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Introduction

According to shell expert Chris Williams,1 form-active 
structures are a broad category of structures that react to 
external loads and constraints with large deformations, in 
contrast to more common form-passive structures such as 
frames or rigid shells. These structures are lightweight, 
since they do not resist forces by direct material rigidity 
but by geometric deformations, and resilient because they 
can flex instead of breaking.

One subset of interest is the bending-active structures, 
where structural elements are linear rod elements or elon-
gated plates that deform in bending, often combined with 
fabric membranes to create lightweight structures. The 
construction process of these structures is fast and accom-
modating to large tolerances, making them a great solution 
to temporary covering problems, and to problems where 
adaptivity and reconfigurability are required.2 Some exam-
ples are shown in Figure 1, like non-regular rod assem-
blies,3 regular grids of rods,4 and hybrid structures.5

The computational design process of a bending-active 
structure always involves finding the equilibrium shape of 

the structure. It is crucial that this final shape be predicted 
accurately, which remains a challenge with available soft-
ware tools. For example, the final shape could be the sup-
port of another element so that errors in the shape would 
result in incompatibilities with the secondary elements.6 In 
addition, small errors in shape can lead to larger errors in 
the internal stresses predicted for the structure7 and even 
larger errors in the prediction of non-linear processes such 
as buckling.8

In the simulation process, the topology and connection 
types of the structure are first defined, along with the length 
of the bars and the boundary conditions such as anchors in 
the ground. An iterative algorithm (the specific 
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types available are described in section “Literature review: 
precedents in simulation of bending-active structures”) then 
relaxes the rods’ positions until they are at equilibrium.

However, this iterative algorithm is at risk of being too 
slow for interactive explorative design, unreliable (giv-
ing unexpected results), and inaccurate (giving out-of-
equilibrium results). It has no guarantee of convergence 
and can often produce a false sense of accuracy and defi-
niteness. An example of a typical failed design process is 
represented in Figure 2. An attempt is made to reproduce 
the shape of a complex bending-active structure made of 
a two-layer grid. When a solver is run on this problem, it 
initially seems like it finds an equilibrium. However, run-
ning the solver for more iterations—and a longer time—
shows that this is not the case. It could be that the solver 
parameters were not appropriate or that the simulation 
did not accurately represent the construction process. In 
any case, the first shapes obtained after smaller runtimes 
are not to be trusted, as the nodal positions and forces 
they give are more representative of the initial configura-
tion of the simulation than reality. This raises awareness 
to the fact that convergence settings need to be carefully 
selected to produce reliable results. This problem is 
detailed in section “Larger example: Cocoon.”

Several algorithms and frameworks have tackled this 
problem, discussed in section “Literature review: precedents 
in simulation of bending-active structures.” However, these 
algorithms have not yet been comparatively evaluated spe-
cifically for the modeling of bending-active structures. As a 
result, building a design tool for one structure requires a lot 
of trial and error across the different possibilities. In addi-
tion, the stopping criterion—determining for how long the 
solver will try to improve its solution—is critical to the 
quality of the results, yet its setting is often overlooked. In 
this article, we compare two different algorithms (Dynamic 
Relaxation10 in Kangaroo 1,11 and a variant of the projective 
constraints method12 in Kangaroo 211) and their stopping 
criteria on three benchmark metrics: speed, reliability, and 
accuracy, and provide guidelines for the parameters to use.

The two software tools selected are widely used in the 
architectural design community and implement methods 
that have become standards for form-finding simulations 

(section “Literature review: precedents in simulation of 
bending-active structures”). By comparing their predic-
tions against the analytical result for the planar elastica 
(section “Methodology: single elastica comparison”), we 
find guidelines for the simulation setup that produces 
accurate results without compromising too much on exe-
cution time (sections “Kangaroo 1” and “Kangaroo 2”). 
Finally, we use these guidelines for the simulation of a 
larger structure and show that they lead to reliable results 
(section “Larger example: Cocoon”).

Literature review: precedents 
in simulation of bending-active 
structures

Simulation of elasticas

At the heart of every bending-active structure is the elas-
tica, the mechanical problem describing the shape of one 
elastic rod spanning between two supports.13 Simulating 
one elastica is a complex problem, for three reasons:

•• It is a highly geometrically non-linear problem; 
small changes in the boundary conditions leading to 
large changes in the shape and different stability 
regimes can coexist;14

•• The interactions between bending and torsion are 
complex, and simulating them involves keeping 
track of more than 3 degrees of freedom at each dis-
cretization point;15

•• Bending and axial compression in the rod operate at 
very different stiffnesses, leading to ill-conditioned 
numerical problems when they are modeled simultane-
ously. Considering non-extensible rods requires more 
advanced constrained optimization algorithms.16

Simulation of complex structures

For active-bending structures, elasticas and other elements 
are then assembled to form a complete structure. The loads 
are usually light live loads of wind and impact, given the 
often-temporary nature of the structures. This results in 

Figure 1. Three examples of bending-active structures. From left to right: bending-active frame, bending-active gridshell  
with flexible membrane, and hybrid bending-active gridshell integrating a rigid shell. Central picture © Hubert Berberich  
(CC-BY 3.0).
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very flexible structures. The assembly and erection pro-
cesses, in particular, always incorporate large displace-
ments that conventional finite element method (FEM) 
packages for structural engineering such as Robot or 
RISA-3D cannot easily represent (although more powerful 
generalist packages can be used, as described below). As 
such, these new structural typologies and systems require 
new approaches for engineering.

The approach we consider here has the formulation of 
a form-finding problem: given a definition of a bending-
active structure, with its rods, connections, boundary 
conditions, and loads, what is its equilibrium shape? 
Two solving methods are typically used in this approach:

•• Generalist FEM packages such as ABAQUS are 
available for bending-active structures.17 The result-
ing models are often accurate and easily calibrated 
with physical quantities; however, they tend to be 
slow by default and do not reliably find the main 
equilibrium. They are also poorly integrated with 
the usual architectural design tools.

•• Discretized elements in bending have recently 
attracted considerable attention from the computer 
graphics community, mainly for the simulation of 
dynamic systems such as hair.18 These methods tend 
to be faster and give predictable results for dynamic 
problems but are sometimes not accurate enough 
for the simulation of a static problem and require 
great care in tuning.19 Derivatives of these tools 
have been integrated in architectural design tools, 
most notably the Shape-Up library.12 It is not always 

clear how each algorithm can be calibrated to give 
results in meaningful physical units.20

Computational design of bending-active 
structures

Examples abound for bending-active structures where a 
digital prototyping tool was critical to the design pro-
cess. The Centre for Information Technology and 
Architecture (CITA) at the Danish Royal Academy of 
Fine Arts and the Complex Modeling project produced 
several towers made from fiberglass rods in a water-
drop shape, stacked and tensed by a tailored-designed 
membrane,21 and elastic gridshells.22 They used special-
ist tools built on top of Kangaroo (described below) for 
the design. The Institute of Building Structures and 
Structural Design (ITKE) at the University of Stuttgart 
created several examples such as Flectofin®, a large-
size flapping mechanism,23 and umbrella-shaped bend-
ing-active structures,24 using custom-made non-linear 
FEM procedures. Several recent elastic gridshells also 
provide interesting examples using design tools based 
on the Dynamic Relaxation method (described 
below).7,25 Each time, the authors show how only a spe-
cialist use of form-finding tools made a more compre-
hensive design process possible. In addition, all of the 
examples cited in this section had to incorporate toler-
ance-correction systems to overcome the accuracy 
shortcomings of the software. This shows a strong need 
by designers for accessible tools that can simulate bend-
ing-active structures.

Figure 2. Example of a computational reproduction of the construction process for a bending-active structure.9 The runtimes are 
extracted from one run of the Kangaroo 2 solver, a commonly used architectural design tool, on the structure.
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Design tool reviews

Reviews of custom-made tools and frameworks for bend-
ing-active structures exist. For structures made of mem-
branes and elasticas, Van Mele et al.26 and Ahlquist and 
Menges27 look at the influence of the quality of the simula-
tion tool on the design process and improve on its speed or 
ease of use. However, they do not closely consider reliabil-
ity or accuracy. More comprehensive reviews of modeling 
and design techniques are also available,28,29 detailing how 
design methods stemming from different generations of 
design tools created new categories of bending-active 
structures. These present very detailed analysis of con-
struction systems but do not focus on verifying the accu-
racy of simulation tools for a range of conditions. A 
comparison of simulation results to analytical results, 
however using exclusively a custom-made dynamic relax-
ation method, is found in the work by Adriaenssens and 
Barnes.30 Although these studies manage to simulate sim-
ple bending-active behavior, they do not address a com-
parison between simulated and built models, making the 
accurate fabrication of physical elements from simulated 
forms an unreliable proposition, showing a need for ade-
quately verified and accessible software.

Bending-active algorithms

There are two algorithms for simulating bending-active 
structures considered in this article: dynamic relaxation 
and projective constraint-based solving, respectively, 
implemented in the Kangaroo 1 and Kangaroo 2 software 
packages (for Rhinoceros 3D/Grasshopper). These tools 
are tested in section “Methodology: single elastica com-
parison.” They are widely used in the architectural design 
community, with a combined number of downloads of 
close to 250,000 at present,11 and free. In addition, they 
both share the same author-developer and programming 
language (C#), allowing for a comparison of the algo-
rithms, not only their software implementation.

Kangaroo 111 (this paper uses version 0.099) imple-
ments a Dynamic Relaxation solver (DR). DR is a time 
discretization of the dynamical behavior of physical sys-
tems,10 introduced in the 1960s. Specifically, Kangaroo 1 
implements a time integration of Newton’s second law 
using a semi-implicit Euler method.31 At every iteration 
with time step ∆t after time t , the solver computes the 
nodal velocities vi

t t+∆  using nodal forces Fi
t  from the pre-

vious update and masses Mi  and then gets positions xi
t t+∆  

using the new velocities
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This is a conditionally stable integration scheme with a 
wide stability region and is symplectic, meaning that it has 

a very good energy conservation.32 DR has to add virtual 
unit masses on the points that do not have one defined so 
that their dynamic behavior is defined. The time step is 
chosen to fall in the stability region of the method, given 
the nodal masses.31 The damping of the system is done 
here with the kinetic damping scheme, resetting the sys-
tem’s velocities every time the kinetic energy reaches a 
peak.33 DR has been used for a wide range of form-active 
structures,34,35 including active-bending structures.36,37 
These papers also use kinetic damping and use a central-
difference time integration scheme that leads to the same 
update—and properties—as the semi-implicit Euler 
method albeit considering speeds at a different time
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This makes of Kangaroo 1 a representative tool for con-
temporary implementations of the Dynamic Relaxation 
method in bending-active simulations.

Kangaroo 211 (this paper uses version 2.1.2) uses pro-
jective constraint-based solving, a method developed in 
the computer graphics community and made available to 
wider audiences through the general purpose simulation 
tool Shape-Up.12 At each iteration, the solver moves closer 
to the equilibrium position by projecting the positions on 
the sets of constraints representing the relationships 
between them. The solution is a physical equilibrium with 
correct derived forces, if the constraints are physically 
accurate. The solving process used by Kangaroo 2 is a spe-
cialized version of the Shape-Up algorithm: it uses the 
same projective-based constraints and accelerates move-
ments using a virtual velocity attached to each vertices. 
This code is not entirely available to the public, slightly 
obscuring this process. However, simple experiments—
observing the movement of a single particle in a singular 
force field—and explanations by the developer38 give 
some insight. They show that the algorithm resembles the 
kinetic damping of dynamic relaxation,33 resetting the ver-
tices’ velocities when the forces change direction, but 
using forces derived from the projective constraints 
method.39

Methodology: single elastica 
comparison

Before studying the simulation of complex bending-active 
structures containing many members, we first focus on 
simulations of simple, single-curve elastica problems, as 
they represent the elementary problem of all bending-
active structures and can be solved exactly for forces and 
geometry using analytical equations. This allows for a 
direct comparison between the algorithms’ and analytical 
results. All algorithms for active bending can represent the 
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elastica, and the quality of their results on multiple-rod 
structures depends directly on their results for one 
elastica.

For each solver (Kangaroo 1 and 2), we look for param-
eter settings that will give a predictable accuracy in the 
shortest possible time. For this, we run the solver with 
varying parameters on a range of boundary conditions for 
the elastica. For each set of parameters, the goal is to have 
consistent accuracy and speed across the range of bound-
ary conditions: this represents the different shapes that the 
designer will encounter when modeling a set of elasticas.

Elastica problem

We consider a beam of length L, with Young modulus E, 
section A , and moment of inertia I , as described in Figure 
3, top. Analytically, the elastica is the solution of the 
moment equilibrium in the beam40

EI
d

ds
F

2

2

θ
θ= − sin

where s  is the curvilinear position along the beam and θ  
is the angle that the beam makes with the horizontal at that 
point. Integrating this equation gives a, f , and F  in 
terms of α . Solutions usually focus on the non-dimen-
sional parameters a L/ , f L/ , and F Fc/ , where 
F EI Lc = π

2 2/  is the Euler buckling force, to remove scal-
ing and units issues. For example, for f L/ 41
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Figure 3. Definition of the planar elastica problem, continuous (top) and after discretization (bottom). The beam is pinned at both 
ends. The solution is a relationship between a, the distance between the supports; F, the reaction force at the supports; f , the 
maximum height of the beam over the support line; and α, the angle of the beam at the supports. See text for a description of the 
pseudo-rotational spring and definition of k*.

Extracting a L/  from physical observations or numeri-
cal simulations, and inverting the relationship on a L/ , it 
is then possible to get the angle α  corresponding to that 
beam and the rest of the parameters. This means that for 
one simulation, there are three possible comparisons to the 
analytical values (a L/ , f L/ , and F Fc/ ) from one meas-
urement (on α).

Numerical simulations

The simulation model adopted for the beam is the same in 
each of the two solvers. The connectivity model stems 
from two straight lines of length L / 2  forming an isosce-
les triangle with the horizontal axis as the base of the trian-
gle. The lines are connected at the apex of the triangle and 
form an angle α = °1  with the horizontal. The lines are 
discretized in n / 2  segments each, such that we always 
have an even total number of segments and a vertex at the 
middle of the discretized beam.

Internal forces are represented by elastic forces, as 
available in Kangaroo 1 and 2 (see Figure 3, bottom). 
Position constraints are defined by an elastic linear spring 
of rest length 0 and given stiffness, attached on one side to 
a virtual fixed point and on the other to a defined vertex of 
the model. Distance constraints are represented by a linear 
spring of given rest length and stiffness, attached to two 
given vertices of the model. Angle constraints, represent-
ing bending forces, are represented by the discrete three 
points model from the work by Adriaenssens and Barnes,30 
describing the shear force acting on the vertices when the 
interpolating arc going through them is bent.

In Figure 3, this action of the bending moment is repre-
sented by a pseudo-rotational spring that will be integrated 
by the model into a relationship between bending angle 
and shear forces applied on the three nodes around it. k*  is 



6 International Journal of Space Structures 00(0)

the strength of this relationship as defined in Kangaroo; it 
has units of rotational stiffness times length (force*length2). 
This value has the advantage of being independent of the 
discretization length. For angles close to 180°, this is 
equivalent to a rotational spring of stiffness k n L* / . 
Although this model does not directly track torsional 
effects, results are still correct for initially straight and 
untwisted uniform isotropic sections where torsion occurs 
as a result out of plane loads, as shown in the work by 
Adriaenssens and Barnes.30

The left endpoint is connected to an elastic anchor of stiff-
ness 1014 N/m. A distance constraint is added between the 
endpoints, with stiffness 108 N/m and rest length correspond-
ing to the target a L/ . Each segment is characterized by a 
distance constraint of stiffness (called “strength” in Kangaroo) 
EAn L/  and rest length L n/ . Each angle between two con-
secutive segments is characterized by an angle constraint with 
rest angle 0 and stiffness (or strength in Kangaroo) EI. The 
last two properties represent a physically correct discretized 
beam with the given E, A, and I  properties.

We used fixed values for L, E , A, and I . We chose the 
tie stiffness so that it would be around one order of magni-
tude higher than EA. This way, the target length of the tie 
would be closely matched without introducing unnecessar-
ily disparate stiffnesses in the model, which tend to make 
it less likely to converge. The stiffness of the anchor is 
high but is only used a safeguard against rigid-body move-
ment of the model.

Variables and observations definitions

From the nodal positions at the end of the simulation, we 
extract several observations:

•• α, the angle of the first segment with the horizon-
tal—this slightly underestimates the real initial 
angle of the beam interpolating through the vertices 
but is coherent with the discretized beam model;

•• f , the distance from the middle vertex to the hori-
zontal tie;

•• a, the distance between the two endpoints;
•• F , the support reaction, is computed by multiplying 

the tie stiffness by the difference between a  and the 
tie’s rest length.

These are the observations we compare against analyti-
cal results. Note that because the tie has a finite stiffness, 
its final length a  is not exactly its rest length. Then, we 
must make our analytical predictions based on the observed 
a, not on the tie’s rest length.

In the analysis, we always present comparison of 
observed simulations versus analytical results as an error 
on non-dimensional parameters. For example, for an 
observation fobs  associated with an analytical result fana ,  
the “error on f L/ ” is as follows

error
f

L

f f

f
obs ana

ana







 =

−

This helps in comparing errors across different boundary 
conditions, solvers, and observation types.

The stopping criterion terminates the simulation 
when the particles’ total kinetic energy T  falls below a 
fixed threshold, and the final position is the equilibrium 
configuration. We checked that this happened before the 
solver reached its maximum number of iterations, in our 
experiments, on the elastica. Kangaroo 2 does not use an 
explicit time step as Kangaroo 1 does, this changes how 
velocities are computed so the kinetic energy cannot be 
compared between the two. The number of iterations 
corresponds to the number of times the points were 
moved on the process of finding the equilibrium. The 
damping parameter used by Kangaroo 1’s length con-
straints is chosen to be as close as possible to critical 
damping such that all results converge on a test case with 
a L/ .= 0 74. The time step used in Kangaroo 1 is the 
length of the time discretization interval or time repre-
sented by an iteration.

The wall time is the time that the elastica problem took 
to run, as reported by the program launching the simula-
tions. While wall time can be influenced by other routines 
running on the computer, efforts were made to minimize 
these effects during the simulations so that the results can 
be reasonably compared.

Finally, the combination of parameters that were tested 
is represented in Table 1, totaling 6300 experiments. 
Scripts were created to automatically run the simulation in 
each case, time it, and collect the results.

Table 1. Parameters used in the studies and presented in section “Results of numerical experiments.”

Solver Discretization Compression ratio Stopping criterion Time step Damping parameter

Kangaroo 1 n∈[ ]2 2 36: : a L/ : . :∈[ ]0 0 02 1 log :10 12 10T ∈ − −[ ] 0.05 10
Kangaroo 2 log :10 14 11T ∈ − −[ ] N/A N/A
Constants E R L A R I R k kTie Anchor= = = = = = =10 5 20 10 1042 4 8 14GPa, cm, m, , , ,π π /

[start: step: end] is used to represent the set of numbers from start (inclusive) to end (exclusive), stepping by increments of step. [start: end] = [start: 
1: end].

n∈[ ]2 2 36: : a L/ : . :∈[ ]0 0 02 1
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Speed, accuracy, and reliability

Throughout this article, we use three concepts to evalu-
ate the quality of the tools: speed, accuracy, and reliabil-
ity. Speed is simply evaluated by the wall time (described 
above) taken by the algorithm. Speed is nothing if the 
result is not correct; thus, we also look at accuracy, eval-
uated with the error measure defined in the previous sec-
tion. This gives an upper bound achievable by the tool. A 
reasonable goal that is close to typical construction tol-
erances could be set at 1% error. Finally, reliability is 
evaluated by the likeliness of the algorithm to output an 
incorrect solution. All the elastica results presented con-
verged to the correct solution, but, for example, the 
introductory example of section “Introduction” shows 
that this is not always the case for more complicated 
structures.

Results of numerical experiments

In this section, we present the results of the two software 
tools, Kangaroo 1 and 2, on the set of numerical experi-
ments described above, focusing and speed and accuracy. 
Then, we consider a larger example solved using Kangaroo 
2 only. There is no analytical solution in that case to 

evaluate accuracy of the solvers, but it displays reliability 
behavior that is of interest in selecting the stopping 
criterion.

Kangaroo 1

The first set of results we present in Figure 4 are from 
Kangaroo 1. They show the error on three different meas-
ures, in log scale, as we vary the number of segments n  
and the compression ratio a L/ . The errors represented are 
on α, F Fc/ , and f L/ . The stopping criterion used was 
10−10; this value displays similar behavior to smaller 
thresholds as shown in Figure 5.

The three graphs show similar patterns: for small n, the 
error is close to 100%, meaning that the model failed to 
predict reality; then, the error decreases asymptotically 
toward 0.1% as n  is increased. This is only true in a lim-
ited range of a L/ : for a L/  smaller than 0.2, the model 
almost never represents reality, even as n  reaches 36. This 
shows that Kangaroo 1 can only represent limited amounts 
of bending (when a L/  is high, the beam is close to a flat 
line) and should only be used when the elasticas are com-
pressed by less than 50%.

In the error on F Fc/ , the points that have a L/ =1  
have a high error. This is because at these points, the 

Figure 4. Surface plots of errors in Kangaroo 1 simulations of elastica for different numbers of discretized segments and 
compression ratio. Kinetic energy threshold used: 10−10.
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solution beam is nearly flat yet buckled beam, while in 
reality, it should be exactly flat at the onset of buckling. 
Then, the force derived from Kangaroo 1 is largely 
underestimated.

In general, Kangaroo 1 is complex to run reliably, often 
reaching divergent conditions. In fact, Figure 5 shows that 
the only way to achieve a precision of 1% or better in 
F Fc/  is with n ≈•20, which takes 10–20 s to run for one 
single elastica. Even with small time steps, the simulation 
is not reliable as a large proportion of the simulation has 
errors close to 1. This is true for several values of the stop-
ping criterion, and it even seems that increasing it shows in 
general a degradation in accuracy.

Kangaroo 2

Next, we present similar studies for Kangaroo 2. The 
stopping criterion used was 10−12 (Figure 6). Figure 7 
shows how it compares to other possible choices. The 
plots show the same global trend on n, with the error 
going from 1% to 0.1% on average when n  is increased, 
in the errors on α  and f L/ . The error on F Fc/  ini-
tially starts at much higher levels but then quickly returns 
to usual when n > 6.  Here, we find no evidence of 

Figure 5. Time versus error in Kangaroo 1 for elastica 
simulations. Each color represents one threshold for the 
stopping criterion, each point represents one number of 
discretized segments (labeled). The point is at the median 
time and median error for all simulations that have the same 
number of segments and the same threshold. The extent of the 
bars represents the spread from first to ninth decile in time 
and error for these same simulations.

particularly unstable regions in a L/ , except on F Fc/  
when a L/ =1 , as seen before. This shows that the solver 
is more reliable, as the error is almost constant across a 
wide range of boundary conditions. The error tends to be 
less constant when n > 24, especially in α  and f L/ , 
but in general remains bounded under the general trend 
going toward 0.1% error.

In general, it seems that around 20  elements are 
needed to reliably get an error below 1% in F Fc/ . In the 
other two errors this is achieved even for n =10. Figure 7 
confirms this behavior, showing that it is possible to 
achieve a 1% accuracy in 0.5 s. This is using 14–18 ele-
ments per elastica, with a threshold of 10−12 to 10−14. 
However, it seems that for thresholds of 10−12 or higher, 
increasing the number of elements risks reducing the 
accuracy. In addition, accuracies better than 0.1% are 
almost impossible to obtain reliably for a range of bound-
ary conditions.

In general, these studies show that Kangaroo 1 is not 
appropriate as a reliable design tool for bending-active 
structures, as no combination of parameters allows it to 
reach a predictable level of accuracy or speed. Kangaroo 
2, on the contrary, is a good candidate for rapid design 
iterations in bending-active structures. For a typical 
rod, it converges in less than a second to accuracies of 
1% or better in position and forces. We recommend 
using a threshold of 10−12 or smaller and 15–20 seg-
ments per discretized beam. Table 2 summarizes these 
results.

Larger example: Cocoon

We applied our recommendations to the a posteriori 
simulation of a bending-active structure. The Cocoon 
project, built in Winnipeg, Manitoba, is a 12-m-long 
pavilion made for the “Warming Huts” competition of 
2012.3 It is made of fiberglass rebars tied into “double-
A-frame” modules and anchored into a frozen  
river. Dimensions and material properties are shown in 
Figure 8.

A comparison of the numerical model to actual pho-
tos in Figure 9 shows good agreement in shape. We 
obtained this result by discretizing the beams in 15 ele-
ments each, using ties of stiffness 107 N/m and rest 
length 0 m, and anchoring with stiffness 109 N/m. Figure 
10 (left) shows this assembly for one module of the 
structure. We ran the simulation in Kangaroo 2 for 104, 
105, and106 iterations, with 105 iterations the closest to 
our recommended threshold of 10−12, as demonstrated in 
Table 3. We found that 105 gave the best ratio of accu-
racy to time of computation. Comparing nodal positions 
to the reference run of 106 iterations, 105 iterations is a 
significant improvement over a threshold of 10−11  
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(104 iterations), without being far from the result found 
with 106 iterations, as shown in Figure 10. We chose to 

use the number of iterations as a stopping criterion 
instead because sometimes a threshold is never reached 
(see Table 3).

To check the quality of our model, we compared the 
simulated distance from the top points of the modules 
to their four anchors, to the same data extracted from 
photographs with different viewpoints. The results are 
presented in Figure 11, grouped by anchor position in 
the module and number of iterations used. Across all 
measurements but one, the absolute value of the rela-
tive error is below 2.5%. There is a clear improvement 
in errors from 104 iterations to 105 iterations, with the 
error getting below 1% on almost all measurements, 
then very little change as the number of iterations is 
changed to 106.

This is an encouraging result showing that our recom-
mendations from the previous section work for larger 
scales of projects. We also find that this is true for reac-
tion forces’ prediction (see Figure 12). However, Figure 
13 shows that caution is still needed when external 
forces are applied. In this case, we applied a uniform 
moderate wind pressure of 0.2 kN/m2 on the structure, in 
the pushing direction on the longer side, and pulling 
direction on the shorter side. As the simulation with 106 
iterations shows, the structure is failing by buckling on 
the three external modules on each side (the inner 

Figure 6. Surface plots of errors in Kangaroo 2 simulations of elastica for different numbers of discretized segments and 
compression ratio. Kinetic energy threshold used: 10−12.

Figure 7. Time versus error in Kangaroo 2 for elastica 
simulations. See Figure 5 for labels.
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Figure 8. Cocoon project: dimensions and material properties. Labeled length dimensions are in mm. Photo © Matthieu Léger.

modules are stiffer because they are connected to more 
neighbors). This does not happen in the shorter simula-
tion runs, with the 105 iterations run only hinting at the 
phenomenon. This buckling behavior was also observed 
in other experiments by the authors on prototypes of the 
structure.

Conclusion

This article has presented new results and guidance for 
modeling bending-active structures, focusing on key per-
formance metrics: accuracy and speed. Our results show 
that designers cannot reliably use Kangaroo 1 for simu-
lating such structures, but that Kangaroo 2 can produce 
good results when tuned properly. In general, there is a 
trade-off between accuracy and speed; on a single elas-
tica with Kangaroo 2, the error is at best 0.1% for a 1-s 
runtime. Some combinations of simulation parameters 
lead to long simulation times and high errors in geometry 
and forces, especially when thresholds are set too low. 
This can impede the creative design process both by 
interrupting a designer’s flow and by misrepresenting 
physical reality. This article recommends using in 
Kangaroo 2 a threshold of 10−12 or smaller, and 15–20 
nodes per element in bending, to achieve a spatial 

accuracy of 1% or better. This is when using the physical 
values EA for the axial stiffness and EI for the bending 
stiffness, which ensures that positions and forces 
extracted from the model can be directly linked to the 
physical structure.

Using the guidelines proposed in the article, the 
Cocoon case study illustrates that high-quality simula-
tion of bending-active structures is possible, but not 
guaranteed with contemporary, widely available tools. 
Because the simulation is so sensitive to modeling 
parameters, critical behavior such as buckling under 
wind loading can be missed. Furthermore, the physical 
structure will be impacted by construction tolerances 
and site variables. As a result, the usefulness of a precise 
digital model will depend greatly on an equally precise 
and constrained construction method that can reflect 
these accuracies.

Future research is needed to understand different bend-
ing-active typologies, such as those that use hollow tubes 
instead of rods as elasticas. In this case, different ratios of 
bending to stretching stiffness are present, so this article’s 
results may not be directly applicable. In general, simulat-
ing tube-based bending-active structures should be faster 
because of a smaller range of stiffnesses, but not necessar-
ily more accurate.

In conclusion, the exciting possibilities of bending-
active structures are expanded by the proliferation of 
designer-accessible simulation tools such as Kangaroo 1 
and 2. However, as shown in this article, a better under-
standing of how these tools work and perform is needed 
for physically realistic modeling, and trust in seemingly 
precise digital results can be easily misplaced. The results 
presented in this article contribute clarity in this direction 

Table 2. Summary of results for the elastica experiments.

Software Threshold for 
a 1% accuracy

Typical runtime for 
a 16 nodes problem

Kangaroo 1 10−10 10 s
Kangaroo 2 10−12 0.5 s



Cuvilliers et al. 11

Figure 9. Comparison of actual footage of the construction to numerical simulations. Photos in top row © Matthieu Léger.

106 iterations, 29 min.

Reference

105 iterations, 3.0 min.

0 1.77

Displacement (cm)

104 iterations, 17 sec.
Initial con�guration 0 21.3

Displacement (cm)
Tie
Anchor

Figure 10. Comparison of results in positions for different numbers of iterations. Displacement shows the positional difference with the 
reference obtained after 106 iterations. In the initial configuration, point-like ties are connected to neighboring modules.

Table 3. Iterations needed for different energy thresholds in the Cocoon model.

Threshold 10−10 10−11 10−12 10−13

Number of iterations needed 6580 10,320 25,810 > 30 x 101

The 10−13 simulation did not converge after 12-h runtime.

Figure 11. Box plot of the relative errors in the simulated distance from the top points of vertical bars to their anchors, compared 
to the physical structure, grouped by position of the anchor and number of iterations. Anchors’ positions are the four corners of 
each module, as can be seen in Figure 8. The central bar in the box shows the median of the group of measures, the extent of the 
box shows the first and third quartile, the whiskers show the minimum and maximum data values, and the points are outliers.
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and offer steps for improved workflows for designing 
bending-active structures.
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