4D-Printed Shape Memory Polymers for
Responsive Facades

From Deformation Behavior to Environmental Performance

Yu Ai Jiang (Ellen) 2026.06.23

]
TUDelft


Presenter-notities
Presentatienotities
Today I want to show you my thesis research on how I tried to design a building facade doing the same thing: open and close depending on the temperature, using a regular 3D printer and a smart material, and this is 4D-Printed Shape Memory Polymers for Responsive Facades. In the next few minutes, I'll walk you through the material, the designs I built with it, and whether any of it actually works.
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We have been staying in the Netherlands for two years, I believe you all been to the tulip fields in April. They are amazing.
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But if you ever buy a bunch of  tulips during that time, you might experienced this, the day you bought the pedals were closed. and you put inside a vase and thought you could enjoy the blossom for like two weeks or something,  
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but then, the next day you found your flowers fully bloomed and it didn’t have the nice tulip shape anymore. And you are wondering why?
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So this is because of temperature, it actually opens up on a warm morning, and closes again once it gets cold at night? No motor, no battery, no sensors involved, just because a change in temperature. It's been doing this every single day. So then, we’re wondering if our building skin could also adapt to the environment without using any external energy. 
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So why does this matter? Right now most building facades are like this one you see, they cannot move, can't react to anything, so you get blinding glare and an overheated in the room.
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There’s some kenitic active facades that can move that trying to deal with the changing of the environment, but only with the help of motors, sensors, and electricy that it could work. I’m seeking a third option: a facade that adapts the way a tulip does, using nothing but the material itself.
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To achieve this, we found a smart material that responses to the temperature, a Shape Memory Polymer. (Magic show) Below a certain temperature it's stiff, like a hard plastic ruler. And we heat it up, above the glass transition temperature, which is 55degrees for this polymer and it turns soft and rubbery. While it's soft, I bend it into a new shape. Cool it back down, and that shape locks in place. And here’s the magic part, when I reheat it again, it goes back to it’s original shape. But finding the material was the easy part. The real puzzle was: how do I control, precisely, where and how much it bends?

So, how exactly does a Shape Memory Polymer work? It is a type of smart material. When we heat it above a specific temperature, known as the Glass Transition Temperature, its internal structure transitions from a rigid 'glass state' to a highly flexible 'rubber state'. In this rubber state, the material softens, allowing us to easily deform it into a temporary shape. Once cooled, it locks that shape until heat triggers it again.
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“The 4" dimension is identified as TIME -

What is 4D printing? 'i"U Delft o
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Here's where that control comes from: 4D printing, and no, it's not science fiction, the fourth dimension is simply time. I print the object, add heat, and it curls, and folds itself into its final shape. 


“4D printing is the creation of objects which alter their shape when removed from a 3D
printer. These objects self-assemble when exposed to the water, heat, and air, etc. due to the
chemical reaction of material used. “

Ref: https://news.cgtn.com/news/3d63544e314d444e/share_p.html Ref: https://medium.com/@1shirleyyang2008/the-potential-of-4d-printing-
revolutionizing-industries-and-transforming-the-world-b84dfd704456
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The final shape isn’t random, though. With the printing, we induced a internal stress, so by controlling exactly how I print it, layer by layer, I get to decide exactly how, and where, it folds. 


Main Research Question:

How can 4D-printed Shape Memory Polymers be used to

create a climate-responsive facade?
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So, the core research question of my thesis is: How can we use 4D-printed Shape Memory Polymers to create an efficient, climate-responsive façade?


How do 4DP parameters (infill pattern, How can these programmed deformations What performance improvements in Indoor
thickness, and infill ratio) affect the be translated into effective passive adaptive Environmental Quality (IEQ) can be
deformation behavior of SMP elements? facade mechanisms? achieved through such systems?

Material Behavior System Integration Performance Evaluation

-« D-QE-H
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To answer the main question, I structured it into three parts: Material Behavior, System Integration, and Performance Evaluation.


How do 4D printing parameters affect the deformation
behavior of SMP elements?
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My first sub-question: how do printing parameters affect deformation behavior? 







Presenter-notities
Presentatienotities
To investigate this, I did a systematic experiment.
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I tested three series of parameters, which are thicknesses, infill ratios, and infill patterns.


Experiment Results

TPU-SMP Before

After

SMP-TPU@70 C

PLA Before

After
PLA@85C
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Here you can see all specimens side by side — before and after activation. 
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And these are the detailed analytical result of the geometry.


Short Summary

Fabrication parameters alone can program and control SMP deformation behavior
TPU-SMP outperforms PLA
Thickness: thicker = fixed end ; thinner = free end
Infill Ratio: smaller ratio = larger deformation ; larger ratio > smaller deformation

Infill pattern: deforms along printing paths
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To quickly summarize what I learned in the experiment,
Printing settings alone can control how the material deformed.
First, the thicker part is stiff, so it stays fixed. The thinner part is free to bend.
Second, a smaller infill ratio means a larger deformation.
Lastly, the material always bends along the printing paths. This lets us control the deformed direction."


How can these programmed deformations be translated
into effective adaptive facade mechanisms?
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This brings us to the second sub-question: how can we translate these programmed deformations into effective adaptive façade mechanisms?
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Before looking at the designs, we have to acknowledge, due to the material we can get, the polymer filaments currently behave as one-way SMPs, meaning comparing to optimal two way SMP, they require an external force to be programmed back into their temporary shape.   In the application design, I either assume an ideal, fully reversible two-way material or actively engineer a secondary mechanical force system to reset the one-way deformation.





Parameter-Controlled Geometry

2.0mm thickness / 85% infill ratio
Cross-diagonal (Fixed End)

1.2mm thickness / 70% infill ratio
Cross-diagonal (Free End)

Symmetric y-axis

As-Printed Shape Permanent Shape

Design Concept 01: Bending Panel Overview
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The first design concept applies the direct bending behavior to a panel system..  The panel  is divided into multiple zones with a cut in between the surface, a thick rigid frame that try to stay fixed at the edges, and a thinner active zone inside that deforms outward to create opennings when heated. This allows the aperture size to increased and  controlled by the printing parameters.
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By changing the cut orientation and infill pattern of the active zone, we can obtain different opening geometries.


Anchor Position Anchor Position
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Compared to traditional louver systems, this creates a louver that can adjust its tilt angle without external energy when heated.
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The third design takes a different approach, combining one-way SMP with an origami-based compression mechanism. After slicing during printing process, this creates an intrinsically controlled 3D printing pattern. When compressed vertically, the ring twists and folds.





Shading Device
(Section)

when temperature
cools down apply force,
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Design Concept 02: Origami Mechanism
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Then, by combining a triangular panel with the ring, we increase the force-applying area. The logic is that when it's warm, the SMP is in an open state, providing shading. As it starts to cool down, a cable applies rotating compression from behind the façade. This rotates and opens the panels, allowing light and views. Once cooled down, it hardens and locks the position.
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Through working further on the design, we realized that the first two concepts provide a more systematic and parameter-based possibility for different climates and mechanism designs. But as a façade designer, programming these printing parameters and material behaviors manually, while considering the façade's performance—we need admit we are not smart, these are way too complex. 
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So, I developed a design framework in Grasshopper that connects everything. This is going to show you how a façade designer approach the design with this material.
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There are to ways to do this, design a parametric based model, where the designer could adjust lots of parameter to see how it affect the deformation,
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We evaluate three design matrix


Ventilation
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This is how they are visualized in the model. All the paths are then sorted and sent to a hard-coded G-code generator for SMP. 
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This is how they are visualized in the model. All the paths are then sorted and sent to a hard-coded G-code generator for SMP. 
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Finally, the designer could directly send the print or preview the printing paths in Bambu Studio to check if the file is all right and ready for printing.





What performance improvements in indoor environmental

quality can be achieved through such systems?
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With this tool we have, we are asking the question: does any of this actually help people inside the building?
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To answer this question we did some case study on these design matrix
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We evaluate and  compare the performs in two different climate zones: Delft, in a temperate maritime climate at latitude 52°N, and Taipei, in a subtropical climate at 25°N. Delft has a much lower solar elevation angle, and Taipei has a lot extreme hot weather especially in summer.
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Here’s the evaluation on ventilation and daylight.


SMP Louver
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Design for Climate: Delft
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We found out for delft, the louver tilt at 27 degrees fits quite nice. In summer to casting shading and let breeze move through, and turn back to 0 degrees to allow more direct sunlight for passive heating in winter.


]
TUDelft 4

Closed (winter)

d
=
S
=¥
=¥
=
7]

Open (summer)

Taipei_01_A
sDA: 64.58%

Close
(winter)

Open
(summer)

m-m JQ ..... h)

Daylight 88.5°

Design for Climate: Taipei



Presenter-notities
Presentatienotities
For Taipei, the panel design is more suitable. During summer, the panel opens outward allowing sufficient sun shading and strong natural ventilation to remove the heat in the room, while in winter it closes to allow light to penetrate and prevent wind from going through.
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This is the physical 1:12 model, and this time-lapse video shows how the façade looks when heated from closed to open.
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The façade itself is not airtight, so it needs to be designed as a double skin. The detail drawing shows the clamping system. The clamp can adjust its height on the mullion, which allows for different anchor positions as set by the designer
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We also made a 1:3 preliminary scale up model to verify that the curling deformation behavior persists at a larger size




Presenter-notities
Presentatienotities
Unfortunately, there are limitations for every reserach, for my thesis we are currently using a one-way material for the experiment. Additionally, The material durability, sustainability, structural stability and validation of two-way material systems should be tested before a real-world façade implementation.
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Sum up, what did I do? One, a map of exactly how printing settings control bending. Two, three designs, the panel, the louver, and the hinge. And three, a tool that turns "I want this shape" directly into a printable file and assess the performance of it.



Thank You for Listening!

Happy to Take Any Questions

Scan the Code

Source Code
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So, to bring it back to where we started: every tulip has been has been reacting to the environment without using any external energy. I just spent the last eight months doing the same thing with the building.
There's a QR code up here if you ever want to check out the code.
thank you all so much for listening, I'd love to take any questions.
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