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ABSTRACT

With the term “4D-printing” [1], modern literature refers to the application of additive manufacturing
technologies (3D-printing) on materials able to change their shape in response to an external
stimulus, such as shape memory polymers. The interest towards 4D-printed structures (the 4th
dimension representing their shape evolution along time) relies on an easy realization of smart
devices with complex or customized shapes, on an enhanced control of the transformation kinetics
through a properly structured geometry [2], and on the achievement of complex transformation,
among which highly controlled sequential shape transformations [3]. Sequential motion, i.e. the
ability for a structure to change in different locations and at different times under a same stimulus,
plays a relevant role in designing shape-shifting structures with highly effective contractions and
deployment, and in self-opening and self-locking mechanisms. Such a response, early pursued by
technological approaches (multiple material printing; functionally graded structures), is recently
approached on material based strategies, such as the employ of multiple shape memory polymers or
polymers capable of the so-called temperature memory effect. This latter response, shown by
polymers presenting a broad glass transition [4] or melting temperature region [5], consists in the
possibility to conveniently control the transformation temperature by the deformation temperature,

and may be at the basis of a multiple shape memory effect and od sequential transformations.

In this work the shape memory capabilities of 3D-printed structures, obtained by a commercial
photopolymer presenting a broad glass transition, were studied, with particular interest towards the
description of the temperature memory effect and its exploitation in multiple shape memory response
and in sequential deployments. The structures, ranging from simple shapes (cubes, plates, bars) to
more complex ones (auxetic structures; self-locking mechanisms), were printed through
stereolithography. The shape memory response of specimens, deformed at various temperatures, was
studied with the aim to describe the shape evolution as a function of temperature and time. The
former set of experiments revealed that the temperature triggering the shape memory effect strongly
depends on deformation temperature, and that a multi-step deformation history carried out at various
temperatures determines a multiple shape memory behaviour; the latter set of experiments revealed
that the deformation temperature governs also the recovery time-scale at a given temperature, and
that by deforming various regions of a same specimen at different temperatures, it is possible to
control the recovery response in a sequential deployment fashion. This was testified both in simple
unfolding tests carried out on double-folded bars and in the more articulated motion of a self-locking
structure. Ongoing researches are focusing on analytical models for the temperature-memory
response.

REFERENCES
1. Q. Ge, CK. Dunn, H.J. Qi, M.L. Dunn, “Active origami by 4D printing”, Smart Materials and
Strucures, Vol. 23(9), 094007, (2014).

2. A. Balasubramanian, C.J. Bettinger, “Shape Recovery Kinetics in Vascularized 3D-Printed
Polymeric Actuators”, Advanced Engineering Materials, Vol. 17(9), 1287-1293, (2015).

3. Y. Mao, K. Yu, M.S. Isakov, J. Wu, M.L. Dunn, H.J. Qi, “Sequential Self-Folding Structures by
3D Printed Digital Shape Memory Polymers”, Scientific Reports, Vol. 5, 13616, (2015).



4. T. Xie, “Tunable polymer multi-shape memory effect”, Nature, Vol. 464(7286), 267-270,
(2010).

5. K. Kratz, S.A. Madbouly, W. Wagermaier, A.Lendlein, “Temperature-memory polymer
networks with crystallizable controlling units”, Advanced Materials, Vol. 23(35), 4058-4062,
(2011).



	N. Inverardi, Giulia Scalet†, S. Pandini*, F. Bignotti*, S. Marconi†, F. Auricchio†

