
���������������	�
�	��

�������
�������������	�������������������������������	����������
���
���	���������
����������

�������������	���
�������
�	��

�
������������������
���
�������
�����������
�� ������������������������� �
�����	���
�� �����������	�������!�	���������
�����������
�������������
���"�����#�
�����
���
�������$���
���%�����	�����&�	�������������������������	�����	�����'�����(�
�������� �����)�	�
���
�*������
�!�
�����������+���
�����	�����#�
�����
���
��

�������	���
����������������������
�,�-�,�����.�,

���������������������	��������
�
���������/�0�0�������1���	���0�
���������/�0�0�������1���	���0�.�-�1���2�,�2�0�����
�*�������-�-�-�3�,�4�4�5�-

�������������������	���
����������
���������������	�����
���������6�����������������	�����
�����7�����������	������������

���������������	�	�����������	������������������
���������	���������������
�������&�����������8�����#�
�����9�
�������	���������.�-�:�3�;�����
���������/�0�0�������1���	���0�.�-�1�.�-�<�2�0�������1�,�-�,���1�-�-�4�-

�������������������
������� �	������������������
�����������������
�����!�
���	�����
���������������&���8�
�����������'�������������������	�����������������������&�	���
�������������	�����:�;

���
���������
�������=�
�������������	�
���������
���������
�������
�����������������������=�������
�����9�	���������
�������������>���	�����
���?�������
�	���
�����������������������1
�!���	�������	���������9���	���
�������������������
�������������������������
���������	���������9���������1

https://orcid.org/0000-0002-1109-9101
https://orcid.org/0000-0003-0119-8189
https://orcid.org/0000-0002-5153-2985
https://doi.org/https://doi.org/10.3929/ethz-b-000625540
http://rightsstatements.org/page/InC-NC/1.0/
https://doi.org/10.1089/3dp.2023.0050
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


�8�J�J���I�N�X�H�Z�X�X�N�T�S�X�����X�Y�F�Y�X�����F�S�I���F�Z�Y�M�T�W���U�W�T�K�N�Q�J�X���K�T�W���Y�M�N�X���U�Z�G�Q�N�H�F�Y�N�T�S���F�Y�����M�Y�Y�U�X�������\�\�\���W�J�X�J�F�W�H�M�L�F�Y�J���S�J�Y���U�Z�G�Q�N�H�F�Y�N�T�S��������������������

�/�L�J�K�W���'�L�V�W�U�L�E�X�W�L�R�Q���L�Q�����'���3�U�L�Q�W�H�G���7�K�H�U�P�R�S�O�D�V�W�L�F�V

�&�W�Y�N�H�Q�J�d�d�N�S�d�d���)���5�W�N�S�Y�N�S�L���F�S�I���&�I�I�N�Y�N�[�J���2�F�S�Z�K�F�H�Y�Z�W�N�S�L���{���/�Z�Q�^����������

�)�4�.�����������������������I�U��������������������

�(�.�9�&�9�.�4�3�8

��
�7�*�&�)�8

����

�����F�Z�Y�M�T�W�X�����N�S�H�Q�Z�I�N�S�L��

�8�T�R�J���T�K���Y�M�J���F�Z�Y�M�T�W�X���T�K���Y�M�N�X���U�Z�G�Q�N�H�F�Y�N�T�S���F�W�J���F�Q�X�T���\�T�W�P�N�S�L���T�S���Y�M�J�X�J���W�J�Q�F�Y�J�I���U�W�T�O�J�H�Y�X��

�&�I�I�N�Y�N�[�J���2�F�S�Z�K�F�H�Y�Z�W�N�S�L���9�J�H�M�S�N�V�Z�J�X���K�T�W���8�U�F�H�J���-�F�G�N�Y�F�Y�X���;�N�J�\���U�W�T�O�J�H�Y

�����K�T�W�������'�Z�N�Q�I�N�S�L�X�����&�H�M�N�J�[�N�S�L���2�F�Y�J�W�N�F�Q�����*�S�J�W�L�^�������8�U�F�H�J���*�K�K�N�H�N�J�S�H� �̂��;�N�J�\���U�W�T�O�J�H�Y

�.�S�F���(�M�J�N�G�F�X

�*�9�-���?�Z�W�N�H�M

�����5�:�'�1�.�(�&�9�.�4�3�8�d�d�d�������(�.�9�&�9�.�4�3�8�d�d�d

�8�*�*���5�7�4�+�.�1�*

�;�F�Q�J�W�N�F���5�N�H�H�N�T�S�N

�*�9�-���?�Z�W�N�H�M

�����5�:�'�1�.�(�&�9�.�4�3�8�d�d�d�������(�.�9�&�9�.�4�3�8�d�d�d

�8�*�*���5�7�4�+�.�1�*

�*�S�F���1�Q�T�W�J�Y

�*�9�-���?�Z�W�N�H�M

�������5�:�'�1�.�(�&�9�.�4�3�8�d�d�d�������������(�.�9�&�9�.�4�3�8�d�d�d

�8�*�*���5�7�4�+�.�1�*

�2�F�Y�Y�M�N�F�X���1�J�X�H�M�T�P

�*�9�-���?�Z�W�N�H�M

�������5�:�'�1�.�(�&�9�.�4�3�8�d�d�d���������(�.�9�&�9�.�4�3�8�d�d�d

�8�*�*���5�7�4�+�.�1�*

�&�Q�Q���H�T�S�Y�J�S�Y���K�T�Q�Q�T�\�N�S�L���Y�M�N�X���U�F�L�J���\�F�X���Z�U�Q�T�F�I�J�I���G�^���.�S�F���(�M�J�N�G�F�X���T�S���������8�J�U�Y�J�R�G�J�W������������

�9�M�J���Z�X�J�W���M�F�X���W�J�V�Z�J�X�Y�J�I���J�S�M�F�S�H�J�R�J�S�Y���T�K���Y�M�J���I�T�\�S�Q�T�F�I�J�I���K�N�Q�J��

https://www.researchgate.net/publication/372614483_Light_Distribution_in_3D-Printed_Thermoplastics?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/372614483_Light_Distribution_in_3D-Printed_Thermoplastics?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Additive-Manufacturing-Techniques-for-Space-Habitats?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/3for2-Buildings-Achieving-Material-Energy-Space-Efficiency?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ina-Cheibas?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ina-Cheibas?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/ETH-Zurich?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ina-Cheibas?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Valeria-Piccioni-2?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Valeria-Piccioni-2?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/ETH-Zurich?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Valeria-Piccioni-2?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ena-Lloret?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ena-Lloret?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/ETH-Zurich?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ena-Lloret?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Matthias-Leschok?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Matthias-Leschok?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/ETH-Zurich?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Matthias-Leschok?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ina-Cheibas?enrichId=rgreq-3f213b864393927e22e471041f1bcd04-XXX&enrichSource=Y292ZXJQYWdlOzM3MjYxNDQ4MztBUzoxMTQzMTI4MTE4OTQ5MTk4MUAxNjk1MDUxNzU0Nzg4&el=1_x_10&_esc=publicationCoverPdf




�"�D�D�F�Q�U�F�E���W�F�S�T�J�P�O���P�G���U�I�F���N�B�O�V�T�D�S�J�Q�U
�%�0�*�����������������������E�Q��������������������
���%���1�S�J�O�U�J�O�H���B�O�E���"�E�E�J�U�J�W�F���.�B�O�V�G�B�D�U�V�S�J�O�H
�1�V�C�M�J�T�I�F�E���C�Z���.�B�S�Z���"�O�O���-�J�F�C�F�S�U

��

Light ��Distribution ��in ��3D-Printed��Thermoplastics
�*�O�B���$�I�F�J�C�B�T�
���7�B�M�F�S�J�B���1�J�D�D�J�P�O�J�
���&�O�B���-�M�P�S�F�U���'�S�J�U�T�D�I�J�
���.�B�U�U�I�J�B�T���-�F�T�D�I�P�L�
���"�S�O�P���4�D�I�M�à�U�F�S�
���#�F�O�K�B�N�J�O��
�%�J�M�M�M�F�O�C�V�S�H�F�S�
���'�B�C�J�P���(�S�B�N�B�[�J�P�
���B�O�E���.�B�U�U�I�J�B�T���,�P�I�M�F�S

Abstract

Daylight�� distribution ��is��an��essential��performance��parameter��for��building�� fa-

cades��that��aim��to��maximize��user��comfort��while��maintaining��energy��efficiency.��

This��study��investigates��the��feasibility�� of��using��3D��printed�� thermoplastic��to��

improve��daylight ��distribution ��and��transmission.�� To�� identify�� how��geometry��

influences��light ��distribution ��and�� transmission,��twelve��samples��with ��various��

patterns��were��robotically ��fabricated.��In��a��physical��simulation��of��spring,��sum-

mer,��and��winter, ��a��robotic��arm��was��used��to��direct��light��onto��the��samples��in��

both��the��vertical��and��horizontal��print�� pattern��directions.��Additionally,�� three��

samples��of��conventional��facade��materials,��including��a��polycarbonate��panel,��a��

polycarbonate��sheet,��and��a��single��sheet��of��glass,��were��compared��to�� the��3D��

printed�� samples.�� All�� samples��were��examined�� and�� compared��using�� high��

dynamic�� range�� imaging��to�� qualitatively�� characterize�� luminance.�� The��data��

analysis��demonstrated�� that�� 3D��printed�� geometry��can��successfully��generate��

customizable��diffusive��light��distribution ��based��on��the��needs��of��the��user.��Fur-

thermore,��the��results��showed��that�� the��vertical��pattern��direction��had��higher��

light��transmission��values��than��the��horizontal��pattern��direction.

1.1�� Introduction

Daylight�� control�� and��shading��are��essential�� parameters�� for�� achieving�� user��

com-fort�� and�� high-energy�� performance�� in�� building�� facades�� [1].�� Solar��

control�� de-vices��have��a��major��impact��on��solar��heat��gains,��daylight ��availability��

and��cool-ing��demand.�� Since��these�� requirements��change��within�� a�� building��

according�� to��function,��orientation��and��solar��exposure,��uniform��and��modular��

solar�� control�� systems��may�� not�� be��optimal�� and�� lead�� to�� discomfort�� and��

excessive��energy��con-sumption��[2].��For��this��reason,��customized��daylight ��and��

shading��management��can��significantly��improve��user��comfort��and��the��energy��

efficiency��of��facades.



Three-dimensional (3D) printing or additive manufacturing (AM) with ther-

moplastics is an emerging technology for facade design [3]. This technique

unlocks the potential for a multi-performative facade due to free-form de-

sign. Free-form geometries can potentially be integrated with customized

daylight distribution and shading in a thermoplastic facade [4, 5, 6]. Sev-

eral material groups can be used for building such customized geometries,

including cementitious, ceramic, clay, metal, glass, and thermoplastics [7, 8,

9, 10, 11]. Compared to other 3D printing materials, thermoplastic is advan-

tageous for facade applications due to its material properties such as trans-

parency, good optical properties, low fabrication deformation, lightweight,

and reduced costs [12, 13, 14]. Nevertheless, only a few facades have been

3D printed using thermoplastics, and so far, both academia and industry

have mainly focused on demonstrating the fabrication and free-form design

potential of this manufacturing technique, with some researchers integrating

daylight performance into the facade [15].

Relevant work

In the past decade, customizable daylight performance gained increased inter-

est for 3D-printed thermoplastic facade elements [6, 16]. Various 3D-printed

facade prototypes aimed to analyze the daylight impact and user comfort

regarding increased heat gains, glare, and maximize energy savings [15]. In

2016, Karagianni et al. investigated the potential of shading devices by para-

metric design [17]. In 2017, Teeling et al. focused on facade sun-shading and

daylighting strategies for heat gain minimization and increased indoor light

distribution [2]. In 2018, Tenpierik et al. constructed a facade prototype as a

passive Trombe wall with integrated phase change materials for thermal gain

and di�use light transmission [18]. Other researchers analyzed the shading

and daylight potential of shape memory polymers or second skins facade el-

ements [19, 20, 21].

Nevertheless, these examples have been focusing on individual add-on ele-

ments or multi-material solutions. Such elements can be di�cult to recycle

��



��

in an end-of-the-life cycle use. To this date, there is not yet a study dis-

playing the potential of integrating daylight and shading performance in a

mono-material free form design [22]. Therefore, this research investigates

various free form geometries to display the light distribution and transmis-

sion potential for the integrated shading and daylight performances in an

AM facade.

1.2 Material and Methods

In this section, the experimental testing is described. Twelve samples were

computationally designed and 3D printed with a large-scale robotic setup.

While three samples, a polycarbonate panel, polycarbonate sheet, and single

sheet glass, were used as a benchmark comparison with conventional glazed

facades. Light distribution and transmission were measured for all �fteen

samples in both the vertical and horizontal directions of the fabricated pat-

tern.

1.2.1 Pattern design

The pattern design was computationally modeled in Rhinoceros and Grasshop-

per [23]. The design process involved using a boundary representation (B-

rep) geometry of dimensions 200 mm� 200 mm� 200 mm (see Fig. 1.1)(a).

This Brep was sliced vertically into parallel layers to create 12 samples with

various patterns and layer heights. Sample 1 and 3 had a layer height of 1

mm, while samples 2 to 12 had a layer height of 2 mm. Each layer was a

closed polyline curve divided into control 3D points with variable distances.

The distances between the 3D points varied for each sample in the y and x

direction to create the various pattern alteration (see Fig. 1.1)(b). A cus-

tomized Python script in Grasshopper was used to export the 3D points into

a JavaScript Object Notation (JSON) format �le [24, 25]. Then, the JSON

�le was interpreted in a COMPAS_RRC customized script. The COMPAS

script enabled the robotic motion and thermoplastic extruder for pattern



fabrication [26]. Sample 11 and 12 had the same geometry as Sample 2, but

the material was extruded from a higher distance from the print bed, of 200

mm for S11, and 1000 mm for S12 (see Fig. 1.2)(a).

Figure 1.1: a) B-rep box sliced into horizontal layers; b) Computational design
process and dimensions of the AM samples.
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1.2.2 Material and fabrication setup

The twelve samples were fabricated with Polyethylene Terephthalate Gly-

col (PETG) pellets. PETG is a transparent thermoplastic widely used for

large-scale 3D Printing. Transparent PETG has more than 80% optical trans-

parency in the visible light range, which ensures good visibility for daylight

performance [27].

Figure 1.2: a) Robotic arm extrusion with higher distance from print bed for Sample
12; b) Fabrication setup of ABB robotic arm attached to the gantry system in the

Robotic Fabrication Laboratory.

Although PETG has good mechanical behavior to accelerated weathering

stressors such as temperature and humidity, UV exposure increases its` creep



��

compliance [28]. Thus, polycarbonate can be considered as a more viable so-

lution for facade applications, because of its UV exposure endurance. How-

ever, current 3D-printed polycarbonate materials have high deformation dur-

ing fabrication, which creates inaccurate geometries [29]. For this reason,

PETG has been selected as a 3D printing material, due to its low warping

tendency of 0.5%, which ensures accurate geometry fabrication [30]. Addi-

tionally, PETG can be recycled after being used in a 3D printing process

without losing its performance. The recycling process involves cleaning and

sorting the material, grinding it into small �akes, and then being re-used

again for material extrusion [31]. Before fabrication, the PETG was dried

for 4 hours at 60� Celsius in a VisMec Dryplus 50 dryer to remove moisture.

Sam-
ple

Layer
height

Layer
width

Print
path
length
per
layer

Robot
speed

Extru-
sion

Coo-
ling

Time Fab.
tem-
pera-
ture

Sample
Weight

S1 1mm 3mm 0.80m 30mm/s 5rpm yes 1:15h 210,220,
230,240� C

140g

S2 2mm 5mm 0.80m 16mm/s 5rpm no 1:32h 210,220,
230,240� C

305g

S3 1mm 6mm 1.31m 17mm/s 5rpm yes 2:35h 210,220,
230,240� C

489g

S4 2mm 6mm 1.60m 16mm/s 5rpm no 1:32h 210,220,
230,240� C

325g

S5 2mm 4mm 2.88m 25mm/s 5rpm no 2:45h 210,230,
240,245� C

667g

S6 2mm 4.2mm 1.31m 20mm/s 5rpm yes 1:32h 210,220,
230,240� C

348g

S7 2mm 4.6mm 1.92m 15mm/s 5rpm yes 2:23h 210,230,
240,245� C

342g

S8 2mm 4mm 2.06m 22mm/s 5rpm yes 2:27h 210,230,
240,250� C

540g

S9 2mm 3.5mm 1.25m 20mm/s 5rpm yes 1:59h 210,230,
240,250� C

368g

S10 2mm 6mm 1.36m 15mm/s 6rpm yes 2:08h 210,230,
240,245� C

420g

S11 200mm 20mm 0.80m 50mm/s 10rpm yes 1:32h 210,230,
240,250� C

471g

S12 1000mm12mm 0.80m 30mm/s 5rpm no 1:04h 210,230,
240,250� C

211g

Table 1.1: Fabrication settings ofthe 3D printed prototypes.

The designed samples were fabricated with a large-scale ABB 4600 robotic
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arm [32] attached to a gantry system in the Robotic Fabrication Labora-

tory (see Fig. 1.2)(b) [33]. The robotic arm had a CEAD thermoplastic

extruder34 with four customizable heating zones for temperature control at-

tached to it. The CEAD nozzle had a diameter of 3 mm and a customized

cooling device that released compressed air of 0.6 bar pressure. Several fabri-

cation parameters were investigated until an accurate geometry was achieved,

and the results are presented in Table 1.1. The 12 B-rep boxes had identical

patterns on all four faces. After fabrication, the boxes were cut at corners

into four panels of 200 by 200 mm dimension using with a Festool TS 55

circular saw [34]. One panel with the most accurate geometry was selected

out of the four panels as a sample for the light distribution measurement.

1.2.3 Measurement setup

The light distribution was measured using a setup based on research by

Weber et. al. [35] and automated with a UR10 robotic arm [36]. First, a

sun path was simulated for three seasons (winter, summer, and spring) using

the Ladybug, Honeybee, and Machina plugins [37, 38]. This sun path was

created from the XYZ coordinates of the sample center towards the sun`s

position, divided into 11 daylight hours for the spring and summer seasons

and 8 hours for the winter season (see Fig. 1.3)(a). The reference location for

the study was Zürich, Switzerland (47.3769� N, 8.5417� E). The UR10 robotic

arm moved according to these coordinates, mimicking the sun`s movement in

a dark room. A custom 3D printed holder attached to the robotic arm held

a SORAA PAR20 10.8 Wattage bulb with a 25� beam and 640-690 lumen

[39] (see Fig. 1.3)(b). Each AM sample was placed in front of a white foam

metering box measuring 800� 1000 � 200 mm (see Fig. 1.3)(c). Finally,

a Nikon D750 camera [40], equipped with a 24-120 mm lens, was set to

exposure bracketing mode and captured three pictures for every hour of the

day, both for the horizontal and vertical direction of the 3D printing pattern.
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Figure 1.3: a) Sun path simulation (1) with an UR10 robotic arm (2), a foam box
(3) and a Nikon D750 camera (4); b) SORAA light bulb placed in a 3D printed

insert; c) Light distribution measuring setup.

1.2.4 Data processing

The three pictures captured at di�erent exposure levels with the Nikon D750

camera were merged to create high dynamic range (HDR) images for each

hour (see Fig. 1.4)(a). The Photomatix plug-in [41] in Adobe Lightroom

was used to process all pictures in batch mode using the built-in automatic

presets. The resulting HDR pictures captured both highlights and shadow

details and to observe the luminance levels inside the metering box. After

resizing, the HDR images were converted to false color using the Radiance

function [42], which facilitated a comparison of luminance levels between dif-

ferent sample images. As they were not calibrated using a luminance-meter,
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the HDR images can only be used for comparative analysis of luminance lev-

els among di�erent samples, rather than for considerations about absolute

luminance.

Figure 1.4: a) Work�ow for production of HDR images using exposure bracketing;
b) BSDF coordinate system and visualization.

1.2.5 Simulation setup

The HDR imaging was used for a qualitative characterization of the dis-

tributed luminance through the AM, while optical raytracing was used for a

quantitative analysis of their optical properties (see Fig. 1.4)(b). Speci�cally,

the genBSDF function in Radiance was used to describe how solar radiation

interacts with the 3D printed samples and generate a bi-directional scattering

distribution function (BSDF), consisting of the bidirectional transmittance

and re�ectance distribution functions (BTDF and BRDF, respectively) [43].

The BSDF provides the ratio of transmitted and re�ected light, to the in-

coming light and direction. In Radiance, this function of incident (� i,�i)

and scattered (�s,�s) direction, through genBSDF, implemented a backward-

raytracing algorithm producing BSDF data, which can be used as a material

description for building components in daylighting and building performance

simulations. After analyzing the HDR imaging data, the geometry of the 3D



����

printed samples 2 and 6 were chosen, and a dielectric transparent material

was assigned with transmission and refractive index of 0.8 and 1.5, respec-

tively, for raytracing. Rhino-Grasshopper was used for the model de�nition,

and the command line version of Radiance was used to launch the genBSDF

function. The output of the raytracing function was a BSDF description in

tabular form based on the Klems discretization basis. This representation

consisted of a hemisphere subdivision in 145 discrete patches, each repre-

senting a direction of polar coordinates� ,�44. The BSDF can be visualized

as a 2D projection of the hemisphere showing the transmission and re�ec-

tion for each patch of incoming light [44]. Observations of light transmission

along the specular direction or scattering in the other directions enabled the

process. By pairing the qualitative and quantitative characterizations, the

amount and quality of light transmission through the 3D printed samples

can be evaluated, providing insights into their impact on the illumination of

an enclosed space.

1.3 Results and discussion

In this section, results are displayed in three main parts. First, the fabricated

samples are analyzed for geometry accuracy. Second, the light distribution

measurements are examined for relevant shading performances in relation to

their geometrical features. Finally, the samples with an optimized outcome

from the second step are measured for light transmission to display daylight

capabilities.

1.3.1 3D printed samples qualitative analysis

Twelve samples were additive manufactured with thermoplastic material ex-

trusion (see Fig. 1.5). Due to the short print path, a slow extrusion rate

and robotic speed were required for all samples. In large-scale 3D print-

ing, the print path length and robotic speed are interdependent. A higher

print path length ensures enough time for the thermoplastic to cool down
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and harden the layer. Otherwise, the melted material does not provide an

accurate base for subsequent layer build-up, resulting in overhangs and de-

formations. Therefore, decreased fabrication speed and additional cooling

were necessary to overcome the short print path.

Figure 1.5: Twelve 3D printed samples with various patterns displayed in the hori-
zontal printing direction and an axonometric section.
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The 3D printed samples had good geometry accuracy without any noticeable

deformation. The aim was to prevent overhang, layer failure, deformation in

the overall pattern, and to control the print boundaries with respect to the

toolpath precision in x and y coordinates. The overhang angle was adjusted

in Samples 6, 9, and 10 to achieve shape accuracy. The distance between

the consecutive layers was maintained below 4 mm to prevent layer failure.

However, the fabricated 3D patterns had a slightly di�erent geometry than

the designed toolpath: the printed layers had rounded corners and slight

downwards deformation, due to the gravity force pulling the material down

after extrusion (see Fig. 1.6). Samples 11 and 12 have the highest di�erence

compared to the toolpath design, which can be attributed to the material

extrusion distance between the nozzle and the print bed. Therefore, the

Sample 11 and 12 patterns are di�cult to simulate and should be designed

with prior 3D printing tests in mind. For the other samples (see Sample 3,

5, 6, and 6 in Fig.5B), small geometrical di�erences between the 3D model

and the printed object are considered to have a negligible e�ect in relation

to the macro-scale optical e�ects.

Moreover, the more complex patterns had increased weight and printing time

compared to the singular layered fabrication process used in Samples 1 and 2.

This is because the more complex patterns had increased print path length,

contributing to the higher values. Pattern weight can play a critical factor

in designing the facade, leading to higher material and fabrication costs in

complex patterns. Additionally, a 3D-printed facade with a higher weight

would be challenging to maneuver during the installation process compared

to lightweight panels.

1.3.2 Light distribution

As described in the Data processing section, the 3D printed samples were

measured and analyzed. Figure 1.7 compares a clear PC sheet, Sample 9,

and a PC multi-sheet for incoming light in a winter morning. The single PC
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Figure 1.6: Comparison between the simulated model and the fabricated samples,
with the highest noticeable di�erence in Sample 11 and 12 compared to Sample 3,

5, 6, and 7.

sheet exhibits strong light penetration, ensuring high luminance level in the

testing box for all seasons. Luminance peaks with strong directionality can be

observed, as well as the strong luminance from the light source. Sample 9 and

the PC multi-sheet exhibit a similar behavior, with lower luminance levels

observed compared to the single PC sheet. Notably, the light penetrates into

the room and is redirected di�usively in the testing box. The ability of the

AM parts to transmit light di�usively suggest that they can serve as facade

materials to enable glareprotection by avoiding strong luminance contrasts

that cause discomfort in buildings, especially when incoming light is at low

angles (e.g. winter, early morning, late afternoon.)

The layered geometry of the 3D printed samples is responsible for the anisotropic

optical behavior of the samples. This means that the direction of the layered

patterns with respect to the incoming light direction strongly a�ects how

light is transmitted through the samples, as explained in Piccioni et al.45

This e�ect is visible in S1, S2, and S3 samples printed with a straight print
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Figure 1.7: Detected luminance levels for incoming light during winter mornings.
Comparison between glass, 3DP sample and polycarbonate multisheet.

path (see Fig. 1.8).

Figure 1.8: Detected luminance levels for incoming light according to sample ori-
entation and layer direction with respect to incoming light direction, for summer,

winter and spring at midday.

The orientation of the layers along the samples` height determines a strong

redirection of light upwards and downwards in the testing box, as well as

a limited light penetration within the room. High luminance level are con-

centrated around the sample on the ceiling and �oor of the testing box, and

a similar behavior is observed for winter, summer, and spring at midday,

while luminance levels are at their highest in the winter case. In contrast,

layer orientation along the samples` width ensures a more even distribution

of light, not only upward and downward but also sideways. Observation of
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the luminance levels for the summer, winter, and spring cases reveal that

luminance levels are strongly angle-dependent. The testing box reaches the

highest luminance level in winter and the lowest in summer, suggesting that

such 3D printed patterns applied to facades can enable seasonal solar control,

ensuring maximum penetration during winter time and limiting solar intake

in summer, which is especially bene�cial for temperate climates in middle

latitudes (e.g., Zürich, Switzerland).

Figure 1.9: Detected luminance levels for incoming light during winter and summer
at midday. The results with highest di�erence are observed in Sample 2, 9 and 11

for vertical direction of the pattern.

Figure 1.9 shows that Samples 2, 9, and 11 have the most distinct behavior

in terms of luminance levels within the metering box. Sample 2 allows the

highest amount of light penetration in both winter and summer cases, in

both the height and width layer alignments. Conversely, Sample 11 has the

highest light-blocking behavior, with minimal light penetration, particularly

in the horizontal direction. Sample 9 displays moderate light-blocking in

both horizontal and vertical directions, however, its geometry is easier to

control and manufacture compared to Sample 11. Despite the di�erences

in light penetration, the seasonal luminance level in the testing box is not
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signi�cantly di�erent among the samples. In all three samples, 2, 9, and

11, luminance levels are higher in winter than in summer, and the di�erence

between the two seasons is most signi�cant for the vertical layer direction.

Based on the observations in Figure 1.9, it can be concluded that Sample

2 is ideal for maximizing light penetration, while Sample 11 is suitable for

minimizing light intake. Sample 9, on the other hand, is a compromise

between the two and is easier to manufacture than Sample 11. Ultimately,

the choice of pattern for a 3D printed facade should depend on the desired

light distribution and the complexity of the manufacturing process.

1.3.3 Light transmission

The ray-tracing simulations allowed for a more detailed exploration of the

optical properties of the examined samples. By generating and analyzing the

BSDF data for the di�erent samples, the transmission properties and spatial

distribution of transmitted light were observed. Figure 1.10a displays how

optical transmission varies as a function of incoming light elevation angle for

di�erent material samples.

Figure 1.10: a) Dependence of optical transmission on incoming light elevation angle
for di�erent material samples; b) BSDF visualization for PC sheet (A and B), and

3D printed Sample 2 for incoming light at 0� and 60� (C and D).

Compared to clear glass and a polycarbonate sheet, 3D printed Sample 2

exhibits a stronger angular dependence. The glass and PC sheet show a

constant behavior from 0� to 50� , where transmission starts to decrease and
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then abruptly drops after 70� . In contrast, Sample 2 shows maximum trans-

mission at 0� , a drop after 10� , and a successive peak at 30� . As reported in

Piccioni et al.45, this behavior is dependent on the layered patterns and their

scale. Di�erences between the 3D printed samples and the sheet materials

can also be observed from the directionality of transmitted light (see Fig.

1.10)(b).

Figure 1.11: BSDF data for a clear PC sheet, Sample 2, Sample 6 and the commer-
cial façade product OkapaneT M for incoming light at � = 0 � and � = 40 � .



����

The PC sheet shows perfectly specular transmission at both 0� and 60� in-

coming light, signifying that light is transmitted in the same direction as

it breaches through the sample, without undergoing any redirection, and is

associated with high clarity of the view. Nevertheless, Sample 2 does not

transmit light specularly but rather redirects light upwards and downwards,

independent of the incoming light angle. This behavior is a cause of the 3D

printed sample di�using light with a high haze factor.

The di�usive behavior of light is common in translucent facade systems such

as cavity glass with glass-�ber inserts [45]. These systems enable strong haze

factor light transmission with uniform lighting in buildings, but at the ex-

pense of view clarity. Although the 3D printed samples are fabricated with

transparent material, their complex pattern geometries (Samples 4 to 12)

result in a di�usive behavior that redirects light upward, backward and side-

ward (see Fig. 1.11). Light di�usion also leads to decreased transmission

at higher incoming light elevation angles, as observed in Sample 2. Addi-

tionally, Sample 6 exhibits lower maximum transmission at� = 0 � compared

to Sample 2, con�rming the light-blocking properties of patterned samples

compared to straight-line ones.

1.4 Conclusion

This research investigates the feasibility of using 3D-printed geometries to

in�uence daylight distribution and transmission. Twelve patterns were mea-

sured to identify if customizable di�usive light distribution can be 3D printed

based on user needs, such as shading and daylight. The study established an

experimental procedure for comparing the optical properties of 3D-printed

patterns to conventional facade materials and systems. The experimental re-

sults proved that the direction of the print line and orientation of the pattern

play an essential role in light transmission. Customizable di�use light can

be achieved, with Sample 2 providing the highest amount of light in�ltration

during the winter season and Sample 11 exhibiting the highest light-blocking
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behavior in the horizontal direction during the summer.

The twelve samples were successfully manufactured by adjusting fabrication

parameters for each individual pattern to achieve maximum shape accuracy.

The fabrication parameters, such as extrusion values, cooling, fabrication

speed and temperatures, were essential to overcome the overhang, layer fail-

ure, and deformation in the overall geometry. The results proved that in-

creased pattern complexity contributes to higher values in weight and fabri-

cation time. Additionally, fabricated patterns have a negligible geometrical

di�erence compared to the 3D model, with the exception of Sample 11 and

12. These samples prove that a comparative analysis between the fabricated

samples and the 3D model are key for achieving accurate results.

Regarding optical performance, the samples proved that season-dependent

optical behaviors are possible though 3D printed geometries. The potential

of such geometries is to enable customizable light distribution according to

the user requirements. By using the same material and tuning the pattern

design, a range of optical behaviors can be achieved, which are generally

observed in multi-material or complex traditional facade components. Such

geometries can potentially control light penetration through spatial redirec-

tion, resulting in di�usive and uniform light distribution in a space. Addi-

tionally, they exhibit angle-dependent behavior, so if correctly placed on a

facade surface, they can either maximize or minimize the amount of light

transmitted in the indoor space.

While this study demonstrates the 1:1 scale fabrication potential of the pat-

tern, it does not re�ect an entire facade system application, which would

require testing on a larger surface area to accurately represent light distribu-

tion in the indoor space. Moreover, in realistic application scenarios, such a

facade systems would be composed of several panels, rather than the single

panel tested in this study, in order to provide thermal and mechanical per-

formance. It is therefore crucial to study the interactions between di�erent

printed layers and quantify their e�ect on the amount of transmitted light

and its distribution. A follow-up publication from the authors will focus
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on this aspect. In relation to the use of such printed patterns in facades,

the authors identify great potential in implementing a gradient of patterns

that can be customized based on the building's location, cardinal orientation,

and functional requirements to achieve optimal light distribution. From the

fabrication prospective, the weight and printing time of these patterns vary

depending on the complexity of the geometry, with more complex geometries

requiring more time and materials. For this reason, we recommend using

these patterns in speci�c areas of the 3D printed facade where higher lev-

els of light distribution or shading are required, as this can contribute to a

lightweight facade element with lower fabrication and material costs. Addi-

tionally, the acquisition of HDR images to determine luminance levels could

be automated further by using an HDR camera to improve measurement

accuracy. The HDR images could also be calibrated using a luminance me-

ter or a luminance measuring camera to allow the observation of absolute

luminance values. In this study, raytracing simulations measured only two

samples, and the results could be extended to other samples. Moreover, gain-

ing more con�dence in the raytracing results would require physical testing

of the samples to obtain data-driven BSDF with a goniophotometer.

In conclusion, this study highlights the potential of 3D printing technol-

ogy for designing and fabricating complex geometries that can control the

amount and distribution of daylight in indoor spaces. The results suggest

that these geometries can be customized for speci�c user requirements and

exhibit bene�cial optical properties for highperformance facades. However,

further research is needed to investigate the use of other materials and to test

these patterns on an architectural scale element. Additionally, implementing

a gradient of patterns and using them in speci�c areas of the facade can

contribute to a lightweight and cost-e�ective solution for improved daylight

distribution and shading. Overall, this research provides valuable insights

into the feasibility and potential applications of 3D printing technology for

designing and fabricating e�cient and high-performance facades.
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