varying properties and self-
shaping behaviors. However, tailoring the internal composition of
such systems relies on specialized knowledge, as most computer-
aided design (CAD) applications are based on a modeling paradigm
that considers objects as surfaces or solids with no geometrical
de�nition of the interior structure. We propose that engineered
materials with di�erentiated and heterogeneous mesostructures
can achieve nature-inspired functionality. We present a design ap-
proach for tailoring the internal topology of 4D-printed material
systems, using intuitive geometric descriptions from existing CAD
work�ows. We introduce a material programming framework for as-
signing and tuning material properties such as elasticity and shape
change with varying magnitudes and anisotropies throughout a
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1 INTRODUCTION
In nature, materials address a variety of performance requirements
with intricate, underlying structures. The femur bone and conifer
cone are two examples of hierarchically organized structures with
exceptional mechanical properties. The femur, which must support
almost the full weight of the human body, is burdened not only
with compression but also tension, as loads are applied transversely
from the hip socket rather than directly along the axis of the bone
[Rudman et al. 2006; Wol� 1870]. The internal bone structure plays
an important role in the overall functional properties, and indeed,
studies have shown that changes in both arrangement and orienta-
tion occur in response to speci�c loading conditions, such as during
pregnancy or extended stays in space [Lang et al. 2006]. The scale of
a Pinaceae conifer cone is another famous instance of an adaptive,
structured tissue which autonomously responds to environmental
stimuli with reversible movements. The di�erentiated morphology
of hygroscopic tissues with di�erent swelling and shrinking prop-
erties [Dawson et al. 1997; Harlow et al. 1964] allows pine cones
to passively open and close in response to relative humidity (RH)
even as a dead plant organ, millions of years after detaching from
the tree [Poppinga et al. 2017].

Recent advances in polymer chemistry and computational fabri-
cation have enabled the engineering of mechanisms with graded
compliance [Howell 2013; Megaro et al. 2017; Saggere and Kota
1999] and adaptation without any electro-mechanical control or op-
erating energy [Menges and Reichert 2015; Reyssat and Mahadevan
2009]. Additive manufacturing (AM) has made it possible to mod-
ulate various properties and deformation behaviors [Frenzel et al.
2017; La Magna and Knippers 2018]; it is even possible to embed
further functionality through specialized circuitry, such as exter-
nally sourced resisters and transistors [Lewis et al. 2016; Valentine
et al. 2017]. Moreover, the emergence of smart materials that can
be processed by extrusion-based AM has allowed the production of
adaptive structures that can interact with their surroundings with-
out the need for discrete sensors, actuators, or controllers [Boley
et al. 2019; Gladman et al. 2016; Yao et al. 2015]. Termed 4D-printing
[Tibbits 2014], the technique for tailoring passive shape changes
using fused �lament fabrication (FFF) machines has led to new
material systems with heat and moisture responsiveness [An et al.
2018; Correa et al. 2015; Wang et al. 2017].

Complexity is inexpensive for biological systems; while the adage
�complexity is free� [Lipson and Kurman 2013] is often said about
AM, capitalizing on the a�ordances of this technology to produce
complex shapes as well as tailor their internal compositions relies
on specialized knowledge and training. Most 3D computer-aided
design (CAD) programs are based on the surface modeling paradigm
known as boundary representation (BREP), which considers only
the surfaces or outer shell of an object. As BREPs represent the limits
of a solid, they are thus unable to convey spatial variations within
the interior. There have been e�orts to introduce the concept of
modeling variable material distributions represented by volumetric
voxels [Michalatos and Payne 2016], though this method relies
on advanced 3D-printers that can handle the mixing of multiple
materials. Harnessing the promises of AM necessitates the ability
to represent material distributions throughout a 3D volume, while
allowing their fabrications on machines which are accessible.

1.1 Key contributions
We propose a design and material programming framework for
dealing with the complexity of integrating multiple functions (such
as self-shaping and variation of material properties) in a simpli-
�ed way. The core contribution of this paper is a uni�ed work�ow
to tailor 4D-printed material systems with di�erentiated and het-
erogeneous mesostructures � accessible using readily available,
o�-the-shelf printers and �laments, but also highly customizable by
allowing specialty materials and externally sourced components.

We formulate a method for tuning the internal topology of these
material systems, using the intuitive and well-established geometric
modeling approach of existing non-uniform rational basis spline
(NURBS) work�ows. By designing di�erentfunctional regionsand
specifying theirphysical metadata, we can program material prop-
erties and behaviors, such as elasticity and shape change. Based
on these user-prescribed parameters, the resultant kinematics of
this networked assembly of functional regions can be visualized.
Thismodel representationalso serves as the basis for structuring the
material system'smesostructure[Raney and Lewis 2015], achieved
using FFF. Throughadditive fabricationand choreographed paths
of material deposition, the objects become physically encoded with
their programmed properties. Finally, the framework enables func-
tionally specialized systems to be designed by allowing externally
sourced components to be directly embedded in the 4D-printed
material system. Our main contributions are the following:

� A material programming toolkit of active, passive, and exter-
nal functional regions which can be geometrically de�ned
and customized with physical metadata.

� A model representation for generating topologies well suited
for visualization and extrusion-based AM.

� The translation of behaviors and properties into a function-
ally patterned material network with mesostructured fea-
tures.

� The fabrication logic and sequence for producing internal
mesostructures via FFF, and embedding externally sourced
components during the extrusion process.

This design framework is demonstrated through a series of case
studies that showcase both single and double curvature self-shaping,
as well as the embedding of materials sourced from external pro-
cesses. In addition, we produce prototypes of assistive technologies
for medical applications, highlighting the integration of multiple
functions. Finally, we discuss the performance bene�ts of highly
di�erentiated and heterogeneous assistive wearable devices with
speci�c behaviors, shape changes, and functionalities.

1.2 Related work
Fabricating objects with variable properties o�er a wide range of
bene�ts. Thecarpal skinglove [Oxman 2010], a 3D-printed proto-
type for a wrist splint to protect against carpal tunnel syndrome,
demonstrated the mapping of a particular patient's pain-pro�le
to the distribution of hard and soft materials. While this design
has illustrated the performance bene�ts of personalized medical
devices, the use of highly advanced and expensive equipment for
commercial AM has played a role in restricting the transfer of this
approach in both research and application.
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Existing literature on meta-material mechanisms has shown that
it is possible to tune mechanical properties using consumer 3D-
printing equipment. Research conducted on tileable cell structures
has demonstrated that varying degrees of �exibility can be achieved
[Amorim et al. 2019; Ion et al. 2016; Panetta et al. 2015]. Despite the
intricate patterning, however, the use of generic slicing software
for generating the 3D-printing toolpaths still limits the resolution
of achievable properties, as the majority of slicers consider objects
to have isotropic interior in�ll structures within their outer shells.

The extrusion-based process of FFF inherently produces anisotropy
through the paths of material deposition. The �eld of 4D-printing
has exploited the inherent anisotropy produced by this method to
construct self-shaping material systems structured at the mesoscale
[Correa et al. 2020; Vazquez et al. 2020; Wood et al. 2016]. Though
these works have employed anisotropic extrusion to create bio-
inspired shape change, the literature indicates di�culty in organiz-
ing the complex arrangement of multiple materials at the mesoscale,
especially in achieving design heterogeneity beyond the functional
abstraction of bilayers. As a result, 4D-printed mechanisms have
remained largely monofunctional.

Other researchers have investigated functional gradation from
the perspective of materials science, showing that modulation of
chemical composition can achieve a high degree of functional, me-
chanical, and optical di�erentiation [Giachini et al. 2020; Mogas-
Soldevila et al. 2014]. While custom-engineered materials o�er a
wide range of novel functionalities, the fabrication of liquid and
paste materials necessitates highly specialized equipment, with
speci�c processing requirements depending on the material itself.

2 DESIGN & MATERIAL PROGRAMMING
Our framework o�ers a hierarchical work�ow that greatly sim-
pli�es the design process, visualized in Figure2. This hierarchy
abstracts the complexity required to translate a conceptual self-
shaping design to the speci�c machine code for FFF.

Thus, one can design the self-shaping behaviors using intuitive
tools: the substructure of the object is designed by de�ningfunc-
tional regionsand specifying theirphysical metadata. This high-level
design is then used to generate amodel representation, which pro-
vides an indication of the shape change and allows for a rapid feed-
back loop to quickly iterate designs. The model is then translated
into functional patterns, which become the 4D-printed mesostruc-
ture networks through the4D-printing sequence & logic.

2.1 Functional regions & physical metadata
To tailor and modulate the internal composition of an object, we
simplify the material system into a networked assembly of smaller
sub-units called functional regions.

Using familiar geometric descriptors from CAD modeling appli-
cations, these functional regions can be de�ned with closed NURBS
curves on theXY-plane. Our parametric model, developed within
a visual programming environment (Grasshopper3Drunning on
Rhinoceros3D), allows the speci�cation of physical metadata asso-
ciated with each functional region.

We formulate three types of regions with distinct functions:
the active region, passive region, andexternal region. Each of their

physical metadata contains parameters which can be tuned in terms
of the anisotropy and amount.

The active regions are characterized by a bilayer structure, and
self-shape by producing single curvature bending. The compound-
ing of the two layers, composed of a stimuli-responsive actuating
material and a relatively stable restricting material, translates di�er-
ential volume change upon stimuli response into a bending behavior.
While any combination of two �laments with a di�erential between
their stimuli-responsiveness can be employed, we demonstrate this

DESIGN & 
MATERIAL PROGRAMMING

MODEL 
REPRESENTATION

MESOSTRUCTURE 
NETWORK

ADDITIVE FABRICATION

— anisotropic extrusion informed

     by fabrication constraints

— kinematic visualization

— physical encoding

Mesh Topology

Functional Patterns

Defined Geometry

Specified Parameters

— shape changes

— variable material properties

— special functionalities

4D-printing Sequence & Logic

Physical MetadataFunctional Regions

Figure 2: Multifunctional material systems are abstracted as
a networked assembly of functional regions, each of which
can be de�ned with physical metadata. These simple in-
puts are then translated into a di�erentiated mesostructure,
which can be 4D-printed with the parameters and sequence
required to produce the designed properties and behaviors.
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Figure 3: The geometric de�nition and material program-
ming of an active region with (a) convex, constant bending
and (b) concave, variable bending at an angle. The restrict-
ing material is extruded along the bending direction (input
line), while the actuating material is extruded perpendicular
to it.

approach using hygroscopic �laments which respond to moisture.
A single line provides an intuitive interface for adjusting the bend-
ing orientation, magnitude, and direction. As shown in Figure3, the
line is projected onto the active region and the distance between
sample points along the input line and projected line determines the
bending orientation (sign ofZ-value), magnitude (absoluteZ-value),
and direction (angle of the projected line on theXY-plane).

The passive regions are physically programmed with mechanical
properties such as sti�ness and Poisson e�ect. Using the control
points of a NURBS surface as the user interface (Figure4a), these
properties can be varied and distributed throughout an object; the
distances between both sets of sample points on the control surface
and planar surface of the passive region determine the property's
value. This allows the easy manipulation of heightmaps (Figure4b)
in 3D-space, which are correlated to the material property gradients
(Figure4c) of the designed object and its function (Figure4d). While
unable to change shape on their own, the passive region can be
encoded to allow stretching and contraction of the material in-plane
(whereas the active region will bend a planar surface out-of-plane
in only one direction). When combined, the functional variation of
active and passive regions enables double curvature to be produced
in 4D-printed self-shaping material systems.

The external regions enable high customizability by allowing
specialized, externally sourced parts to be embedded inside the 4D-
printed material system. Non-�lament materials and components
manufactured from external processes can be represented by an
abstract, closed surface. Additionally, the amount of embedding
(that is, how much of it is exposed or enclosed) can be assigned
with a percentage value.

Figure 4: (a) Using the control surface, varying elasticities
can be designed across an object. (b) This property gradient
is represented in the model as a heightmap containing multi-
ple values, (c) which are mapped to the functional patterns
which physically encode the desired elasticity. (d) Demon-
strated here on a cut grapefruit is the resultant di�erenti-
ated stretching.

2.2 Model representation
Based on user-prescribed parameters, the model is generated with
a topology suited for transfer to both kinematic visualization and
extrusion-based fabrication. The topology is broadly discretized
according to its functional regions and physical metadata as a struc-
tured grid. In a networked assembly of di�erent functional regions,
the physical metadata determines the grid directionality in each
region. The grid is aligned according to the bending directions of
the active regions, or stretching and contraction directions of the
passive regions. From this grid, the mesh is then generated using a
brute-force planar search for bounding regions [Alfredo Ferreira
et al. 2003].

The predicted shape change can then be visualized using a solver
based on shape matching constraints [Müller et al. 2005] imple-
mented with theShapeOplibrary and theKangaroo2live physics
engine. Again, the physical metadata determines the target shape
for optimization. The bending orientation, direction, and magnitude
determine the directional scaling constraints, which are applied to
the mesh vertices of the active regions. Mesh vertices in the passive
regions will preserve their distances and spatial relationships to
varying degrees depending on the programmed properties (sti�ness
and Poisson e�ect). This implementation provides a qualitative indi-
cation of how user-speci�cations for multiple functional regions at
the local level impacts the way an object deforms globally, o�ering
an intuitive interface for users to interactively explore the design
space.
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2.3 Mesostructure network
This mesh topology serves as a blueprint for creating a material
network with mesostructured features. It is the multi-material or-
ganization of the mesostructure that dictates the system's overall
behavior and properties.

The process of FFF preserves the �brous architecture of the �la-
ment, and thus allows us to tailor the mesostructure by controlling
various aspects of the material deposition � including the trajectory,
speed, and rate of extrusion. The geometry of the mesostructure is
formed by the trajectory of extrusion, which leaves anisotropic ma-
terial paths. Depending on the functional regions and their physical
metadata, these trajectories follow di�erent patterns (Figure5).

The physical metadata that can be de�ned for active regions,
comprised of two materials layers, is the bending orientation, bend-
ing direction, and bending magnitude. The bending orientation is
encoded by spatial ordering: convex bending is achieved by ex-
truding the actuating layer �rst and then the restricting layer over
it (Figure3a), while concave bending is achieved by the opposite
ordering (Figure3b). The bending direction is controlled by the
anisotropy of both layers, achieved by the angle of extrusion paths
on theXY-plane; the extrusion trajectory of the restricting mate-
rial follows the bending direction, while the actuating material is
extruded perpendicular to that direction.

The bending magnitude is in�uenced by the thickness (that is,
the number of layers in theZ-axis) and porosity (the gaps between
material depositions in theXY-plane) within both material layers.
More thickness and less porosity in each layer will generally in-
crease the �exural rigidity and result in less bending. By adjusting
the porosity in the restricting layer, �exural rigidity can be tuned
even without adjusting the thickness. In the actuating layer, the
thickness and porosity also impact the actuation time. Thus, the
bending magnitude and actuation time can additionally be tuned
by modulating the resultant ratio between actuating and restricting
layers; as the restricting layer has a negligible e�ect on actuation
time, this allows the actuation time and bending magnitude to be
controlled independently.

The passive regions are produced with functional patterns that
physically encode the desired material properties. These patterns
can be instantiated on a rectilinear or triangular grid, corresponding
to the mesh model.

Sti�ness is modulated by adjusting the pattern geometry along
the mesh edges, which act as mechanisms for encouraging or pre-
venting both stretching and contraction. Wavy structures arise
from increasing the length of a pattern's edge (without altering the
overall size of the pattern); when the pattern is pulled, its e�ective
volume can expand until the wavy structures are fully straightened.
The lengths to be added along the edges are extracted from the
values obtained from the property gradient map, illustrated in Fig-
ure 4. The Poisson e�ect can also be tailored using well-established
principles and patterns from the �eld of meta-material mechanisms
[Kolken and Zadpoor 2017; McCaw and Cuan-Urquizo 2018], and
the e�ect of changing other parameters such as the geometry can
be explored.

The external regions are left as voids during the initial extru-
sion process. Once the externally-sourced part is embedded, the
extrusion process can be continued to secure it in place. In addition,

Figure 5: The material system's di�erent regions are inter-
connected by a �brous, mesoscale network of multiple in-
terwoven materials. The passive regions (white) stretch and
contract in conjunction with the self-morphing active re-
gions (brown).

the rate of extrusion can be increased to fully enclose the part, or
decreased to expose a certain portion of it.

2.4 Additive fabrication
The mesostructure's trajectories, along with the details regarding
the speeds and rates of extrusion, are then translated into numerical
control machine language (Voxel2GCode). This fabrication data can
be executed by any consumer desktop FFF 3D-printer capable of
reading G-code commands, and instructs the machine on where to
move, at what speeds, and with what material as well as how much.
The qualities of the material paths are informed by the combination
of speed and rate of extrusion. For this study, we kept a constant
speed and adjusted the rate of extrusion to increase (or decrease) the
amount of material deposition. Our extrusion parameters using0:35
mm diameter brass nozzles produced material paths with adjustable
widths ranging from0:45mm to 1:5 mm. The equipment we used
(FELIX Tec 4 Dual Head 3D-printer, FELIX, Utrecht, Netherlands)
allowed us to extrude mesostructure details at0:05mm precision.

The active regions require just that two �lament materials with
di�erent expansion coe�cients be used. In this study, we used a
combination of hygroscopic wood-polymer composite (LAYWOOD-
meta5, Lay Filaments, Cologne, Germany) extruded at190°C, and
acrylonitrile butadiene styrene (ABS, MakerBot Industries, New
York, USA) extruded at200°C. The hygroscopic �lament will equal-
ize with the surrounding RH; therefore, the material storage and fab-
rication environment should be kept relatively stable so that, while
printing the initially �at geometries, shape change is not induced.
The 4D-printed material systems can transform from �at to form
(and vice versa) within the span of hours when switching from RH
extremes (25%�90%), which was tested in a climate-controlled box
(MiniOne Humidity Generator, Preservatech, Bydgoszcz, Poland).
When submerged in water, the transformation can be observed
in the span of minutes. For the passive regions, we employed a
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Figure 6: A parameter study on the impact of passive regions
on global self-shaping. Both samples contain identical ac-
tive regions but di�erent property gradients for the passive
regions and, as a result, di�erentiated 4D-printed mesostruc-
tures. Sample (a) is programmed with low elasticity along
the spine and high elasticity at the edges, resulting in func-
tional patterns that allow stretching at the edges. The oppo-
site is programmed for sample (b).

thermoplastic copolyester (FlexiFil, FormFutura, Nijmegen, Nether-
lands), with a shore hardness of 45D and tensile modulus of 95
MPa, extruded at210°C. All �laments were1:75mm in diameter
and printed onto a bed heated to45°C.

3 CASE STUDIES
We now illustrate the advantages of our design framework through
three case studies. First, we systematically explore the design space
of networked active and passive regions for self-shaping with dou-
ble curvature, a property that is particularly challenging to inte-
grate in 4D-printed systems with hygroscopic materials. Second, we
demonstrate the use of external regions to embed specialty devices
for passive cooling within a 4D-printed self-shaping mechanism.
Finally, we show a full work�ow using our framework to design a
customized orthotic splint with integrated shape changing areas.

Figure 7: (a) The dome is designed with radially arrayed ac-
tive regions. (b) The passive regions are programmed with
low elasticity in the center and high elasticity at the edges.
(c) During the self-shaping process, the mesostructure al-
lows for more contraction at the edges. (d) The resultant 4D-
printed material system shows a synclastic geometry.

Figure 8: Variations of synclastic geometries were formed us-
ing (left) passive regions with low elasticity, (middle) more
and smaller segments of active regions, and (right) high elas-
ticity in the passive regions.

3.1 Double curvature self-shaping
While single curvature self-shaping can be achieved with active
regions alone, double curvature cannot: bending a �at surface in
two directions (and back) requires regions of the surface to simul-
taneously grow and contract in di�erent directions and amounts.
Double curvature self-shaping 4D-printed systems can be achieved
by strategically combining active and passive regions, and the geom-
etry can be further tailored by programming the property gradients
of the passive regions. However, how the functional pattern gradi-
ents of the passive regions a�ect the resulting shape in combination
with the active regions is non-trivial. While creating speci�c shapes
typically requires a lot of trial and error, our framework allows us
to quickly and systematically explore the design space.

As an example, we consider the e�ects of elasticity gradients, and
thus di�erentiated stretching, on double curvature. The base design
is a sheet formed by three active regions with alternating bending
orientations, shown in Figure6, joined by passive regions. We then
test various gradients by modulating the density of the functional
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Figure 9: (a) The design for a 4D-printed on-body device.
(b) The passive cooling function is integrated with shape
change. (c) The patch at high RH with full contact on the
skin. (d) The patch at low RH, after 4 hours, with the pas-
sive cooling element lifted.

pattern across theY-axis, to get a qualitative assessment of how this
property a�ects the �nal shape. We �nd that, by forming areas with
high or low pattern density, thereby in�uencing the local elasticity,
we can control where the surface is allowed by the mesostructure
to stretch and expand. The pattern allows more deformation where
there is less density at the edges (Figure6a); whereas, the pattern
will allow more deformation along the spine when there is less
density there (Figure6b).

We also investigate the strategic integration of active and passive
regions in creating a synclastic geometry. This assembly is con-
structed from six triangular active regions with radially arranged
bending directions (Figure7a), connected by six passive regions.
The passive regions are functionally patterned with high density
in the center and low density at the edges (Figure7b), producing a
di�erentiated mesostructure which allows contraction at increasing
magnitudes from the center to the edge (Figure7c). The 4D-printed
combination of active and passive regions successfully formed into
a synclastic dome shape (Figure7d). By tuning the number of active
regions and their anisotropic bending properties, combined with
varying gradients of in-plane elasticity in the passive regions, a
wide variety of self-shaping domes can be 4D-printed, as shown in
Figure8.

3.2 Embedding specialty functions
While we can 4D-print complex, adaptive self-shaping structures
by programming active and passive regions, we use external re-
gions to embed devices with specialty functionality that cannot be
printed. We show that it is possible to incorporate the functionality
of passive cooling with self-shaping material systems, in the design

0 1 2 3 4 5 6

30

35

40

45

TIME [H]
T

E
M

P
E

R
A

T
U

R
E

 [°
C

]

T = 37°C

Figure 10: At temperatures above 32°C, the PNIPAm-coated
�eece releases moisture. Shown in the measured tempera-
ture pro�le curve, the developed passive cooling device will
cool down its surroundings for a duration of about 3.5 hours.

of an on-body patch that changes shape to lower or lift the pas-
sive cooling element directly on and o� the skin (Figure9). After
the passive cooling e�ect has been exhausted, the device can be
recharged by soaking in water for 10 minutes until returning to its
�at state and regaining enough moisture for reuse.

We developed a passive cooling element in-house. The passive
cooling element was constructed from �eece wound dressings
coated with 66 wt.% poly(N-isopropyl acrylamide). As PNIPAm
takes up water at temperatures below32°C and releases it above
32°C, the PNIPAm-coated �eece wound dressings exhibit passive
cooling e�ects due to water evaporation (Figure10). Specimens
were measured using a thermal imaging camera over the course
of irradiation by an infrared lamp. These experiments showed that
temperatures were successfully lowered to a plateau of33� 34°C,
lasting for a duration of about 3.5 hours and obtaining signi�cant
cooling (in contrast, an uncoated wet wound dressing exceeded the
cooling temperature of33°C after less than 15 minutes).

We then incorporate this novel, but un-printable, passive cooling
element into the FFF process. The fabrication sequence involves
extruding the mesostructure while leaving voids for the later inser-
tion of the passive cooling material. The voids have depths equal
to the height of the external component; in addition to acting as
placement indicators, they allow the passive cooling material to be
inserted �ush with the already extruded mesostructure and form a
level surface for the continued extrusion of the remaining paths. We
adjusted the extrusion parameters surrounding the wound dressing
so that the passive cooling material is properly exposed, providing
full contact with the skin, while being securely embedded in the
mesostructure.
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3.3 Design demonstrator
Finally, we produce a prototype of a wearable orthotic splint that
highlights the integration of all the presented functions in a highly
customized end product, shown in Figure11.

The device contains tailored areas of softness, as well as shape
changing bumps to release pressure in sensitive areas when acti-
vated by moisture caused by sweating (Figure11b). To limit move-
ment, the splint can be inserted with an alignment tool to produce
the required amount of immobilization (Figure11d). Furthermore,
multiple magnets are embedded at the edges to hold the splint
closed.

This splint was designed to conform to a speci�c user and must
wrap around an irregular wrist�forearm geometry. Without utiliz-
ing a 3D-scanner or any sophisticated inverse design algorithm,
various material property gradients (Figure11a) were tested for
their ability to form and �t snugly around the non-uniform limb.

The use of �exible �lament in the passive region was especially
pivotal for expanding the range of achievable properties. As an
intensive property of the material, the elastic modulus cannot be
adapted; however, geometry can be used to additionally tune the
sti�ness (Figure11c), resulting in mesostructures ranging from soft
(allowing the splint to be bent from an initially �at state) to hard
(providing support or immobilization).

We were able to quickly produce several functionally patterned
iterations, and easily fabricate di�erent designs until arriving at a
di�erentiated mesostructure which allowed the device to be worn
comfortably. The entire process, from initial design to �nal proto-
type, was completed over one weekend.

4 CONCLUSION
We have presented a design and material programming framework
for creating 4D-printed material systems with di�erentiated and
heterogeneous mesostructures. Directly designing mesostructures
to achieve speci�c shape and behavior is tedious, di�cult, and typi-
cally requires several full design iterations. Our approach provides
a hierarchical work�ow, which makes it simple and intuitive to
rapidly iterate designs with complex self-shaping properties, by
employing the intuitive geometric descriptions of existing CAD
work�ows for assigning and tuning multiple material behaviors
throughout a volume. This framework can be used with commonly
available, o�-the-shelf 3D-printers � yet it also enables high cus-
tomization by allowing non-printable components to be directly
embedded in the end-product.

We have demonstrated this design framework through a series
of case studies. Most notably, we showed the process of designing
and fabricating an adaptive, orthotic splint (where interfacing with
the body is rarely static) with highly intricate multi-material or-
ganization. Our presented approach abstracts the complexity of
4D-printed mesostructures, and we used these internal geometries
to tailor the splint to the unique wrist anatomy. To provide comfort,
we modulated soft and compliant areas of the design through the
tuning of mechanical properties in the passive regions. To prevent
pressure peaks, we designed shape changing behaviors to allow
adaptation over time in sensitive areas, using the active regions.
Finally, we included a passive cooling e�ect by integrating a cutting
edge but not yet printable material into the fabrication process.

Figure 11: (a) The design and material programming of a
multifunctional orthotic splint. (b) The 4D-printed splint
with shape changing points for pressure release and the dis-
tribution of hard and soft areas. (c) Detail of the 4D-printed
mesostructure. (d) The orthotic splint as worn by the user.

4.1 Limitations and future work
While this approach demonstrates the potential for designing so-
phisticated, functional, self-shaping systems, there are still sev-
eral opportunities for further investigation. The layer-by-layer
extrusion-based process of FFF has made it easy for us to tailor
anisotropy in each layer. As we have only focused on designing
functional gradation in theXY-plane, our results have been limited
to surface geometries.
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At the same time, this method has made it possible to manage the
complexity of functional structures and produce them with good
mechanical and surface properties. We are particularly interested
in expanding this framework for more design inputs in theZ-axis,
while still taking advantage of FFF in its ability to easily produce
anisotropy. Future explorations could include more spatial, volu-
metric properties and behaviors, such as the overlaying of di�erent
functions and textures on each side of the surface (for example,
creating softness on the inside and roughness on the outside).

4.2 Outlook
We propose that the representation of objects by function and evolv-
ing in response to its surroundings (rather than by boundary and
existing only as a prede�ned, singular geometry) adds value to AM.
This ability to embed transformation and behaviors opens up the
design space for many applications. By producingfunction through
structure, we can capitalize on the potential of AM's relatively low-
cost economies of scope to create variety and mass-customization.
We posit that combining design across spatial-temporal scales with
rapid design iteration (without the constraint of economies of scale
from conventional manufacturing processes) will propel AM from
being a rapid prototyping tool to a manufacturing platform.

ACKNOWLEDGMENTS
This work was funded by Baden-Württemberg Stiftung, through
the �Innovation durch Additive Fertigung� research program [IAF-2
4DmultiMATS]; additional support has been provided by Deutsche
Forschungsgemeinschaft, under the Cluster of ExcellenceIntCDC�
Integrative Computational Design and Construction in Architec-
ture at the University of Stuttgart [EXC 2120/1 - 390831618]. We
are grateful to Prof. Thomas Speck, Dr. Marc Thielen, Dr. Simon
Poppinga, and Dr. Steve Heim for their insightful comments and
discussion. We also thank Mobin Moussavi and Ahmad Razavi for
their help with developmental tasks which contributed to this work.

REFERENCES
Alfredo Ferreira, Jr., Manuel J. Fonseca, and Joaquim A. Jorge. 2003. Polygon Detection

from a Set of Lines. In12º Encontro Português de Computação Grá�ca (EPCG). 159�
162.

Davide Jose Nogueira Amorim, Troy Nachtigall, and Miguel Bruns Alonso. 06162019.
Exploring mechanical meta-material structures through personalised shoe sole de-
sign. InProceedings of the ACM Symposium on Computational Fabrication, Stephen N.
Spencer, James McCann, and Lining Yao (Eds.). ACM, New York, NY, USA, 1�8.
https://doi.org/10.1145/3328939.3329001

Byoungkwon An, Hsiang-Yun Wu, Teng Zhang, Lining Yao, Ye Tao, Jianzhe Gu, Tingyu
Cheng, Xiang 'Anthony' Chen, Xiaoxiao Zhang, Wei Zhao, Youngwook Do, and
Shigeo Takahashi. 2018. Thermorph. InProceedings of the 2018 CHI Conference on
Human Factors in Computing Systems - CHI '18, Regan Mandryk, Mark Hancock,
Mark Perry, and Anna Cox (Eds.). ACM Press, New York, New York, USA, 1�12.
https://doi.org/10.1145/3173574.3173834

J. William Boley, Wim M. van Rees, Charles Lissandrello, Mark N. Horenstein, Ryan L.
Truby, Arda Kotikian, Jennifer A. Lewis, and L. Mahadevan. 2019. Shape-shifting
structured lattices via multimaterial 4D printing.Proceedings of the National
Academy of Sciences116, 42 (2019), 20856�20862.https://doi.org/10.1073/pnas.
1908806116

David Correa, Athina Papadopoulou, Christophe Guberan, Nynika Jhaveri, Ste�en
Reichert, Achim Menges, and Skylar Tibbits. 2015. 3D-Printed Wood: Programming
Hygroscopic Material Transformations.3D Printing and Additive Manufacturing2,
3 (2015), 106�116.https://doi.org/10.1089/3dp.2015.0022

David Correa, Simon Poppinga, Max D. Mylo, Anna S. Westermeier, Bernd Bruchmann,
Achim Menges, and Thomas Speck. 2020. 4D pine scale: biomimetic 4D printed
autonomous scale and �ap structures capable of multi-phase movement.Philosoph-
ical transactions. Series A, Mathematical, physical, and engineering sciences378, 2167
(2020), 20190445.https://doi.org/10.1098/rsta.2019.0445

Colin Dawson, Julian F. V. Vincent, and Anne-Marie Rocca. 1997. How pine cones
open.Nature390, 6661 (1997), 668.https://doi.org/10.1038/37745

Tobias Frenzel, Muamer Kadic, and Martin Wegener. 2017. Three-dimensional
mechanical metamaterials with a twist.Science358, 6366 (2017), 1072�1074.
https://doi.org/10.1126/science.aao4640

Pedro Giachini, Sachin Gupta, Wendong Wang, Dylan Wood, Muhammad Yunusa,
Ehsan Baharlou, Metin Sitti, and Achim Menges. 2020. Additive manufacturing
of cellulose-based materials with continuous, multidirectional sti�ness gradients.
Science advances6, 8 (2020), eaay0929.https://doi.org/10.1126/sciadv.aay0929

A. Sydney Gladman, Elisabetta A. Matsumoto, Ralph G. Nuzzo, L. Mahadevan, and
Jennifer A. Lewis. 2016. Biomimetic 4D printing.Nature materials15, 4 (2016),
413�418. https://doi.org/10.1038/nmat4544

William M. Harlow, Wilfred A. Côté, and A. Colin Day. 1964. The Opening Mechanism
of Pine Cone Scales.Journal of Forestry62, 8 (1964), 538�540.https://doi.org/10.
1093/jof/62.8.538

Larry L. Howell. 2013. Compliant Mechanisms. In21st Century Kinematics, J. Michael
McCarthy (Ed.). Vol. 40. Springer London, London, 189�216.https://doi.org/10.
1007/978-1-4471-4510-3{_}7

Alexandra Ion, Johannes Frohnhofen, Ludwig Wall, Robert Kovacs, Mirela Alistar,
Jack Lindsay, Pedro Lopes, Hsiang-Ting Chen, and Patrick Baudisch. 10162016.
Metamaterial Mechanisms. InProceedings of the 29th Annual Symposium on User
Interface Software and Technology, Jun Rekimoto, Takeo Igarashi, Jacob O. Wobbrock,
and Daniel Avrahami (Eds.). ACM, New York, NY, USA, 529�539.https://doi.org/
10.1145/2984511.2984540

Eline Kolken and Amir Zadpoor. 2017. Auxetic mechanical metamaterials.RSC
Advances7, 9 (2017), 5111�5129.https://doi.org/10.1039/C6RA27333E

Riccardo La Magna and Jan Knippers. 2018. Tailoring the Bending Behaviour of
Material Patterns for the Induction of Double Curvature. InHumanizing Digital
Reality, Klaas de Rycke, Christoph Gengnagel, Olivier Baverel, Jane Burry, Caitlin
Mueller, Minh Man Nguyen, Philippe Rahm, and Mette Ramsgaard Thomsen (Eds.).
Vol. 31. Springer Singapore, Singapore, 441�452.https://doi.org/10.1007/978-981-
10-6611-5{_}38

Thomas F. Lang, Adrian D. Leblanc, Harlan J. Evans, and Ying Lu. 2006. Adaptation of
the proximal femur to skeletal reloading after long-duration space�ight.Journal of
bone and mineral research : the o�cial journal of the American Society for Bone and
Mineral Research21, 8 (2006), 1224�1230.https://doi.org/10.1359/jbmr.060509

Jennifer A. Lewis, Michael A. Bell, Travis A. Busbee, and John E. Minardi. 2016. Printed
three-dimensional (3D) functional part and method of making.

Hod Lipson and Melba Kurman. 2013.Fabricated: The new world of 3D printing. John
Wiley and Sons, Indianapolis, Ind.

John C.S. McCaw and Enrique Cuan-Urquizo. 2018. Curved-Layered Additive Man-
ufacturing of non-planar, parametric lattice structures.Materials & Design160
(2018), 949�963.https://doi.org/10.1016/j.matdes.2018.10.024

Vittorio Megaro, Jonas Zehnder, Moritz Bächer, Stelian Coros, Markus Gross, and Bern-
hard Thomaszewski. 2017. A computational design tool for compliant mechanisms.
ACM Transactions on Graphics36, 4 (2017), 1�12.https://doi.org/10.1145/3072959.
3073636

Achim Menges and Ste�en Reichert. 2015. Performative Wood: Physically Program-
ming the Responsive Architecture of the HygroScope and HygroSkin Projects.
Architectural Design85, 5 (2015), 66�73.https://doi.org/10.1002/ad.1956

Panagiotis Michalatos and Andrew Payne. 2016. Monolith: the biomedical paradigm
and the inner complexity of hierarchical material design. InComplexity & Simplicity-
Proceedings of the 34th eCAADe Conference, Vol. 1. 445�454.

Laia Mogas-Soldevila, Jorge Duro-Royo, and Neri Oxman. 2014. Water-Based Robotic
Fabrication: Large-Scale Additive Manufacturing of Functionally Graded Hydrogel
Composites via Multichamber Extrusion.3D Printing and Additive Manufacturing
1, 3 (2014), 141�151.https://doi.org/10.1089/3dp.2014.0014

Matthias Müller, Bruno Heidelberger, Matthias Teschner, and Markus Gross. 2005.
Meshless deformations based on shape matching.ACM Transactions on Graphics
24, 3 (2005), 471�478.https://doi.org/10.1145/1073204.1073216

Neri Oxman. 2010. Structuring Materiality: Design Fabrication of Heterogeneous
Materials.Architectural Design80, 4 (2010), 78�85.https://doi.org/10.1002/ad.1110

Julian Panetta, Qingnan Zhou, Luigi Malomo, Nico Pietroni, Paolo Cignoni, and Denis
Zorin. 2015. Elastic textures for additive fabrication.ACM Transactions on Graphics
34, 4 (2015), 1�12.https://doi.org/10.1145/2766937

Simon Poppinga, Nikolaus Nestle, Andrea ’andor, Bruno Reible, Tom Masselter, Bernd
Bruchmann, and Thomas Speck. 2017. Hygroscopic motions of fossil conifer cones.
Scienti�c reports7 (2017), 40302.https://doi.org/10.1038/srep40302

Jordan R. Raney and Jennifer A. Lewis. 2015. Printing mesoscale architectures.Mrs
Bulletin40, 11 (2015), 943�950.https://doi.org/10.1557/mrs.2015.235

Etienne. Reyssat and Lakshminarayanan Mahadevan. 2009. Hygromorphs: from pine
cones to biomimetic bilayers.Journal of the Royal Society, Interface6, 39 (2009),
951�957. https://doi.org/10.1098/rsif.2009.0184

K. E. Rudman, Richard Aspden, and Judith Meakin. 2006. Compression or tension? The
stress distribution in the proximal femur.Biomedical engineering online5 (2006), 12.
https://doi.org/10.1186/1475-925X-5-12



SCF '20, November 5�6, 2020, Virtual Event, USA Cheng, et al.

Laxminarayana Saggere and Sridhar Kota. 1999. Static Shape Control of Smart
Structures Using Compliant Mechanisms.AIAA Journal37, 5 (1999), 572�578.
https://doi.org/10.2514/2.775

Skylar Tibbits. 2014. 4D Printing: Multi-Material Shape Change.Architectural Design
84, 1 (2014), 116�121.https://doi.org/10.1002/ad.1710

Alexander D. Valentine, Travis A. Busbee, John William Boley, Jordan R. Raney, Alex
Chortos, Arda Kotikian, John Daniel Berrigan, Michael F. Durstock, and Jennifer A.
Lewis. 2017. Hybrid 3D Printing of Soft Electronics.Advanced materials (Deer�eld
Beach, Fla.)29, 40 (2017).https://doi.org/10.1002/adma.201703817

Elena Vazquez, Benay Gürsoy, and Jose Pinto Duarte. 2020. Formalizing shape-
change: Three-dimensional printed shapes and hygroscopic material transfor-
mations. International Journal of Architectural Computing18, 1 (2020), 67�83.
https://doi.org/10.1177/1478077119895216

Wen Wang, Lining Yao, Teng Zhang, Chin-Yi Cheng, Daniel Levine, and Hiroshi Ishii.
2017. Transformative Appetite. InProceedings of the 2017 CHI Conference on Human

Factors in Computing Systems. Association for Computing Machinery, New York,
NY, USA, 6123�6132.https://doi.org/10.1145/3025453.3026019

Julius Wol�. 1870. Ueber die innere Architectur der Knochen und ihre Bedeutung für die
Frage vom Knochenwachsthum.Archiv für Pathologische Anatomie und Physiologie
und für Klinische Medicin50, 3 (1870), 389�450.https://doi.org/10.1007/BF01944490

Dylan Marx Wood, David Correa, Oliver David Krieg, and Achim Menges. 2016. Ma-
terial computation�4D timber construction: Towards building-scale hygroscopic
actuated, self-constructing timber surfaces.International Journal of Architectural
Computing14, 1 (2016), 49�62.https://doi.org/10.1177/1478077115625522

Lining Yao, Jifei Ou, Chin-Yi Cheng, Helene Steiner, Wen Wang, Guanyun Wang, and
Hiroshi Ishii. 2015. bioLogic. InProceedings of the 33rd Annual ACM Conference
on Human Factors in Computing Systems - CHI '15, Bo Begole, Jinwoo Kim, Kori
Inkpen, and Woontack Woo (Eds.). ACM Press, New York, New York, USA, 1�10.
https://doi.org/10.1145/2702123.2702611



12
Article D

12.1 Weather-Responsive Adaptive Shading
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This scienti�c article, presented inSection 6.2, addresses the

architectural implementation of weather-responsive self-shaping

structures from the fundamental research to a real building demon-

strator. Taking into account building, site, and environmental con-

ditions, the adaptive facade system is designed to passively regu-

late the indoor climate of thelivMatS Biomimetic Shell. Through

bioinspired 4D-printing, the shading elements are programmed to

self-shape in response to changes in daily and seasonal weather

cycles, shielding the building's interior from high heat loads dur-

ing hot summer days while allowing heat to penetrate during cold

winter days. Using commonly available additive manufacturing
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equipment (FFF 3D-printers) and the most abundant biopolymer

on Earth (cellulose), the resulting adaptive facade does not re-

quire any operating energy and demonstrates that 4D-printing as

a manufacturing process can be upscaled to the level of a building

envelope.
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Weather-responsive adaptive shading
through biobased and bioinspired
hygromorphic 4D-printing

Tiffany Cheng 1,2,8 , Yasaman Tahouni 1,2,8, Ekin Sila Sahin 1,2,
Kim Ulrich 3,4 , Silvia Lajewski 5, Christian Bonten 5, Dylan Wood 1,2,6,
Jürgen Rühe 3,7, Thomas Speck 3,4 & Achim Menges 1,2

In response to the global challenge of reducing carbon emiss ions and energy
consumption from regulating indoor climates, we investiga te the applicability
of biobased cellulosic materials and bioinspired 4D-print ing for weather-
responsive adaptive shading in building facades. Cellulos e is an abundantly
available natural material resource that exhibits hygromo rphic actuation
potential when used in 4D-printing to emulate motile plant s tructures in
bioinspired bilayers. Three key aspects are addressed: (i) examining the
motion response of 4D-printed hygromorphic bilayers to bot h temperature
and relative humidity, (ii) verifying the responsiveness o f self-shaping shading
elements in lab-generated conditions as well as under daily and seasonal
weather conditions for over a year, and (iii) deploying the a daptive shading
system for testing in a real building facade by upscaling the 4D-printing
manufacturing process. This study demonstrates that hygro morphic bilayers
can be utilized for weather-responsive facades and that the presented system
is architecturally scalable in quantity. Bioinspired 4D-p rinting and biobased
cellulosic materials offer a resource-ef � cient and energy-autonomous solution
for adaptive shading, with potential contributions toward s indoor climate
regulation and climate change mitigation.

The current climate crisis continues to pose a signi � cant threat to our
environment and quality of life, with the reduction of carbon dioxid e
(CO2) emissions becoming an urgent global necessity in recent years 1.
Building operations to maintain indoor comfort are respons ible for an
estimated 27% of global CO 2 emissions2, while manufacturing con-
struction materials currently accounts for 11% 2. Thus, the built envir-
onment accounts for 37% of the world ’s total emissions 2. Building
facades play a critical role in maintaining occupant comfort. Adaptive
facades have the potential to reduce the need for active heating and

cooling, thereby decreasing the energy consumption and env iron-
mental impact of buildings 3. For example, adaptive shading systems
can regulate the interior climate more ef � ciently by dynamically
changing their orientation, shape, or thermal properties in response to
external weather conditions.

However, typical approaches in kinetic shading systems often rely
on operating energy to actuate electro-mechanical devices driving
multiple moving parts. These complex assemblies are prone to mal-
functions and require costly repairs to maintain 4. Alternative systems
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such as switchable ethylene-tetra � uoroethylene (ETFE) foils or passive
tinted anti-sun glass have the disadvantage of � ltering out too much
daylight, often resulting in discomfort from poor lighting conditions
or increased energy consumption for arti � cial indoor lighting 5. More-
over, these systems are constructed with high embodied energy
materials and manufacturing processes. The embodied carbon from
manufacturing these construction materials can be reduced by shifting
to biobased materials and material-ef � cient manufacturing methods 6.

Nature has provided solutions for adaptation, inspired by b iolo-
gical materials that respond passively to external stimuli. Motile plant
organs, such as digging seeds 7–9 and pine cones 10–13, change their shape
as completely dead material systems without any metabolic energy
being involved. The structural basis of their autonomous ad aptiveness
lies in the arrangement of cellulose micro � brils, which cause aniso-
tropic swelling of the cells and tissues due to moisture absorption from
the air. The combination of highly swellable and less swellable tissue
layers leads to an extraordinarily robust and resilient 14 bending reac-
tion to changes in humidity 15,16. This principle of self-shaping has been
harnessed in bioinspired bilayer structures 17–22 composed of a swel-
lable actuating layer and a relatively less swellable and perpendicularly
aligned restricting layer.

Bilayers utilizing wood, a natural cellulose-based biocom posite,
have been proposed for adaptive shading 23–26. However, wood bilayers
are dif � cult to engineer due to their intrinsic variability and manu -
facturing involving multiple manual steps. Advancements i n 4D-printing 27

include the fused � lament fabrication (FFF) of cellulosic thermoplastic
bilayers 28, which has enabled more customizability in design 29 through
the mesostructure 30. For example, by controlling the extrusion process
and resultant anisotropy and density of material paths 31, 4D-printed
bilayers can be programmed to self-shape based on the functi onal prin-
ciples of various biological role models 32–35. While cellulosic materials
have been further developed for humidity-responsiveness 36–40 and pro-
posed for energy-autonomous shading 41–43, the architectural application
of hygromorphic bilayers have so far been limited due to the l ack of
integrative research in their responsiveness to both tempe rature and
humidity, robustness against weathering, and the feasibil ity of upscaling
4D-printing as a manufacturing process 44–46.

In this study, we investigate the applicability of biobased materials
and bioinspired 4D-printing (Fig. 1a–c) for weather-responsive shading in
building facades. As a case study, we design and develop the a daptive
shading system in the context of the livMatS Biomimetic Shell research
building in Freiburg, Germany. We � rst examine the motion response of
4D-printed hygromorphic bilayers as a function of both temp erature and
relative humidity (RH), and we then verify the cyclic actuat ion and
robustness of the 4D-printed bilayers against daily and sea sonal weather
effects (Fig. 1d–f). Finally, we deploy the 4D-printed shading system
under real conditions at the scale of a building facade. By va lidating the
weather-responsive shading system through a full-scale de monstrator
(Fig. 1g–h), we highlight the potential of biobased cellulosic mater ials
and bioinspired 4D-printing as energy-autonomous and reso urce-
ef� cient solutions for decreasing the environmental impact of buildings.

Results
Hygromorphic materials for solar shading in a temperate
climate
As a case study, the proposed weather-responsive shading system is
demonstrated using the livMatS Biomimetic Shell research building,
located at the coordinates 48 �00 ’53.6"N 7�50’03.1"E in Freiburg, Ger-
many. This region of Southwest Germany is characterized by a tem-
perate climate with dry and hot summers as well as humid and cold
winters, creating an indirect but reliable link between the need for
shading and the behavior of hygromorphic materials in response to
RH. For example, summers here typically exhibit average daytime
temperatures of 21 �C and 47% RH, while winters usually show average
daytime temperatures of 5 �C and 82% RH (see “Methods ”: Data

collection ). The motion response of adaptive shading elements should
therefore close during low RH and high-temperature conditions to
block out the sun, and open during high RH and low-temperatur e
conditions, allowing the sun ’s heat to penetrate the building envelope.
Additionally positioning the shading system south allows for greater
harvesting of solar heat during the winter (Fig. 2a).

Considering these environmental and site conditions (see
“Methods ”: Digital design of adaptive shading elements ), we propose a
modular design (Fig. 2d) based on a pair of self-shaping bilayer � aps
that address the sun ’s east-to-west azimuth path, with changes in shape
that adjust to the sun ’s elevation angles, which changes daily as well as
seasonally from 18.5 � at noon on the winter solstice (Fig. 2b) to 65 � at
noon on the summer solstice (Fig. 2c). The geometry of the � ap ele-
ments can be strategically programmed to capture solar heat by cur-
ling to increase the opening area during cold days and months
(Fig. 2e), while � attening to increase shade coverage and prevent
excessive heat gain during warm days and months (Fig. 2f). These self-
shaping shading elements are designed to be suspended within a
double-skin facade with vents (see “Methods ”: Facade system mock-
up), allowing equalization to exterior weather conditions while bein g
protected from direct exposure to water and rain.

In� uence of temperature on bilayer curvature
In order to understand the motion response of the self-shaping shad-
ing elements to a variety of weather conditions, we examine the cur-
vature of 4D-printed cellulosic bilayers as a function of bot h RH and
temperature. The cellulosic materials were produced (see “Methods ”:
Materials , Supplementary Fig. 1), and the bilayer specimens prepared
(see “Methods ”: 4D-Printing and Hygromorphic bilayers ). The bilayers ’
mesostructure design is illustrated in Fig. 3a. To mimic the orientation
of cellulose micro � brils in pine cone scales, the actuating layer (layer 1)
is formed by extruding the swellable biocomposite � lament in the
direction perpendicular to bending, while the restricting layer (layer 2)
is formed by extruding the non-swellable ASA � lament in the same
direction of bending. The cross-patterned layer 3 is functionally inert
and only exists to prevent delamination in our hygromorphic bilayers
by sandwiching the restricting layer in between two layers made of the
same biocomposite � lament material, aiding in adhesion.

Under lab-generated test conditions (Fig. 4a), the bilayers were
subjected to different permutations of RH and temperature (see
“Methods ”: Test series on temperature-dependence) and their curva-
tures measured (Fig. 4b–c). While high RH is correlated to high cur-
vatures, results show that the temperature also in � uences the trends at
low RH. Figure 4d shows the mean and standard deviation across all
bilayer specimens. At 80% RH, all bilayers are observed with an average
curvature of 0.0155 mm � 1, regardless of the measured temperature. At
a higher temperature of 30 �C, the cellulosic bilayers are observed to
have almost no curvature at the lowest RH values. Conversely, at a
lower temperature of 10 �C, the cellulosic bilayers exhibit relatively
higher curvatures (0.011 mm � 1) even at the lower end of the RH spec-
trum. An intermediate temperature of 20 �C yields a curvature that falls
between the two temperature values.

The in� uence of temperature on curvature is ideal for allowing
increased light penetration on winter days, even under dry c onditions.
Similarly, during the occasional climatic occurrence of hi gh humidity on
a hot summer day due to summer thunderstorms, the cellulosic bilayers
are biased toward a relatively closed con � guration, aiding in shade cov-
erage. The results of this study additionally reveal the ext ents of bilayer
transformation (Fig. 3b), allowing us to better design the self-shaping
shading element (Fig. 3c) and program its change in shape (Fig. 3d).

Cyclic actuation, robustness against UV exposure, and
actuation speed
Application in building systems necessitates that the adaptive shadin g
elements perform reliably long-term, remain durable against the
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Fig. 1 | An overview of the study on bioinspired and biobased weather-
responsive shading. a Cellulose is utilized for b hygromorphic � lament materials.
c Cellulosic bilayers, inspired by motile plant structures, are manufactured usin g
4D-printing. The 4D-printed shading elements are evaluated under real weather
conditions, d � attening to increase shade coverage and e curling to increase

opening area f on a particularly warm November 2 nd and relatively cold November
3rd in 2022, respectively. The adaptive shading system is deployed on a building
facade, g showing a closed con � guration at 17.5 �C and h an open con � guration at
11.7�C.
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effects of UV exposure, and respond quickly to changes in RH f or real-
time adaptation to natural weather cycles.

We evaluated the longevity of 4D-printed cellulosic bilayers
through multiple actuation cycles in a humidity-controlled environ-
ment (see “Methods ”: Test series on cyclic actuation). For all 170 tested
actuation cycles, the bilayers display consistent curvatures at the low
RH of 30%. At the high RH of 90%, there is some slight reduction in
bilayer curvature within the � rst ten cycles of actuation; in the fol-
lowing 160 cycles, the bilayer curvatures remain generally consistent
(Fig. 5c) regardless of the bilayers ’ orientation and support
anchor (Fig. 5a).

To evaluate the robustness of the 4D-printed bilayers against UV
exposure, we tested the specimens in a UV chamber (see “Methods ”:

Test series on UV exposure). In general, UV-exposed bilayer specimens
exhibit a similar motion response compared to the control bilayer
specimens (Fig. 5d). At the high RH of 90%, the condition in which the
bilayers are curled, UV exposure does not have a considerable effect
on bilayer curvature. Bilayers exposed on both the active and restric-
tive layer sides (Fig. 5b) measured less than 0.001 mm � 1 difference in
curvature compared to the control set. At the low RH of 30%, the
condition in which the bilayers are � attened, the effect of UV exposure
is more pronounced. Bilayers exposed on the restrictive layer side
measured 0.002 mm � 1 reduced curvature, while bilayers exposed on
the active layer side measured 0.006 mm � 1 reduced curvature. How-
ever, lower curvatures for shading are generally desired at lower RH
conditions, when temperatures are also higher.

Fig. 2 | The design of adaptive shading elements in the context of environ-
mental and site conditions. a The south-facing building facade b lets the low-angle
sunlight pass through during winter, when the self-shaping bilayers are curled (shown
at 18.5� during noon on the winter solstice). c During summer, the self-shaping bilayers

� atten to block the high-angle sunlight (shown at 65 � during noon on the summer
solstice). d The modular design of the self-regulating shading element a llows for e the
maximum harvesting of solar heat during winter months and f shields high incident
radiation from entering the building during summer months.
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To ensure suitable actuation speeds of the bilayers, we studied
their responsiveness to desorption and absorption (see “Methods ”:
Test series on actuation speed). The bilayers reach a full transformation
between two RH extremes of 30% and 90% within 30 minutes (Fig. 5e).
Considering the pace of RH � uctuations in natural weather cycles, our
4D-printed material system demonstrates suf � cient responsiveness
for the adaptive shading application.

Responsiveness of self-shaping shading elements under rea l
weather conditions
Following the tests under lab-generated conditions, we verify the 4D-
printed shading elements under real weather conditions. A t essellated
arrangement of the 4D-printed shading module was installed in a
mock-up of the facade system and evaluated for 13 months under the
full range of daily and seasonal weather effects (see “Methods ”: Facade
system mock-upand Data collection , Supplementary Fig. 2 and Analysis
of shade coverage, Supplementary Fig. 3).

The measured data from June 2022 to July 2023 shows a range of
RH changes between 10% RH to 91% RH in daily and seasonal time
scales, and the 4D-printed modules correspondingly open and close in
response to these weather cycles. In the summer months, natural RH
levels � uctuate signi � cantly, and the 4D-printed mechanisms exhibit
cyclic motion daily (Supplementary Movie 1 –2). During hot and sunny
days, the RH is typically low at around 25%, and the 4D-printed mod-
ules reach nearly 90% shade coverage (Fig. 6a). The RH level typically
rises during the night and early morning hours, resulting in the 4D-
printed modules opening with 50% shade coverage to let in the early
morning daylight.

In the typically high levels of RH during the winter months, t he 4D-
printed modules remain open throughout the day (Supplement ary
Movie 3–4), maximizing the available solar heat. On the occasional
sunny and warm winter day, a decrease in RH results in a slight closing
of the 4D-printed modules from 50% to 65% shade coverage (Fig. 6b).
However, considering the lowered angle of the sun in the winter
months, the available solar rays still penetrate through the openings.
The long-term monitoring of the shading elements under real condi-
tions additionally showcases the durability and robustness of the 4D-
printed cellulosic bilayers to natural weathering conditions, which do
not undergo any noticeable reduction in actuation or exhibit any
mechanical damage.

Scalability of manufacturing for building facades
We demonstrate the adaptive shading system as a full-scale building
facade in Freiburg, Germany (see “Methods ”: Building facade demon-
strator , Supplementary Fig. 4).

The 4D-printing manufacturing process is time-, material-, and
cost-ef � cient (Supplementary Table 3). A total of four FFF 3D-printers
were employed to scale up the 4D-printing of the self-shaping modules
through parallel production. Each module took between 25 and
32 minutes to 4D-print, depending on its size, and the four 3D -printers
produced all of the 424 unique self-shaping modules in only 1 7 days.
Using four 3D-printers (working 10 hours per day), the rate of 4D-
printing manufacturing is 18.25 hm � 2. In total, 5.5 kg of the actuating
� lament and 0.7 kg of the restricting � lament were consumed, which is
0.59 kg m � 2 and 0.07 kg m � 2 respectively. The pure cellulose powder
used in the cellulosic � laments is also inexpensive at € 1.52 per kg.

Fig. 3 | The 4D-printing of self-shaping bilayers and adaptive shading elements.
a Illustrated here is the meso-scale structuring of the bilayers in this study, m an-
ufactured using a fused � lament fabrication (FFF) 3D-printer with nozzle size N and
height of H between the layers. The direction of bilayer bending (striped arrow) is
programmed through the controlled paths of material deposition. The actuating
layer (layer 1) is printed in the direction perpendicular to bending, using the b io-
composite � lament with an offset of A between extruded paths, while the
restricting layer (layer 2) is printed in the same direction as bending, using ASA
� lament with an offset of R between extruded paths. Layer 3 is printed using the

biocomposite � lament in a criss-cross pattern with an offset of M between extruded
paths, aiding in bilayer adhesion by sandwiching the restricting layer between two
layers made of the same material. b The resulting self-shaping bilayers are triggered
by high RH to bend in the speci � ed direction, with the highest curvatures measured
at 88% RH and 10 �C. c Each module in the designed tessellation is uniquely pro-
grammed to bend in the direction of the striped line, constructed from the � ap tip
to midpoint of the opposite edge. Through the 4D-printing process, the meso-s cale
structuring is applied to each module and d the adaptive shading elements curl in
their designated directions.
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Fig. 4 | Curvature of 4D-printed cellulosic bilayers as a function of relative
humidity (RH) and temperature. a Under lab-generated conditions of several RH
and temperature combinations, b self-shaping bilayer specimens ( n = 10) are
recorded through the viewing window, c and their curvatures acquired using
automated tracking. d For every image taken, the mean curvature was calculated
across all specimens and plotted against the measured RH inside the climate

chamber for each temperature tested (differentiated by color), with error bars
representing the standard deviation of the mean curvature. At high RH, the bilayers
measured consistent curvatures regardless of the temperature level. At low RH,
results show almost no curvature at a higher temperature of 30 �C and relatively
higher curvatures (0.011 mm � 1) at a lower temperature of 10 �C. An intermediate
trend is observed at 20 �C. Source data are provided with this paper.
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Finally, the manufacturing process was fully streamlined with a
minimal failure rate. Among 424 modules, only 30 modules needed to
be re-printed due to minor � aws in their printing process (7% failure
rate). After manufacturing, all modules were cycle tested for con-
sistency of motion response in a humidity-controlled environment,
after which only six modules were re-printed and replaced (1 .4% failure
rate). The � nal 4D-printed self-shaping modules were then deployed
on the facade of the livMatS Biomimetic Shell research building
(Supplementary Fig. 5).

Discussion
This study demonstrates the potential of biobased materials and
bioinspired 4D-printing for weather-responsive adaptive shading in
building facades. We determine hygromorphic materials to be suitable
for solar shading in temperate climates by examining the in � uence of
temperature as well as RH on the curvatures of 4D-printed cellulosic
bilayers. Tested in lab-generated conditions, the motion response of

the 4D-printed bilayers is proven to remain robust against c yclic
actuation and the effects of UV exposure. Future work will stu dy in
more detail the mechanism of UV-induced degradation and its long-
term effects, as well as mechanical wear due to the actuation. The
number of cycles tested is still small compared to the entire lifetime of
a building, due to the physical timescale limits of humidity d iffusion in
the testing chamber as well as the poroelastic response time of the
hygromorphic bilayers. However, in a mock-up of the facade system,
the 4D-printed self-shaping elements have responded reliably to the
daily and seasonal changes of real-world weather for over a year and
will continue to be monitored long-term. While we have focused on
evaluating the 4D-printed shading elements through analys is of shade
coverage in this study, it will be important to quantify the improve-
ment of indoor climate regulation in future work. As a case st udy and
means of veri � cation, we design and develop an adaptive shading
system for the livMatS Biomimetic Shell research building; the self-
shaping shading elements, customized and programmed to match

Fig. 5 | Evaluation of cyclic actuation, UV exposure, and actuation speed. The
4D-printed bilayers were tested a clamped at the bottom (left) and top (right), and
b with the side of the active (left) and restrictive (right) layers up, shown here after
UV exposure. c Curvature of the bilayer specimens ( n = 5) at alternating RH levels
from 30 –90% for over 170 cycles of actuation in a humidity-controlle d environ-
ment, demonstrating the reliability of the 4D-printed bilayers during cyclic actua-
tion. d Impact of UV exposure on the curvature of the bilayer specimens ( n = 5).

Results show that UV exposure marginally decreases curvature at low RH (30%),
where a lower curvature is generally desired. UV exposure does not signi � cantly
affect the curvature at high RH (90%). e Curvature of the bilayer specimens ( n = 5)
over time in absorption (in 90% RH) and desorption (in 30% RH), indicating fast
motion response of the 4D-printed bilayers. The error bars represent the standard
deviation of the mean curvature.
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Fig. 6 | The 4D-printed shading elements under real daily and s easonal weather
conditions. a During summer, signi � cant daily oscillations in RH trigger closing
with nearly 90% shade coverage during hot and sunny days with low RH, and
opening with 50% shade coverage during nights and early morning hours with high
RH.b During winter, the 4D-printed modules remain open throughout the typically

high RH days, maximizing solar heat gain. On warmer winter days with relatively
lower RH, the 4D-printed modules close slightly (from 50% to 65% shade coverage)
while still allowing sun penetration due to the lowered sun angle. Source data are
provided with this paper.

Article https://doi.org/10.1038/s41467-024-54808-8

Nature Communications |        (2024) 15:10366 8



environment-, site-, and building-speci � c conditions, have functioned
reliably for more than a year. Finally, upscaling the 4D-printing man-
ufacturing process for a real building facade has demonstrated the
feasibility, scalability, and practical implications of weather-responsive
adaptive shading.

As the most abundant biomass on Earth, cellulose is a highly v er-
satile and renewable natural material resource, making thi s work a
potentially scalable solution for the global climate chall enge of reducing
energy consumption from regulating indoor climates. Desig ning with
the inherent hygromorphic characteristics of cellulose, i nstead of highly
re� ned smart materials, enables a sustainable and energy-auto nomous
solution to adaptive shading. Moreover, both the raw biobas ed mate-
rials and the FFF 3D-printers are highly accessible and affo rdable.
Although our design approach has been based on an empirical p rocess,
the experiments have generated large amounts of image data, which
can leverage machine learning to facilitate more accurate s hape pre-
dictions and faster iteration in design with both forward an d inverse
design modeling approaches. The bioinspired 4D-printed sh ading sys-
tem offers numerous advantages over current comparable ele ctro-
mechanical solutions in its low cost, low material consumpt ion, and
lightweight construction, as well as increased operationa l robustness
due to the absence of moving mechanical parts. Furthermore, the
strategic utilization of vents can be kept open to allow the a daptive
shading elements to equalize with the environment or kept cl osed to
override their passive response and provide agency to the bu ilding
occupants through control of the self-shaping shading syst em.

The implications of this work extend beyond building facades,
impacting broader areas of architecture, engineering, and construc-
tion. This research addresses the low productivity of the construction
sector by infusing digital technology, new materials, and advanced
automation into the design and engineering process 47. The integration
of environmental, site, building, material, and fabrication informat ion
in the digital model enables self-shaping elements to be tai lored for
speci� c functions. The feasibility of a bioinspired 4D-printing process
has been demonstrated using readily available material resources (i.e.,
cellulose) and commonly available equipment (i.e., FFF 3D-printers).
The functional architectural demonstrator not only proves the pro-
duction to be scalable at cost but is also currently performing in a real-
world context. It will be necessary to further improve the fu nctionality
of the weather-responsive adaptive shading by exploring ap plications
in different building systems and climate zones, such as hot and humid
tropical or cold and dry tundra climates. The 4D-printed shading sys -
tem could be applied on larger glass surfaces, such as multi-story
double-skin facade systems or stadium roofs 41, which have greater
heating and cooling potentials. Future work will focus on investigating
other types of suitable conditions in which 4D-printed hygromorphic
systems could be utilized as interventions where cooling is urgently
needed, such as in urban heat islands.

By embracing natural materials, bioinspired design princi ples, and
leveraging digital manufacturing techniques, we can devel op innova-
tive solutions that address our environmental challenges w hile meeting
the functional needs of our built environment. As we face inc reasing
urgency to mitigate climate change impacts, the integratio n of such
sustainable and adaptable solutions into our built environ ment will be
critical in moving towards a more sustainable and resilient future.

Methods
Materials
The hygromorphic � lament was produced from native cellulose powder
(JELUCEL HM30; JELU-WERK; Rosenberg, Germany) as the� ller (Sup-
plementary Fig. 1a) and partially biobased polyketone (PK) (AKROTEK
PK-VM natural; AKRO-PLASTIC; Niederzissen, Germany) as the matrix
(Supplementary Fig. 1b). All raw materials were initially d ried under
vacuum to remove moisture, before compounding at a 35/65 mas s ratio
using a twin-screw extruder (ZSK26; Coperion; Stuttgart, G ermany)

(Supplementary Fig. 1c). This mixture was then chopped into granules
(Supplementary Fig. 1d) and dried under vacuum for 48 hours t o
remove any absorbed moisture. Subsequently, the dried gran ules were
extruded into � laments with a consistent diameter of 1.75 mm 39,40 (LAB-
Line; Collin; Maitenbeth, Germany) (Supplementary Fig. 1e ). The � la-
ments were spooled (Supplementary Fig. 1f) and sealed in vac uumed
packaging foil, resulting in 16 kg of biocomposite � lament for the
actuating material layer. For the restricting material lay er, an off-the-
shelf acrylonitrile styrene acrylate (ASA) (ASA Natural; A zureFilm;
Sežana, Slovenia) � lament was chosen for its UV-resistant properties.

4D-printing
FFF 3D-printers with dual print heads (FELIX TEC 4; FELIXpri nters; IJs-
selstein, Netherlands) were used to 4D-print the hygromorp hic bilayers.
The G-code machine instructions were generated using an int egrated
design-to-fabrication work � ow31 developed for a visual programming
environment (Grasshopper 3D; version 6 SR13) running withi n a CAD 3D-
modeling software (Rhinoceros 3D; Build 1.0.0007). Printi ng parameters
were experimentally assigned, such as the temperature of th e hot-ends
as well as the feedrate, � owrate, and offset of extruded paths within each
material layer. To ensure quality, consistency, and shape p rogram-
mability of the 4D-printed bilayers, the printing environm ent was kept in
dry conditions (30% RH, 20 �C to 23 �C) and the hygroscopic � laments
were printed from a dry box (Fiberthree Safe; Fiberthree; Da rmstadt,
Germany). Filaments were fed from directly above the machin es to
reduce the risk of breaking. The biocomposite � laments were extruded
through a 0.7 mm hardened steel nozzle, and the ASA � laments were
extruded through a 0.4 mm brass nozzle. After each print job, the bio-
composite � lament was immediately retracted, and the nozzle was
purged using the ASA � lament to prevent clogging. Painter ’s tape
(Scotch-Blue; 3M; Minnesota, United States) was applied to the print bed
for better adhesion. A separate FFF 3D-printer with a single print head
(TAZ 6; LulzBot; Fargo, United States) was used to manufactu re con-
nectors for attaching the self-shaping bilayers to the faca de system.

Hygromorphic bilayers
Using a FFF 3D-printer to control the extrusion paths of actuating and
restricting materials in two combined layers creates a moisture-driven
bilayer system, similar to the structured tissue of a pine cone scale 12,13.
The mesostructure design, comprised of one actuating layer printed
with the biocomposite � lament and one restricting layer printed with
the ASA � lament, was optimized based on experimentation and
extruded according to the speci � cations listed in Supplementary
Table 1. Hygromorphic bilayer test specimens with the dimensions of
75 mm × 20 mm were 4D-printed eight at a time using one machine.
The bilayer specimens were tested under lab-generated climate con-
ditions in order to identify the extents of bilayer transfor mation at
various temperature and RH combinations (see “Methods ”: Test series
on temperature-dependence). With this information, we determined the
maximum curvature in high RH conditions for designing the adaptive
shading system (see “Methods ”: Digital design of adaptive shading
elements), to be veri � ed under real weather conditions (see “Methods ”:
Facade system mock-up).

Digital design of adaptive shading elements
The adaptive shading system was designed based on climate da ta for
Freiburg, Germany (EnergyPlus Weather � le retrieved from Climate.O-
neBuilding) using an environmental analysis plug-in (Lady bug; version
0.068) within the same 3D-modeling and visual programming e nviron-
ment as the 4D-printing work � ow. Radiation studies on the case study
building showed an average incident radiation of 270 kWh/m2 during
winter months, while the average incident radiation of 410 kWh/m2

during the summer months. The geometry and motion response o f the
self-shaping shading elements were designed and iterated b ased on
year-round performance evaluated through the difference i n incident
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radiation between the outside and inside glazing of the buil ding ’s
double-skin facade. A series of modular designs were analyz ed with
different objectives for the summer months (maximum differ ence when
most � at to block solar heat) and winter months (minimum differenc e
when most curled to harvest solar energy). The chosen double -� ap
module design was tessellated onto the building ’s facade, resulting in a
collection of 424 unique modules. The speci � c geometries and motion
responses of each double- � ap module were then fed as inputs to the 4D-
printing work � ow, which automatically generated the 4D-printing paths
of each material layer according to the curling direction of the bilayer
� aps. The actuating layer material paths are oriented in the d irection
perpendicular to curling, while the restricting layer mate rial paths are
oriented in the same direction of curling.

Test series on temperature-dependence
Ten bilayer specimens, arranged in two rows, were clamped to a custom-
made specimen holder. The bilayers were clamped 10 mm at thei r upper
ends, allowing 65 mm of the bilayers to move freely below. A bl ack
marker was used to mark three points along the visible edge of the
bilayers for image tracking. The specimen holder, together with the ten
bilayers, was positioned inside a climate chamber (CTC 256; Memmert
GmbH + Co. KG; Schwabach, Germany) close to the viewing windo w.
Two LED panels (HPB-60; AVOLUX SAS; Vendome, France) were addi-
tionally attached to the top and bottom of the viewing window for
consistent lighting. In front of the viewing window, ~145 cm from the
specimens, a small single-board computer (Raspberry Pi 4 Mo del B;
Raspberry Pi Foundation; Cambridge, UK) with a camera modul e
(Raspberry Pi High-Quality Camera; Raspberry Pi Foundatio n; Cam-
bridge, UK) was set-up at the same height as the specimen hold er
(Fig. 4a). Connected to the Raspberry Pi was a temperature and humid ity
sensor (DHT22; Aosong Electronic Co., LTD.; Guangzhou, Chi na) that was
positioned next to the bilayers in the middle of the climate c hamber and
� xed to the specimen holder. The bilayer specimens were expos ed to
several permutations of temperature (10 �C, 20 �C, and 30 �C) and RH (in
steps of 10% from 15–95% RH, according to allowable combinations of
the climate chamber). For each test, the temperature was kep t constant
while each RH step was programmed for 2 hours when ascending ( tested
for all temperatures) and 3 hours when descending (tested fo r 30 �C).
The Raspberry Pi simultaneously took photos and logged the t empera-
ture and humidity every 1-minute. Following image acquisit ion, we used a
custom Python script (Python 3.11.4) 48 to select the three marked points
along the visible edge of each bilayer, representing (1) the contact point
between the bilayer specimen and the specimen holder, (2) th e center of
the visible edge, and (3) the tip of the bilayer edge. Once sel ected, the
script then tracked the movement of these points across all i mages taken
during the programmed temperature and humidity combinatio ns, using
the Lucas-Kanade Optical Flow algorithm of the OpenCV libra ry (Version
4.7.0)49. After successful tracking, we calculated the radius and cu rvature
of the circumcircle resulting from the three tracked points of each
bilayer across all images. Since each image was accompanied by a tem-
perature and humidity reading from our sensor inside the cli mate
chamber, the arithmetic mean ( ± standard deviation) curvat ure across
all ten bilayer samples was then calculated and plotted as a f unction of
relative humidity. The temperature and humidity data of our sensor was
used for visualization instead of the data from the climate c hamber, since
neither its programmed nor measured data represent the envi ronment
the specimens were exposed to precisely enough. Five sensor readings
(out of the 2376 measured data points) showed to be faulty, si nce their
temperature and humidity values exceeded what is possible f or the cli-
mate chamber regulation. We therefore excluded this outlie r data.

Material characterization
To characterize the mechanical properties of materials used in this
study, tensile bars were produced according to the ISO 527-2 Type 5A
standard for molded and extruded plastics. Four sets of dumb bell-

shaped test samples (seven samples per set) were 3D-printed. Each set
was printed twice, once using the cellulosic � lament and once with the
ASA � lament. Prior to performing the tensile tests, each set was con-
ditioned as follows: Set no. 1 (control) kept at room conditi ons (40%
RH, 20 �C to 23 �C); Set no. 2 (high RH) equalized at 90% RH for
24 hours; Set no. 3 (water-immersed) submerged in water for 1 2 hours;
Set no. 4 (UV-exposed) exposed to a UV light source at a dry heat of 60
�C for 96 hours and kept at room conditions afterward. Tensile tests
were performed using the 1476 universal testing machine from Zwick
GmbH & Co. KG (Ulm, Germany) by applying a tensile force to the
conditioned samples and measuring their properties until failure
(Supplementary Table 2).

Test series on cyclic actuation
Two sets of � ve bilayer specimens were clamped to a 3D-printed
specimen holder arranged in two rows. To evaluate the effect of self-
weight on long-term actuation and potential creep, Set no. 1 (bot-
tom-supported) was clamped from the bottom and Set no. 2 (top-
supported) was clamped from the top. The specimen holder
and bilayers were placed inside a humidity-controlled chamber
(MiniOne Humidity Generator; Preservatech; Bydgoszcz, Poland)
programmed to cycle between 90% RH for 120 minutes and 30%
RH for 240 minutes. The specimens were documented via time-lapse
photography (Sony Alpha 6; Sony; Tokyo, Japan) at 1-minute inter-
vals. The last image captured for each cycle ’s high RH and low
RH was selected for curvature analysis using the ImageJ software 50.
For each image, three points (at the two ends and one in the middle)
were manually clicked on the bilayer specimen to de � ne a
triangle, and the radius of the circumcircle was calculated using
a script 51.

Test series on UV exposure
Two sets of � ve bilayers were evaluated in a UV chamber under
arti � cial weathering conditions according to the DIN EN ISO 4892-2/-
3 UV standard for exposing plastics to large doses of irradiation with
� uorescent UV and Xenon-arc lamps. The high intensity of light
simulates UV weathering effects that occur in actual end-use envir-
onments at an accelerated timescale. The specimens were exposed
to the UV light source at a dry heat of 60 �C for 96 hours from
different orientations in relation to the UV light source. Set no. 1
(active-exposed) was exposed from the actuating layer side, and Set
no. 2 (restrictive-exposed) was exposed from the restricting layer
side. A control set (Set no. 3) was kept in room conditions, protected
from UV exposure. All sets of bilayers were clamped to 3D-printed
specimen holders and placed inside the humidity-controlled cham-
ber. After 1 hour at 30% RH and at 90% RH, the bilayer specimens
were photographed and their curvatures measured using ImageJ 50

and a script 51.

Test series on actuation speed
Five bilayer specimens were documented for their responsiveness to
desorption and absorption through time-lapse photography at 15-
second intervals. For absorption, the specimens were initially equal -
ized in a room environment (20 �C) with the RH level controlled at 30%,
and then placed in the humidity-controlled chamber with 90% RH. For
desorption, the specimens were equalized at 90% RH in the humidity-
controlled chamber, and then moved to the room environment w ith
30% RH. Throughout the experiment, the RH and timestamp were
logged at 1-minute intervals using the humidity-controlle d chamber.
Captured images were analyzed using ImageJ 50 and the bilayer curva-
tures calculated using a script 51.

Facade system mock-up
We constructed a physical mock-up of the facade system in Stu ttgart,
Germany. The mock-up was positioned at a height (4 m) and orie ntation
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(facing South, with an 11 � offset to the West) that approximates the actual
location and con � guration of the building for which the shading system
was designed, allowing for year-long simulation in compara ble envir-
onmental conditions to Freiburg, Germany (Supplementary F ig. 2b). The
mock-up comprised two modules, each with a 12 mm aluminum win dow
box frame with an interior cavity measuring 1.5 cm × 12.1 cm × 1 4.9 cm
for suspending an arrangement of the 4D-printed shading ele ments.
Behind each window and separated by a double-glazed unit was an
enclosed room dimensioned 13.5 cm × 11.8 cm × 19.5 cm with a doo r on
the backside. Each window was enclosed with a framed, 4 mm pol y-
carbonate (Markolon UV Clear 2099; Exolon Group; Pulheim, G ermany)
door on the front side and equipped with operable vents at the top and
bottom of the box frame, which could be opened or sealed by an
Arduino-compatible PLC (MINI; Controllino; Innsbruck, Au stria).

Data collection
The facade system mock-up was monitored inside the window bo xes
and rooms, as well as outside of the mock-up (Supplementary Fig. 2a),
using weather-proof temperature and humidity sensors in me sh casing
(SHT-30; Sensirion; Staefa, Switzerland). Two sets of the sensor were
positioned inside each window box at the opposite corners. A sensor
was mounted inside the ceiling of each room and outside of the mock-
up under the roof (away from direct sunlight). An onboard computer
(Raspberry Pi 3 Model B+; Raspberry Pi Foundation; Cambridg e, UK)
and generic USB webcam were used to remotely collect image an d
sensor data at 15-minute intervals as well as to open or seal the vents.

Analysis of shade coverage
The 4D-printed shading elements inside the mock-up were captured
using time-lapse photography (6000 × 4000 pixels, 350 dpi) f or
28 weeks at 1-minute intervals. A custom Python script (Python 3.11.1)
was used to � lter the images and exclude photos that were too dark for
data processing (from night to early morning). An image editor (Adobe
Photoshop 2023) was used to crop � ltered images to show a group of
six complete 4D-printed modules in front of a clear sky background.
These images were then converted into black and white, representing
the 4D-printed module and sky background, respectively. Th e per-
centage of shade coverage was calculated using a custom Pyth on
script that analyzed the amount of black and white pixels (Supple-
mentary Fig. 3).

Building facade demonstrator
The design of the 4D-printed shading system was adapted from the
facade system mock-up to the full-scale demonstrator in Freiburg,
Germany (Supplementary Fig. 4). The target building facade consisted
of eight geometrically unique windows covering a total area of 9.37 m 2.
The aluminum window box frames, exchangeable plates with inte-
grated vents for the top and bottom of each window, and mounting
pro � les for fastening the arrangement of shading elements were milled
in-house with computer numerical control (CNC). The assembled
window box frames were bolted to the structural steel frame of the
double-glazed facade and enclosed with operable single-glazed glass
doors with UV � lm (DK400; semaSORB; Coswig, Germany). Along with
the 4D-printed shading elements, the same data collection i nfra-
structure as the facade mock-up was installed in each window for long-
term observation of the system.

Data availability
Source data used in this study have been deposited in the Figs hare
database under accession code https://doi.org/10.6084/m9. � gshare.
26778376[52].

Code availability
Computer code are provided at Code Ocean under accession code
https://doi.org/10.24433/CO.6848806.v1 [52].
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Publications

AppendixA includes topic-relevant research papers with notable

contributions by the author.

A.1 Programming Material Intelligence

T. Cheng, D. Wood, X. Wang, P. Yuan, A. Menges: 2020,Pro-

gramming Material Intelligence: An Additive Fabrication

Strategy for Self-Shaping Biohybrid Components. Lecture

Notes in Arti�cial Intelligence: Biomimetic and Biohybrid Sys-

tems - Proceedings of the Living Machines 2020 Conference, vol.

12413, pp. 36�45. (DOI: 10.1007/978-3-030-64313-3_5)

This short paper presents an initial study on the hybrid addit-

ive fabrication of integrated wood bilayer actuators and tailored

metamaterial structures. The process is �rst prototyped using

desktop 3D-printers and wood veneer bilayers, using the work�ow

described in the article ofChapter 11. In transferring the approach
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to robotic 3D-printing, multiple discrete wood bilayer actuators

can be embedded within a continuous metamaterial network. The

combination of wood (high scalability and actuation strength) and

3D-printing (high resolution programmability) achieves upscaled

self-shaping and expands the geometric possibilities of transform-

able surfaces.

This original research was led by T. Cheng, under the supervi-

sion and direction of A. Menges. T. Cheng and D. Wood developed

the concept for hybrid robotic additive manufacturing, and the

production process was prototyped at the DigitalFUTURES work-

shop in 2018 hosted by X. Wang and P. Yuan. T. Cheng and

D.Wood fabricated the specimens, with assistance from A. Razavi

and the workshop participants. T. Cheng developed the computa-

tional design model, with assistance from L. Nguyen. T. Cheng

prepared and presented the paper at the 9th International Confer-

ence on Biomimetic and Biohybrid Systems in 2020. A. Menges

provided research funding.

A.2 Self-Shaping Curved Folding

Y. Tahouni, T. Cheng, D. Wood, R. Sachse, R. Thierer, M. Bis-

cho�, A. Menges: 2020,Self-Shaping Curved Folding: A 4D-

Printing Method for Fabrication of Curved Creased Origami

Structures. Symposium on Computational Fabrication (SCF

'20). (DOI: 10.1145/3424630.3425416)

This work describes the steps required for 4D-printing curved

creased origami structures. The method involves the addition of

a third �lament for printing a �exible hinge layer that connects

two or more bilayers. When adjacent and opposing bilayers are

mechanically linked by a curved hinge, they bend in opposite

orientations and a fold emerges along the curved hinge. The
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A.3 Towards Self-Shaping Metamaterial Shells

principle of curved folding therefore acts as a motion-ampli�cation

mechanism for 4D-printed surfaces. Especially relevant is the

simultaneous self-shaping of multiple faces within a tessellation

and the potential rigidity that can result from increased structural

depth.

Y. Tahouni and T. Cheng developed the concept under super-

vision of A. Menges. Y. Tahouni and T. Cheng implemented the

design-to-fabrication work�ow for curved folding, building upon

the approach previously described in the article ofChapter 11.

Y. Tahouni designed and carried out the physical experiments.

R. Sachse, R. Thierer, and M. Bischo� designed and carried out

FEA simulations. Y. Tahouni and D. Wood wrote the manuscript.

All authors participated in the revisions and responses to peer

review. Y. Tahouni presented the paper at the 5th annual ACM

Symposium on Computational Fabrication in 2020. A. Menges

provided research funding.

A.3 Towards Self-Shaping Metamaterial

Shells

E. Özdemir, L. Kiesewetter, K. Antorveza, T. Cheng, S. Leder, D.

Wood, A. Menges: 2021,Towards Self-Shaping Metamaterial

Shells: A Computational Design Work�ow for Hybrid Ad-

ditive Manufacturing of Architectural Scale Double-Curved

Structures. Proceedings of the 2021 DigitalFUTURES (CDRF

2021), pp. 275�285. (DOI: 10.1007/978-981-16-5983-6_26)

The focus of this thesis was on the utilization of bending-

active metamaterials that exhibit anticlastic, single, and synclastic

curvature for the creation of self-forming doubly curved shell

structures. This is achieved by the design and programming of

wood bilayer actuators that are distributed within a auxetic surface

133



A Supporting Publications

with functionally graded patterns, resulting in controlled Gaussian

curvature when bent. A demonstrator is fabricated �at with a size

of 3 m x 1.5 m. Finite element analysis is applied to approximate

the programmed geometry in order to validate the actuated shell

structure.

This research was conducted by E. Özdemir, L. Kiesewetter,

and K. Antorveza as their master thesis in the ITECH program,

building upon the approach previously described in AppendixA.1.

T. Cheng, S. Leder, D. Wood served as advisors; A. Menges and

J. Knippers as supervisors. E. Özdemir, L. Kiesewetter, and K.

Antorveza presented the paper at the 3rd International Conference

on Computational Design and Robotic Fabrication in 2021.

A.4 Codesign of Biobased Cellulose-Filled

Filaments

Y. Tahouni, T. Cheng, S. Lajewski, J. Benz, C. Bonten, D. Wood,

A. Menges: 2023,Codesign of Biobased Cellulose-Filled Fila-

ments and Mesostructures for 4D Printing Humidity Respons-

ive Smart Structures. 3D Printing and Additive Manufacturing,

vol. 10, no. 1. (DOI: 10.1089/3dp.2022.0061)

The focus of this work was on the co-design of humidity-

responsive materials for 4D-printing, in which a palette of

cellulose-�lled biobased �laments with sti� and �exible prop-

erties was produced. The development of custom-engineered

�laments resulted in 4D-printed smart structures that are

highly responsive to the naturally occurring range of relative

humidity. Furthermore, the shape changes are fully reversible

and repeatable, making smart structures suitable for practical

applications.

Y. Tahouni, T. Cheng, S. Lajewski, C. Bonten, D. Wood, and
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A.5 Cross-Sectional 4D-Printing

A. Menges conceptualized the research. Y. Tahouni, T. Cheng, S.

Lajewski, and D. Wood developed the methodology. Y. Tahouni,

T. Cheng, and S. Lajewski conducted the investigation. Y. Tahouni

produced the �gures. D. Wood, J. Benz, C. Bonten, and A. Menges

supervised the project. Y. Tahouni and D. Wood wrote the original

draft. Y. Tahouni, T. Cheng, S. Lajewski, J. Benz, C. Bonten, D.

Wood, and A. Menges reviewed and edited the manuscript.

A.5 Cross-Sectional 4D-Printing

E.S. Sahin, T. Cheng, D. Wood, Y. Tahouni, S. Poppinga,

M. Thielen, T. Speck, A. Menges: 2023,Cross-Sectional

4D-Printing: Upscaling Self-Shaping Structures with

Di�erentiated Material Properties Inspired by the Large-

Flowered Butterwort . Biomimetics, vol. 8, no. 2. (DOI:

10.3390/biomimetics8020233)

The concept of this article emerged from cross-disciplinary re-

search between biologists and architects. It introduces a new tech-

nique for producing self-shaping structures by printing bilayers

"sideways", enabling the design and fabrication of di�erentiated

monomaterial systems in cross sections, as inspired by the carni-

vorous large-�owered butterwort. Accompanied by an associated

computational design work�ow for shape matching, the method

o�ers valuable insights from engineering to biology through re-

verse biomimetics.

T. Cheng, M. Thielen, and S. Poppinga �rst conceived of the

concept and methods during the 4DmultiMATS project, under su-

pervision of T. Speck and A. Menges. E.S. Sahin further developed

the research based on preliminary results. E.S. Sahin, T. Cheng,

and D. Wood implemented the computatonal design model. E.S.

Sahin, T. Cheng, and Y. Tahouni fabricated the specimens. E.S.
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Sahin, M. Thielen, and S. Poppinga performed the experiments.

E.S. Sahin, T. Cheng, M. Thielen, and S. Poppinga analyzed the

results. E.S. Sahin and T. Cheng wrote the manuscript. All au-

thors participated in the revisions and responses to peer review. T.

Speck and A. Menges provided research funding.
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AppendixB includes data and credits for the research projects that

funded this dissertation.

B.1 4DmultiMATS
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Abstract

Material, structure, and function are tightly intertwined in nature. The movement 
of plants, for instance, is often encoded through the structuring of tissue materials, 
allowing plants to change shape over a range of spatial-temporal scales when powered 
by environmental stimuli. In contrast, the human practice of design and production 
relies on discrete parts for sensing, actuation, or control. Individual components are 

energy for operation. This divergence from nature’s strategy is changing the climate 
and contributing to environmental degradation.

This dissertation presents a bioinspired approach to design and fabrication as an 
alternative to conventional methods of making. The interplay of cellulosic materials, 
mesostructures, and adaptive response is managed through the developed computational 
fabrication framework, resulting in hygromorphic 4D-printed systems powered by the 

diverse materials and processes, as showcased through the upscaling of the methods to 
an industrial robot platform to construct self-shaping hybrid materials systems. Finally, 
the framework’s applicability is proven through the transfer of design principles from 
biology to self-adjusting wearables for the body and weather-responsive facades for 
buildings.

The presented material programming approach has wide-ranging potential across scales 

structures, and environmental input for energy, bioinspired 4D-printing can overcome 
the competing resources between nature and technology.
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