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Abstract. Advances in large-scale 3D printing technology have opened 
up explorations on novel non-solid, non-layered 3D printing techniques 
such as spatial lattices and material draping. These new printing 
techniques have potential to reduce the wasted material from printing 
support structures and optimize overall material use. However, due to 
the inherent material unpredictability of many of these systems, they 
are often difficult to approximate with digital tools, often requiring 
simple trial and error to achieve a specific result, with the consequent 
waste of time and resources. Droop is a work in progress material-
informed simulation environment that serves as an iterative design tool 
for material draping fabrication processes. Droop explores the material 
potential of thermoplastics through the fabrication process of robotic 
draping to achieve complex linked catenary forms. This bespoke 
simulation environment approximates the spatial form of a material 
draping process and serves as a useful iterative design tool that allows 
designers to better understand and predict how a 2D pattern translates 
into a 3D droop form. The simulation also reduces the amount of wasted 
material produced by trial-and-error material draping processes. In this 
paper, we present the digital simulation framework, discuss methods 
for material-informed calibration, and show a set of experiments 
produced with this tool. 
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1. Introduction 

      Before the advent of 3D printing and digital fabrication technologies, architects 
experimented with complex 3D spatial modelling using physical materials and tools. 
The primary example of this is Antonio Gaudí's modelling work on the Colònia Güell 
chapel and the Sagrada Familia (Burry 2016).   Gaudí designed the structure for the 
Güell chapel using catenary curves and paraboloids and modelled the vaulted spaces 
of his work using hanging weighted chain models. (Figure 1.1) Because of gravity, the 
chains hung in a compressive form, and by changing the model's parameters, Gaudí 
could iteratively generate other spatial configurations. (Makert and Alves 2016). The 
principles from Gaudí's models are still relevant in new digital fabrication processes, 
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more specifically in non-layered additive processes involving material deposition. 

     Non-layered additive processes are a subsection of additive manufacturing 
techniques that create objects without building up planar layers (Rosenwasser 2017). 
These processes include the printed layering of truss-like spatial lattices (Chen 2019; 
Im et al. 2018), the weaving of material so that layers become interlaced (Friedman et 
al. 2014), and other additive processes (Bilotti et. al 2018). Companies like Branch 
Technology are utilizing printed spatial lattices in architectural elements like facades 
and pavilions (BranchMatrix 2021). However, none of these have explored draping 
malleable material over a supporting contour with unsupported voids as a method for 
achieving 3D form. Form draping has been done in the Robosense 2.0 project (Bilotti 
et. al 2018), but the form is only inches from the print nozzle. Droop explores the formal 
potential of draping malleable material over a supporting contour to generate 3D spatial 
geometry with minimal material. 

2. Methods  

2.1. INTRODUCTION 

This paper presents Droop, a work in progress material-informed simulation 
environment that serves as an iterative design tool for material draping fabrication 

Figure 1.1 Antonio Gaudi’s chain model hanging in the Sagrada Familia 

Figure 2.1 Material draping set up using an 
industrial robot arm, a large thermoplastic pellet 

extruder, and a wooden profile template. 

Figure 2.2 Completed material draping test 
over wooden profile template. 
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processes. In particular, Droop is specifically optimized for the draping of molten 
plastic over a "profile template" to produce parabolic, 3-dimensional catenary shapes—
noted in this paper as “droops”. A profile template is a form made of solid material, 
typically a laser cut plywood sheet, supported by a frame, such as 2x4" wood studs, 
where the topmost surface serves as the anchoring support for the droops.  
      
Droop is a particle simulation system written in the C# language and executable 
in Grasshopper (Davidson 2007), a visual programming interface for the 3D 
modelling software Rhino (McNeal et. al 2010). Droop simulates the material 
draping by treating tool paths as node and spring models, discretizing them dy-
namically and iteratively as the simulation evolves, and deforming them elas-
tically over time.  The goal of Droop was to simulate this particular fabrication 
process--draping molten plastic with a moving extruder--as close as possi-
ble. The process is difficult to approximate without a digital tool because of the 
dynamic extrusion of material, unpredictability of the material with consistent 
settings, and the collisions between fresh molten droops and older, hardened 
droops. The particularities of this process were the main motivation for the de-
velopment of a bespoke solution, as opposed to using readily available particle 
simulation tools, such as Kangaroo (Piker 2012). The hope is that Droop as a de-
sign tool will be able to simulate the outcome of the physical robotic draping 
process with a reasonable degree of accuracy, and allow designers to perform 
digital form-finding previous to the fabrication process. 

2.2. PRELIMINARY STUDY 

A preliminary study was conducted to assess the feasibility of digitally simulating the 
fabrication process. The testing was conducted using a large Strangpresse 
thermoplastic pellet extruder mounted to an ABB 6640 industrial robotic arm (Figure 
2.1). Our bespoke robotic draping process involves the extrusion of fiber-reinforced 
PETG plastic over a profile template (Figure 2.2). Preliminary profile templates were 
designed to experiment with the material, and had cut-outs of varying 
sizes to produce droops with longer or shorter “depth”. Depth is defined as the linear 
distance between the midpoint between droop supports, and the vertex of the parabola 
it forms.  

       An initial round of tests was designed to determine what families of forms could 
be created using material draping, and to explore the affordances of this process 
(Figure 2.3). These tests were conducted without any prediction simulation. The most 

Figure 2.3 A preliminary test with 
the profile template still attached. 

 

Figure 2.4 The speed control test. 

 

Figure 2.5 The speed variation 
test. 
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significant of these preliminary tests were designed to quantify the unpredictability of 
the process and the relationship between the robot speed and droop depth. These two 
tests were ran using the same profile template: a simple rectangular void shape, 12 
in. wide by 36 in. long, with droops being draped in the transversal direction.  

       The first test was a control test, with the extruder moving at a constant speed and 
draping droops with identical spans (Figure 2.4). Upon physical measuring, it was 
found that there was significant variation from droop to droop, even with consistent 
settings. The largest droop depth in the control test was 13 in, while the shortest was 
9.5 in. The standard deviation from the average was 1.5 in, a 13.5% margin of 
error. These results showed early evidence of the inconsistent behaviour of the 
material, even under constant parameters, possibly due to internal variations in 
the melting process of the pellets, or unaccounted variations in material temperature.  

       The second test was designed to quantify the relationship between robot speed and 
droop depth. It was speculated that by draping droops at linearly increasing robot 
speeds, the result would be droop depths increasing quadratically. In this test, all droops 
were draped using the same extrusion speed, and a starting robot linear speed of 44 
mm/s. Successively, each additional droop was draped with a robot speed 2 mm/s 
larger, until the speed reached 100mm/s in the last droop. This pattern was then 
inversely replicated, draping the same number of droops at robot speeds 2 mm/s 
smaller. The result of the test validated the hypothesis, producing a set of 
droops collectively approximating the form of a downward-facing parabola (Figure 
2.5). However, this test further showcased the inconsistency in depth variability found 
between droops draped at the same speed.  

2.3. DROOP SIMULATION 

Droop is a physics particle system that simulates material draping by treat-
ing tool paths as node and spring models, discretizing them dynamically and it-
eratively as the simulation evolves, and deforming them elastically over 
time. Node mass is computed by estimating the linear weight of the actual mate-
rial deposited by the extruder, divided by the number of nodes per unit of 
length in the simulation.  
        The simulation is dynamic, continuously updating and applying gravity to 
each node until the spring forces reach an equilibrium with the gravita-
tional forces (Figure 2.6). Since the robot performing the material draping pro-

Figure 2.6 Diagram of Droop Simulation. From left to right, the line is input, the line is divided into 
nodes and springs, gravity is applied to the nodes, gravity is applied continuously until the force of 

the springs is equivalent to that of gravity. 
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cess currently follows linear paths, the lines are progressively fed to the simula-
tion in the order that the robot would complete each line, and draped sequen-
tially to help detect collisions between droops. Nodes are merged upon collision 
detection, based on proximity. The simulation also incorporates time-depend-
ent node fixing, to emulate the hardening of the plastic over time.  

2.4. PHYSICAL TESTING 
 
A preliminary round of testing was conducted, using a profile template with 24 
rectangular openings of increasing span distances, from 1 in. to 12.5 in. in incre-
ments of 0.5 in.  (Figure 2.7 & 2.8). With extrusion speed set to a fixed value, 
six robot linear speeds were tested: 100, 85, 70, 55, 45 & 35 mm/s. During this 
testing, it was found that the linear length of material deposited along the sup-
ports of a droop played a large role in determining the depth of said droop. This 
distance was fixed to a constant in subsequent tests. A second profile tem-
plate was designed with the same rectangular gaps but with a consistent edge 
condition (Figure 2.9), and rounds of physical drooping were conducted at the 
same set of robot speeds (Figure 2.10).   

Figure 2.7 Profile template #1 with inconsistent 
edge conditions on the right side. 

 

Figure 2.9 Profile template #2 with a one-inch 
edge condition. 

Figure 2.10   Second round of testing with robot 
speeds 100 to 35mm/s, showing the increase in 

droop depth based on speed and gap size. 

 

Figure 2.8 All eight tests in the first round lined 
up from robot speed 100 – 55 mm/s and then 

extruder speeds 700 – 400 RPMs 
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       The tests confirmed that the relationship between droop span and droop 
depth for a set speed value approximates a parabolic shape (Figure 2.12). Every 
droop from this round was manually measured, recorded, and plotted, and poly-
nomial regression was used to fit second-degree curves for each robot speed, to 
model the material behaviour (Figure 2.11). It was observed that the slower ro-
bot speeds and the larger spans resulted in depths diverging from the 
model, meaning the more material deposited over a longer distance, the more 
unpredictable a droop becomes.  

2.5. MODIFYING SIMULATION FOR PHYSICAL TESTING 
According to Hooke's Law, spring forces are linearly dependent on the stretch 
length, factored by a spring constant that defines their strength. The value of this 
constant is characterized by the physical configuration of the spring and, as an 
abstract model representing molten plastic, could not be explicitly measured 

Figure 2.11 The combined physical tests with an approximated droop depth trendline. 

  

 

Figure 2.12 A plot of all measured droop depths from the physical prototypes for 
each robot speed and gap size, and fitted regression curves. 
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from physical prototypes. To calibrate the digital simulation to the physical pro-
cess, the spring constant in the simulation was chosen as the open parameter. In 
this research, we applied heuristic testing methods to determine appropriate em-
pirical values for the simulated spring constant.   
A digital simulation was created using Droop, mimicking the parameters of the 
physical tests: unsupported droop widths and robot speeds. A random value of 
the spring constant was selected for this initial test. The droop depths of these 
digital tests were measured and recorded, and plotted against the droop depths of 
the physical tests for comparison (Figure 2.13).   

       Upon comparison of the digital and physical tests results, it was found 
that only the measures for the 55 mm/s robot speed were correlated. Addition-
ally, it was observed that different speeds had different degrees of droop depth 
variations in the digital and physical tests. It was speculated that the spring con-
stant should be considered variable depending on robot speed, potentially due to 
differential flow and accumulation of material along the drooping bead during 
the molten state.  
     To improve the simulation, a model for a spring constant linearly dependent 
on robot speed was tested. Two spring constants k35 and k100 were heuristically 
determined to obtain simulation results that correlated with the physical tests at 
the bounds of speed ranges 35 and 100 mm/s respectively (Figure 2.14).  
The hypothesis behind this method was that, for a given robot speed S, a match-
ing spring constant ks could be calculated linearly interpolating between these 
two extremes, based the robot speed: 
 
 

Figure 2.13 Comparison between physical tests (circles) and digital simulations (stars). The only 
initially correlated results are for the 55 mm/s tests. 
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To verify this hypothesis, a series of digital simulations were conducted with in-
terpolated spring constants based on their simulated robot speed. The results of 
these tests showed that there was a large discrepancy between the simulation re-
sults and the physical tests, except for the heuristic k35 and k100 values, render-
ing this hypothesis invalid (Figure 2.15). A possible reason for this lack of corre-
lation might be that the relation between robot speed and spring constant is 
nonlinear, and small differences in robot speeds at lower ends produce much 
larger variations in spring constants. Further research will be done in this direc-
tion to explore higher-degree regression methods for the generation of speed-
based virtual simulation parameters. 

Figure 2.14 Comparison between physical tests and digital tests 35 mm/s and 100 mm/s with 
modified spring constants. 

 

Figure 2.15 Comparison between physical tests and digital tests with linearly interpolated spring 
constants. 
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3. Results 
A final round of testing was conducted to determine the viability of 
the Droop simulation as an iterative design tool. Six tool paths were designed to 
be ran through the Droop simulation to predict the outcome droop geome-
try. The robot speed used for all six tool paths was 100 mm/s, with a constant 
extruder speed of 500 RPM. The physical parameters for robot and extruder 
speed were consistent between the simulation and the physical testing, and all 
tests used the same wood profile template, a rectangular void shape 10 
in. wide and 36 in. long. 

The outcomes of these physical tests were formally like those of their Droop 
simulation (Figure 3.1).The most significant errors between the simulation and 
the physical test are due to the fact that the robot extrudes continuously, and the 
droops start sagging while the robot is completing a tool path segment, whereas 
the current simulation also sags droops in sequential order, but starts sagging 
only from complete toolpath segments. This difference produces simulations 
that do not account for the inherent bias in the fabrication process towards the 
direction the robot is traveling. 

4. Conclusion 
In this paper we presented Droop, a bespoke simulation environment able to ap-
proximate the spatial form of a material draping process. Droop was designed 
for a specific combination of fabrication components and material. However, the 
same method could be applied to different setups, to determine the parameters 
that correctly characterize the computational simulation. Droop is a useful itera-
tive design tool that allows designers to understand better how a 2D pattern 
translates into a 3D droop form. Additionally, we presented a heuristic testing 
process for digital/physical calibration, which could be applied to other additive 
and malleable material processes, such as clay.   

Currently, the accuracy of this simulation is limited to the robot speeds of 35 – 100 
mm/s and unsupported distances up to 12.5 in. Further testing must be performed to 
widen the working range of the simulation. Further improvements will include the 

Figure 3.1 Left: Views of the simulated deformation of the test tool paths. Right: photos. 
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simulation of material hardening over time, and exploration into non-linear scaling the 
spring constant in order to accurately predict a wider range of robot speeds.  The 
viability of this process for other materials such as different plastics, clay bodies, and 
other phase-changing materials could be addressed. Finally, increasing the scale could 
potentially lead to the development of human-scale structures that are lightweight and 
easily fabricated on-site. These human scale structures could be used as exterior 
pavilions or shading devices, or potentially be integrated with other materials in the 
construction of a full-scale building.  
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