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Electro-thermally actuated origami provides a novel method for creating 3-D systems with advanced morphing
and functional capabilities. However, it is currently difficult to simulate the multi-physical behavior of such
systems because the electro-thermal actuation and large folding deformations are highly interdependent. In this
work, we introduce a rapid multi-physics simulation framework for electro-thermally actuated origami systems
that can simultaneously capture: thermo-mechancially coupled actuation, inter panel contact, heat transfer,
large deformation folding, and other complex loading applied onto the origami. Comparisons with finite element
models validate the proposed framework for simulating origami heat transfer with different system geometries,
materials, and surrounding environments. Verification of the simulated folding behaviors against physical
electro-thermal micro-origami further demonstrates the validity of the proposed model. Simulations of more
complex origami patterns and a case study for origami optimization are provided as application examples to
show the capability and efficiency of the model. The framework provides a novel simulation tool for analysis,
design, control, and optimization of active origami systems, pushing the boundary for feasible shape morphing

and functional capability.

1. Introduction

Origami principles provide novel methods to create active systems
that can self-assemble into complex 3-D configurations and can fold to
achieve active functionalities [1-3]. The folding and unfolding motions
of these active origami provide significant methods for designing engi-
neered materials with tunable properties [4-6], densely packing engi-
neering systems[7,8], and fabricating engineering systems with intricate
3D geometries from a flat sheet [9-12]. These active origami systems
can be used for various applications such as meta-materials [13-18],
deployable space and building structures [19-21], biomedical micro-
grippers [22,23], energy absorption devices [24,25], robotic systems
[1,2,26,27] and more.

More specifically, active origami systems are well suited for creating
functional micro-scale devices because conventional micro-fabrication
processes tend to produce planar systems and have difficulties to directly
build structures with intricate 3-D geometries [28]. With the help of
active origami systems, these micro-scale devices can be first fabricated
within a 2-D plane and then folded into the desired 3-D geometry using
micro-actuators [10,22].

Over the past decades, a number of active origami systems have been
built and tested. These origami are actuated with active materials or re-
sponsive systems, such as hydrogels [10,32,33], metallic morphs with
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residual stress [34-36], shape memory polymers [1,12], magnetic active
systems [37,38], etc. Among these different systems, thermally active
materials demonstrate great potential in building practical origami de-
vices [10,34,35], because thermally active materials can achieve high
energy efficiency and provide high work density [39]. Moreover, by
designing proper electric circuits to control the heaters, one can control
the folding motion of origami creases separately to achieve complex mo-
tions and functions [22,40]. Fig. 1 (a) to (c) demonstrate how electro-
thermal actuators can enable origami systems to achieve controllable
folding at the micro-scale. When passing current through the patterned
metallic heaters, Joule heating will elevate the temperature of the crease
regions. If the creases are made with a bi-material morph that has two
different thermal expansion coefficients («), the changing temperature
will generate bending motion because one layer will expand more than
the other. Fig. 1 (b) demonstrates a Miura-shape micro-origami enabled
by this type of electro-thermal actuation.

However, simulation of electro-thermally actuated active origami
has remained substantially limited. Current simulation methods for
origami are mostly kinematics-based [41,42] or mechanics-based
[31,43] and have incomplete abilities to capture the multi-physics based
actuation. As demonstrated in Fig. 1 (c), properly capturing the folding
motion is indeed difficult, as it requires simultaneously simulating the
coupled electro-thermal heating, the interaction between heat dissipa-

E-mail addresses: yizhucee@umich.edu (Y. Zhu), filipov@umich.edu (E.T. Filipov).

https://doi.org/10.1016/j.ijmecsci.2021.106537

Received 22 March 2021; Received in revised form 12 May 2021; Accepted 14 May 2021

Available online 21 May 2021
0020-7403/© 2021 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.ijmecsci.2021.106537
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijmecsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmecsci.2021.106537&domain=pdf
mailto:yizhucee@umich.edu
mailto:filipov@umich.edu
https://doi.org/10.1016/j.ijmecsci.2021.106537

Y. Zhu and E.T. Filipov

International Journal of Mechanical Sciences 202-203 (2021) 106537

Simulation for Electro-Thermal Origami
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Fig. 1. (a) Actuation mechanism for the electro-thermal origami systems: Joule heating generated from the heating wire elevates the crease temperature and the
system folds because the bottom layer expands more than the top layer; (b) A physical Miura-ori pattern micro-origami enabled by electro-thermal actuation. The
structure is made using a fabrication process proposed in [22]; (c) This work introduces a multi-physics based framework for simulating this genre of active origami
systems. The framework can simultaneously simulate compliant creases[29], inter-panel contact[30], large deformation folding[31], and thermo-mechanical coupling

(this work) of active origami.

tion and large deformation folding, the potential contact between sub-
strate and origami panels, and other loading effects such as gravity. This
difficulty in simulation has limited design methods for active origami to
mostly trial and error approaches [10,22]. Furthermore, without effi-
cient simulation it is difficult to optimize designs or to construct control
protocols for these active origami systems. Therefore, the primary goal
of this work is to answer the question: How can we accurately and effi-
ciently simulate the folding motion of electro-thermally active origami?

To resolve this problem, we created a novel simulation framework
based on the bar and hinge representation of origami [44]. The proposed
framework can capture electrically generated local heating, thermally
induced crease curvature, thermo-mechanically coupled large folding,
contact induced panel interaction, and other loading such as grav-
ity (Fig. 1 (c)). More significantly, this work also tested the proposed
framework against physical active origami devices built with micro-
fabrication. Good agreement between the simulated folding behaviors
and the measured ones demonstrates the validity of the framework. This
work provides the much needed multi-physics based simulation method
for building practical origami inspired devices in a multi-physical envi-
ronment. Moreover, the framework proposed in this work is applicable
to active origami at multiple length scales and can be used generally to
simulate other geometrically planar active systems.

This paper is organized as follows. First, to motivate this work
we give a brief introduction of current origami simulation methods,
pointing out why these methods have difficulties capturing the thermo-
mechanically coupled folding motion of origami systems. Next, we intro-
duce the proposed simulation framework in detail. We describe the three
major steps of the framework and introduce the modeling techniques in-
volved. The fourth section of this paper presents a series of calibration
tests used to fine tune the model parameters and to check the accuracy
of the new heat transfer model against high-fidelity finite element sim-
ulations. Next, we verify the performance of the proposed simulation
framework by comparing it against physical experiments. Finally, the
paper presents three practical examples to demonstrate the broad capa-
bility, efficiency, and usefulness of this rapid simulation framework.

A code package implementing the rapid simulation method is made
available at GitHub: https://github.com/zzhuyii/OrigamiSimulator.
The online version is continuously updated with additional origami sim-
ulation capabilities.

2. Related work

In this section, we introduce the state-of-the-art simulation methods
for origami systems. More specifically, we will focus on why currently
available methods have difficulties in simulating the electro-thermo-
mechanically coupled actuation of origami systems.

One pioneering method to study the folding motion of origami is
the rigid folding algorithm proposed by Tachi [41,42,45]. The method
solves the folding motion of an origami considering the kinematic con-
straints, such as Kawasaki’s theorem [46], and tracks the motion us-
ing Euler’s methods. This method was used to plan the folding mo-
tion of origami robots such as those in [12,47]. However, the model is
kinematics-based and thus does not have the capability to consider the
influence of gravity, thermal loading, and folding mechanics which are
essential for capturing the realistic behaviors of electro-thermal origami
systems.

The bar and hinge model is a mechanics-based model that repre-
sents an origami with extensional bar elements and rotational springs
elements [31,44]. The bars are used to capture in-plane behavior such
as panel stretching and shearing, while the rotational springs are used
to capture the out-of-plane behaviors. The detailed formulation of these
elements can be found in [31,48,49]. The model can capture the me-
chanics and the stiffness of crease folding, panel bending, panel stretch-
ing and shearing within an origami. Recent advancements of the bar and
hinge model have enabled it to simulate compliant creases [29,50] and
panel contact [30] within active origami systems. The models demon-
strated in [29,30,50] provide the basis of the simulation framework in-
troduced in this work. In Section 3.3, we will briefly introduce how to
model the compliant creases and inter panel contacts. However, these
models do not consider the heat-transfer aspects of the origami and thus
cannot be used to estimate the crease temperature and the resulting fold-
ing angle of creases.

Finite elements (FE) based models have also been used to study
the behaviors of origami structures [14,24,51], but have been limited
mostly to the simulation of mechanical behaviors. Besides, the long com-
putation time and extensive work required for building FE models have
pushed origami researchers to search for faster and easier to use alter-
natives. Separately from origami, FE models have been used to study
electro-thermal actuators for micro-electromechanical systems (MEMS)
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Fig. 2. Flowchart for the rapid simulation framework for electro-thermally ac-
tuated origami systems.

[52-54]. However, these FE models developed for MEMS cannot be
directly applied to the simulation of electro-thermal active origami
systems because typical MEMS devices produce only small deforma-
tions where the thermo-mechanical coupling can be neglected. In con-
trast, origami-inspired active systems experience large deformations and
strong thermo-mechanical coupling during the folding process. Properly
capturing this coupled behavior using the FE model would require re-
meshing of the structure and its surrounding environment every itera-
tion. This re-meshing adds extensive complexity and time to the simu-
lation, and makes FE models unfeasible for the problem at hand.

To overcome the limitations of the existing methods for simulating
origami, we propose a novel rapid simulation framework that is built
upon the bar and hinge model but has the capability to capture the
multi-physics associated with the electro-thermal actuation. The frame-
work can simulate the heat transfer process within origami systems as
well as the coupling between the thermal loading and mechanical fold-
ing. This framework provides the much needed tool for the design and
optimization of active origami systems.

3. Simulation framework for active origami

In this section, we introduce the proposed rapid simulation frame-
work for electro-thermal micro-origami systems, which is based on a
simple but effective bar and hinge model. The simulation framework
has three major steps: (1) simulate the temperature profile under ap-
plied heating power, (2) calculate the stress-free angle of creases based
on the elevated temperature, and (3) solve the new equilibrium position
of origami system (Fig. 2). In the following subsections, we will describe
these steps in detail.
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3.1. Step 1: Solving the heat transfer problem

First, we focus on how to capture the elevated temperature of the
origami systems under applied heating power (see Fig. 3). This heat
transfer problem has two major components: the heat transfer within
the origami structure, and the heat transfer between the structure and
the surrounding environment (Fig. 3 (a) to (d)). For the heat trans-
fer problem within the origami structure, we use the existing nodes
in the bar and hinge model to store the temperature information and
use the planar triangular (T3) thermal elements to generate the con-
ductivity matrix (see Fig. 3 (d)). This elements are a convenient choice
because the bar and hinge model naturally provides triangulated mesh-
ing of the origami surface. Next, to consider the heat transfer between
the origami and the surrounding environment, we introduce additional
nodes to represent the temperature of the surrounding environment (e.g.
air, water) near the surface of these active systems. We simplify the
heat transfer between the structure and the surrounding environment
as a 1-D thermal conduction problem and use multiple bars to repre-
sent the thermal conductivity between the structure and the surround-
ing environment. Generally speaking, simulating the heat transfer as a
conduction problem is a valid assumption for small-scale systems, be-
cause convection is not significant. For most devices fabricated with
MEMS processes, this is a valid assumption [52,53]. In the remainder of
this subsection, we will introduce how to calculate the model parame-
ters based on the system geometry and the material properties to effec-
tively capture the heat transfer between the origami and the surrounding
environment.

A chain of nodes and bars is added to each node of the origami to
represents the surrounding environment (Fig. 3 (a) to (c)). This chain of
nodes and bars captures the heat transfer between the structure and the
surrounding environment as an 1-D thermal conduction problem. We
assume that the end nodes (farthest away from structure) are at room
temperature (RT). The conductivity of bars in this chain representing
the environmental substance column can be calculated as:

kmm‘Ai Jj
kij L, M
where k,,,, is the thermal conductivity of the surrounding environment,
L;; is the bar length between node i and node j, and A;; is the cross
section area of the bar (see Fig. 3 (c)).

Fig. 3 (b) and (c) introduce how to calculate the bar area A,; con-
necting node / and node j. The equation for assigning the bar area A;;
is derived by preserving the total thermal conductivity of the bulk ma-
terial of the surrounding environment. Consider a triangular heating
panel as shown in Fig. 3 (b) and assume that at thickness 7,,, away
from the panel, the surrounding environment is at room temperature.
To model the effect that a larger volume of surrounding substance gets
heated as the distance from the heating panel increases, we introduce
the dissipation angle . Then the total volume of surrounding substance
at one side of the panel is the sum of four triangular prisms as pic-
tured in Fig. 3 (c). We further introduce N, the total number of bars
in the chain, to convert this gradually changing cross section into N
bars with different constant cross sections Af‘. (where the superscript &
indicates that this area is for layer k). To match the total thermal con-
ductivity for layer k, we need to preserve the total volume and thus
we have:

3t A

T 2 4 4 Lyt tan pEZ0D, @

where 4, is the area of the triangle heating panel and L, is the length
of the perimeter of the heating panel. By rearranging the equation, we
obtain the expression of the cross section of bars for each layer in the
chain as:

k—-0.5
N

))- 3)

Tuning the value of N, g, and ¢,,,, allows us to capture the heat trans-
fer between the origami and the surrounding environment properly. The

2 k—-0.5
Al = 3+ Lyt eno tan f(—
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heat transfer between the origami and the surrounding environment
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Fig. 3. (a) A schematic representation of the bar and hinge model for simulating the heat transfer problem; (b) The surrounding substance considered for the
heat loss to the environment; (c) One dimensional bars and additional nodes to represent the thermal conductivity between the structure and the surrounding
environments. The bar cross section area is derived such that the total volume of the surrounding substance is preserved; (d) Planar triangular thermal elements are

used to capture heat transfer within the origami structure; (e) When there is a nearby thermal boundary and 7,,,, <1?,,,,

structure-environment heat loss.

effects of different combinations of these parameters are studied closely
in the following section.

After solving the thermal conductivity of different bars, we can as-
semble the global thermal conductivity matrix and solve the nodal tem-
perature as T = K~'q, where T is the nodal temperature vector, K is
the global conductivity matrix, and q is the input nodal heating power.

One major advantage of the proposed bar and hinge framework is
that it can simulate the thermo-mechanical coupling by varying the 7,,,
parameter based on the geometric configuration of origami. Fig. 3 (d)
shows how the thickness of surrounding substance is capped to con-
sider the changing thermal boundary. When a triangular heating panel
gets close to a thermal boundary, the distances between the three
nodes of the heating panel and the planar thermal boundary are cal-
culated, and the average 1,,,, = (¢ +th. +15_)/3 is used to cap 1,,,.
When 7., < ton0s Tmax 1S Used to calculate the conductivity for structure-
environment heat loss. When ¢,,, < t,,.., the boundary has limited ef-
fects on the heat transfer problem, and ¢,,, is used to calculate the con-
ductivity for structure-environment heat loss. In the verification section,
we will show that this simple method allows the refined bar and hinge
model to capture the thermo-mechanically coupled folding behavior of
the active origami effectively. While this thermal model is built specif-
ically for small-scale origami structures, we envision that it can be ex-
tended to model thermal behavior of other thin origami and kirigami
inspired structures.

When following the flowchart on Fig. 2 for solving the heat transfer
problem of active origami system, it is important to select an appropri-
ate step size for heating dq. If the heating step dgq is too large, step 3
of the flowchart can have convergence problems. In general, we sug-
gest controlling the heating step dq to be relatively small so that step 3
can converge within 5 to 10 Newton iterations. A smaller dq value will
require more increments to finish the simulation and thus makes the
wall-clock time longer. However, this longer run time may be preferred
because it stabilizes the simulation and ensures easier convergence of
the problem.

is used to calculate the conductivity for

max = “env? ‘max

3.2. Step 2: Solving the stress-free angle

Next, we compute the stress-free angle of the folding creases based
on the nodal temperature profile obtained in step 1. In this work, we
consider the crease region to be made of bi-material morph components
that consist of two layered materials with different coefficients of ther-
mal expansion. Because one of the material layers expands more when
heated, the bi-material morph will develop curvature and folding in the
crease region (Fig. 1 (a)). This is a common actuator design which has
been used in many previous research efforts [10,22,33]. Furthermore,
we assume that the panels of the origami will remain near to rigid, and
that the elevated temperature will not introduce significant deformation
in the panels that interferes with the crease folding. This is a reason-
able assumption because most active origami system have panels that
are rigid when compared to the creases, and also the panels remain
passive to the applied stimulus [1,10,22,33]. Timoshenko’s bi-material
morph model [55] is used to calculate the stress-free curvature of the
creases based on the elevated crease temperature. This analytical model
assumes that both the section level structural response and the material
response are linear. Though simple, the model gives a good prediction
of the curvature and rotation of the bi-material morphs, and its accuracy
has been demonstrated in previous research [10,22,56]. The curvature
of the bending actuator under a given elevated temperature 57 is calcu-
lated as:

6(a; — ay)(1 +m)>6T

= , “4)
(1) +1)[3(1 + m)2 + (1 + mm)(m® + —)]

where «; and «, are the thermal expansion coefficient of the two ma-
terials, E, and E, are the Young’s moduli of the two materials, ¢, and
t, are the thicknesses of the two materials, m =1,/t,, and n = E, /E,.
The stress-free angle of the folding crease with length / can be next cal-
culated as: § = xl. The updated stress-free angle of folding creases will
be used in the mechanics formulation in step 3 to determine the new
equilibrium shape of the origami systems.
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Fig. 4. (a) The bar and hinge model for simulating large-deformation folding
motions for active origami structures; (b) Global contact between a node x, and
a triangular panel is captured using the contact model proposed in [30].

3.3. Step 3: Solving the equilibrium position

Here, the bar and hinge model is used to simulate the new equilib-
rium position of the origami system. In the bar and hinge model, the
origami is represented using extensional bar elements that capture the
in-plane panel shearing and stretching, and rotational springs (hinges)
that capture the out-of-plane crease folding and panel bending (Fig. 4).
The total potential strain energy stored within the origami system can
be expressed as the following:

U(X) = Ubar(x) + var(x) + Ucomacr(x)’ (5)

where x is the nodal coordinates, and U,,,, U, and U, are the
potential energies from stretching of bar elements, folding of rotational
springs, and contact of system components. By the formulation of prin-
ciple of stationary potential energy, searching for the configuration with
the local minimum potential will yield a configuration that is in equilib-
rium. In this work, we adopt the model proposed in [29] as a basis for
simulating the large folding mechanisms of active origami. Readers can
refer to [29,31,49] for detailed formulation of the bar and hinge model.
Contact within the origami model can be detected based on the dis-
tance d between nodes and surfaces in the modele (origami panels or
substrate). To simulate the contact interactions, a contact penalty func-
tion is included into the total potential of the system as indicated in
Eqn. (5). The contact potential function is formulated using the distance
d between a triangulated panel that represents a surface and a separate
node from another panel as:
x _ md oy <
U = {If e )i @< ©
26— E) 10 (d > dy),
where d,, is the threshold at which the contact initiation and disengage-
ment occur. When d > d,, the contact potential gives zero output and
the contact induced potential is only considered when we have d < d,,.
This contact potential acts as a penalty function that generates a large
potential value (approaching infinity) when the distance between the
contacting point and triangle is small (when d is approaching zero).
Due to the presence of this penalty function, the algorithm is discour-
aged from having closely spaced panels when searching for the local
minimum in total potential which thus prevents the panels from pene-
trating each other. The detailed formulation for capturing the contact
behavior within the bar and hinge model can be found in [30].
Together, the simulation framework allows us to capture: the global
temperature distribution induced by electro-thermal heating, crease cur-
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vature resulting from the elevated temperature, interaction between
heating dissipation and the large deformation folding, mechanical defor-
mation from gravity and other loading, and contact induced interactions
within the origami systems.

4. Calibration and parameter selection

This section studies the behavior of the proposed simulation frame-
work for the heat transfer problems (step 1 of the framework) and veri-
fies its performance. The validity of the models for solving crease curva-
ture (step 2) [10,22,56] and for solving the large deformation origami
motion (step 3) [29,30] have been studied previously. Moreover, this
section also demonstrates how we select the model parameters (thick-
ness of surrounding environment at room temperature ¢,,,, number of
layers N, and dissipation angle f) used to tune the behavior of the heat
transfer between the structure and the surrounding environment. Addi-
tional studies further verify that the chosen set of parameters are ap-
plicable to a wide range of combinations of geometries and material
properties.

4.1. Heat transfer within origami structures

We first study the validity of the proposed bar and hinge model for
simulating the heat transfer problem within the origami structure. Be-
cause our model uses the well established planar triangular (T3) ther-
mal elements, the performance is guaranteed when fine meshing is used.
However, the proposed bar and hinge model only uses a coarse mesh so
it is necessary to determine how much error is introduced in the temper-
ature prediction. Fig. 5 (a) shows the setup for a two-panel origami with
one heating crease system, which we use to explore the performance of
the model. We set the far ends of the two panels to be at room temper-
ature (RT = 0), and apply a uniform body heat of magnitude ¢ = 10 in
the center crease. The planar geometry of the panels is defined using L,
Ly, and L,, while the crease is defined using L and W. The thickness
of the panels is 7,, and the thickness of the crease is 7. This system can
be effectively modeled as an 1-D heat transfer problem with available
analytical solutions.

We assume a non-dimensionalized material thermal conductivity k =
1 for all the verification studies in this subsection. A FE simulation of
the two panel origami shows the 1-D characteristic of this heat transfer
problem (Fig. 5 (c)). Four non-dimensional parameters are studied for
this comparison and they are: (1) W /L indicating the ratio between
the width of the creases to the length of the creases; (2) 1. /1, indicating
the ratio between the thickness of the creases and the thickness of the
panels; (3) L, /L where L| = L, indicating the aspect ratio of the panels;
and (4) L,/L, indicating different lengths of the two panels.

The proposed bar and hinge model cannot capture the 1-D heat trans-
fer feature perfectly because the three nodes on the center line of the
crease give different temperature predictions. However, as we will show,
these predictions are close to the theoretical 1-D heat transfer solution.
For the verification, we compare the difference between the maximum
simulated temperature T2# = T;, the average simulated temperature
TBH = (T, + T, + T;)/3, and the analytical solution of the 1-D heat trans-
fer problem TP,

First, we assume that the geometry of the two panels is identical
by setting L, = L, and study the performance of the model for differ-
ent crease versus panel thicknesses (7. /7, Fig. 5 (d)) and for different
length versus width of the structure (L1/L Fig. 5 (e)). The prediction
from the proposed bar and hinge framework closely matches the an-
alytical solution and captures the identical trends for different crease
dimensions (W /L). Both curves of T2 and T2 match the analytical
solution well and there is limited difference between the value of T2#

max
and T2 Next, we break the assumed the symmetry of the system and
study the performance of the model when the two panels have differ-
ent geometries (L,/L, Fig. 5 (f)). Similarly, the bar and hinge model

can capture the trends well. Although the maximum temperature of the
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crease is slightly overestimated, the average temperature of the crease
is about the same as the analytical solution. These results indicate that
the non-uniformity of the coarse bar and hinge mesh do not introduce
a significant error regardless of the system geometries.

4.2. Heat transfer between origami structures and surrounding
environments

To test the performance of the model for simulating heat transfer be-
tween the structure and the surrounding environment, we need to study
how the three model parameters affect the model performance, namely:
thickness of surrounding substance between the structure and the point
at room temperature t,,,, the number of discretizing layers N, and the
dissipation angle f. We vary the combinations of these three parame-
ters and compare the results from the bar and hinge model to a 2-D FE
simulation and a 3-D FE simulation of the same two panel origami sys-
tem (see Fig. 6 (a) for the set up). The 3-D FE simulation represents the
realistic behavior of the system because it is able to consider heat loss
in all directions. On the other hand, the 2-D FE simulation result is pro-
vided as an upper bound. We assume the surrounding environment to
be air (with thermal conductivity of k,;, = 0.026W - m~! - K~ [57]) and
assume the structure is made from an SU-8 polymer (with thermal con-
ductivity of kgyg = 0.3W -m~! . K1 [58]), which is a common polymer
material for MEMS devices.

The comparisons of the results for different combinations of the three
model parameters are summarized in Fig. 6 (b), (c), and (d). Fig. 6 (b)
suggests that our model is sensitive to the selection of the dissipation
angle p. This g parameter allows us to consider the heat loss in dif-
ferent directions and is determined by the geometric characteristics of
the system. The results presented suggest that g = 20° matches the 3-D
FE simulation well for a typical single crease origami system, and thus
this value is selected for further simulations performed in the paper.
Fig. 6 (c) shows that a value of ¢,,,, = 1.5L is needed for the thickness of
the surrounding substance such that the proposed model can properly
capture the surrounding environment. Fig. 6 (d) shows that the simu-
lation is not sensitive to the number of discretizing layers N, once N
is sufficiently large (5 < N). The results presented in Fig. 6 show that

when the proper combination of model parameters are selected (§ = 20°;
top = 1.5L; N = 10), the proposed bar and hinge model can capture heat
transfer between the origami and the surrounding environment with
reasonable accuracy. The model captures the trends with respect to the
geometry of the system (W/L ratio) and provides a reasonable approxi-
mation of the actual temperature changes in the 3-D system.

Finally, we check the performance of the proposed model for differ-
ent material combinations (Fig. 6 (e) and (f)). We select air and water as
the surrounding environments and use Su-8, Si, and Au as the materials
of origami structures (these environments/materials are common for ac-
tive origami systems). We use the same model parameters as those cho-
sen through the parametric study in Fig. 6 (§ = 20°; ¢, = 1.5L; N = 10).
The model shows a good match with the 3-D FE simulation regardless
of the type of environmental substance and the type of material that is
used for the origami structure. Thus the above model parameters are
a reasonable choice for simulating different structure and environment
combinations.

5. Experimental verification

In this section, we will verify the performance of the proposed sim-
ulation framework by comparing the prediction of the folding motion
from the model to physical micro-origami systems. The two cases to
be studied are: a single-crease origami with a folding threshold and a
double-crease origami with thermo-mechanical coupling.

5.1. Single-crease origami with a folding threshold

First, we will study a single-crease micro-origami system which expe-
riences a gravity induced folding threshold. The threshold effect occurs
because gravity acting down on the origami causes it to come into con-
tact with the substrate underneath. To fold the single crease origami,
we need to apply power higher then a specific threshold to overcome
the effects of gravity before observable folding is achieved (Fig. 7 (a)).
This case study shows that the proposed model can accurately capture
the multi-physics interaction between the heating induced self-folding,
panel contact, and gravity.



Y. Zhu and E.T. Filipov

International Journal of Mechanical Sciences 202-203 (2021) 106537

(a) 3D FEM Result (b) 0.15 . . : (c) o.15 . . .
Q N=10, tenv/L=1.5 Q szoov N=10
= "_.-2 b u
£ i} =] £ o s
; | E =
g- ’, 7 —"‘_— E. .”’f”’
& 0.05f e~ £ S 005+ W< |
= 4 =
2 ;]
B.C. (RT) E E
= 0 L L L 2 0 1 1 !
0 02 04 0.6 08 0 0.2 0.4 06 0.8
’ W/L W/L
4} e TFE3d = TFE2d [ e TFE3 = TFE2d
IZI‘S‘I—é p=10° -=-- TR p=10° — TaB\I’é tenv/L=3 s T%l.;{x tenv/L=3
——TBH B=20° ——- TBH B=20° — TBH tevi=1.5 --- TBH tenvi=1.5
T}!}\,I'E B=30° TBH p=30° TdB\}g tenv/L=0.5 T%IJIX tenv/1.=0.5
d) 0.15 T T T e) 0.1 . . . . 0.004 T T T T
(A) B=20°, tenvL=1.5 (A) (i) M
< < < -
2 o = 5 VBT ° 1 S 0.003 L~ :
= A E '
z £ 006 1 £ s*
g g 2 0002 F ’ZY 4
§ oo E 004 | £ #
= . = = ¢
T T 002t . T 00T A 1
= = =
z z z
= 2 0 — =R e .
0 02 04 06 08 1 0 02 04 06 08 1
W/L W/L
. %‘fﬁdN_ i L Nojp| | T TaveairSus @ FEMairSUS | | ==-=TaewaterSul O FEMwaterSUS |
T:B:IE N=5 ::: T%‘}}X N=5 Tave air-Si A TCM air-Si = = == Tave water-Si A FEM water-Si
Vi max
TBH N=2 TBH N=2 Tave air-Au FEM air-Au Tave water-Au FEM water-Au

Fig. 6. Calibration of the heat transfer between the origami and the surrounding environments. (a) A 3-D FE simulation of the system (W = 0.3, L = 0.1); (b-d)
Relations between the temperatures at the crease region simulated by the bar and hinge model (7;2# and T.2#) and by the 2-D and 3-D finite element models (T
and TFE39). The relations are shown with respect to W/L for different (b) dissipation angles (f), (c) environmental substance layer thickness (t,,,), and (d) numbers
of discretizing layers; (e-f) The temperature change with respect to W /L for different structure materials when the surrounding environment is (e) air and (f) water.

Fig. 7 (b) demonstrates the simulated folding behavior with our bar
and hinge framework, and Fig. 7 (c) shows the comparison between the
simulation and experimental measurements. The physical devices were
fabricated and actuated with processes introduced in our previous work
[22]. The simulation curves are plotted with an assumed negative resid-
ual folding angle. This negative residual folding angle is a physical char-
acteristic of the systems which occurs because of a residual stress gen-
erated during the fabrication of the polymer (SU-8) layer and the gold
layer. This effect is difficult to quantify analytically, so we assume that
the creases will develop about —10° of residual folding, which matches
the observation of testing beams with no panels [22]. The simulation
results for 0° and —20° of residual folding are also plotted for compari-
son. The simulation is able to capture the threshold effects and the large
folding of the origami accurately. The wall-clock time for running the
entire simulation with 250 thermal increments is 13 seconds recorded on
a modern laptop with i7-8750H processor. The model under-predicts the
nonlinearity in the folding and a higher heating power is needed to reach
the high folding angles. The more extreme nonlinearity observed in the
real experiments is likely due to the nonlinear material responses and
the complex thermal boundary generated by the etch holes surround-
ing the single-crease origami. Previous researches have shown that the
mechanical and thermal properties of SU-8 is nonlinear [59,60], which
can lead to the mismatch in Fig. 7 (c). Also, the thermal boundary with
a complex 3-D shape is simplified as a 2-D plane in the proposed model
so the heating dissipation is not captured exactly.

Fig. 7 (c) also contains one outlier that we encountered during the
physical testing (Sample 5). In this case, the specimen experienced a
local defects during the fabrication which caused the wrinkling in the
electro-thermal actuator crease and delayed the folding from happen-
ing (Fig. 7 (d)). Such localized behaviors cannot be captured with the
proposed model as our model has limited degrees of freedom and is

dedicated to only simulating the global response of origami. Although
this outlier illustrates the limitation of our model, we believe it does
not compromise the usefulness of the proposed model. More robust
fabrication methods will prevent such outliers from happening in the
future.

5.2. Double-crease origami with thermo-mechanical coupling

Here, we study the thermo-mechanically coupled folding behavior
within a double-crease origami pattern (Fig. 8). This system has two
identical creases, however, the folding of the two creases is different
because each crease has different thermal boundaries that results in dif-
ferent temperatures when heated. The second fold (fold 2 on Fig. 8 (a))
is folded further away from the substrate which leads to a slower heat
dissipation, a higher temperature, and a higher curvature. This coupled
thermo-mechanical effect can be captured accurately with the proposed
model.

Fig. 8 (a) shows the simulated folded geometry of the origami sys-
tem, and Fig. 8 (b) shows the experimental pictures of the same systems.
The physical devices are fabricated using the processes reported in [22].
A single simulation of the double-crease origami pattern takes about 18
seconds to complete (recorded on a modern laptop with i7-8750H pro-
cessor). Fig. 8 (c) and (d) show a comparison between the simulation
and the measured results for the folding angle of the two creases. Sim-
ilar to the single-crease, the double-crease system also experiences the
gravity induced threshold effect, which can be captured with the bar
and hinge formulation accurately. More significantly, the results show
that the proposed model can capture the thermo-mechanical interac-
tion during the large folding deformation. The simulation successfully
predicts that the fold 2 will develop a higher temperature and a larger
folding angle as it moves away from the substrate.
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Fig. 7. Comparison of the simulated results between the bar and hinge model
and the measured folding behavior of a single-crease micro-origami with 400
um long actuators. (a) Folded geometry of the single-crease micro-origami at
different voltage inputs; (b) Simulated folding process of the single-crease micro-
origami with the proposed framework; (¢) Comparison of the folding angle to
input power curves between the simulation and the measurements; (d) Local
defects such as the wrinkling in Sample 5 sometimes result in experimental out-
liers. See supplementary video Verification 1 for a comparison of the simulated
animation and the recorded motion of the physical devices.

The experimental results show that the fabricated physical samples
have different residual folding as a result of the fabrication process (in
Fig. 8 (b), the two samples rest at different configurations when no heat-
ing is applied). The difference in residual folding is mainly caused by the
variation in residual stresses of the SU-8 layer and the gold layer. This
residual folding can be measured and estimated using the testing beam
samples from our previous work [22]. These variations in residual stress
are common for micro-scale fabrication but they are tremendously dif-
ficult to control [33]. We envision that the proposed simulation frame-
work can be used to enumerate different combinations of design param-
eters efficiently to make the origami design robust against the influence
of residual stress and other factors. Because the proposed framework is
computationally efficient, it is possible to enumerate a large number of
combinations of design parameters within a reasonable time schedule.

6. Application examples

In this section, we will demonstrate the effectiveness and efficiency
of the proposed method with three application examples: simulation of
a crane pattern, folding of a Miura origami lifter, and an optimization
study of an origami micro-gripper.

International Journal of Mechanical Sciences 202-203 (2021) 106537

6.1. Simulation of a crane pattern

In the first example, we simulate the folding of an origami crane pat-
tern as shown in Fig. 9. This crane pattern has 17 creases and is more
complex then the single-crease and double-crease systems demonstrated
previously. We use this example to demonstrate that the provided im-
plementation code package can be easily adapted to simulate more com-
plex origami systems. We assume that the crane pattern is made with
the same fabrication method as discussed previously [22] and thus the
panel are made of thick SU-8 and the electro-thermal creases are made
with Au and thin SU-8 films. The folding is accomplished by applying
heating power to all creases of the crane pattern simultaneously. For
simplicity, we neglect the effects of gravity and the thermal boundary
of the substrate in this example.

Fig. 9 (a) demonstrates the folded geometry of this crane pattern,
and the wall-clock time for running this simulation is about 30 seconds
(recorded on a modern desktop with i9-10900K processor). When fold-
ing complex origami patterns, the folding speed of different creases tend
to be different because of kinematic constraints by the pattern geome-
try [29]. However, common fabrication methods usually cannot ensure
that different creases will fold with different speeds [10,22]. Thus, there
will be interference between the different folding creases and strain
energy will develop in the creases as their fold angles deviate from
the computed stress-free state [29]. The proposed method can be used
to study and simulate this interference effectively as demonstrated in
Fig. 9 (a). In general, by designing an origami pattern that has one-
degree-of-freedom kinematic motion, one can also achieve the desired
folding even if the actuation speed deviates from the kinematic folding
speed. Moreover, it is also possible that real fabrication cannot actuate
all creases simultaneously, and there may be a need to leave certain
creases as passive rotational springs [22]. Fig. 9 (b) demonstrates one
example of non-uniform actuation where two creases of the crane pat-
tern are deactivated. The simulation shows that although we are not
applying heating to these two creases, the folding can still proceed suc-
cessfully. The successful folding is achieved because the pattern of this
crane has one-degree-of-freedom folding kinematics. The two compu-
tation examples show that the proposed simulation framework is well
suited for studying the complex folding motion of active origami. More-
over, this example shows that the provided execution package can be
easily adapted to efficiently simulate the electro-thermal folding of rel-
atively complicated origami systems with non-uniform actuator place-
ment. The relevant simulation code “Example06_Crane.m” can be
found on the GitHub page.

6.2. Folding of a Miura beam lifter

In this second example, we explore the folding of a Miura beam sys-
tem such that it can be used as a lifting device. We use this example
to show that the proposed simulation framework can capture complex
thermo-mechanical interactions even when simulating a relatively com-
plex origami pattern. Fig. 10 shows the loading set up of the Miura beam,
where the left end of the beam is anchored. All creases of the pattern are
heated simultaneously so that the right end of the beam will be lifted as
the pattern folds. We first consider folding the device when no substrate
is presented under it. Fig. 10 (a) shows the folded the geometry when no
supporting substrate is presented and the dark line in Fig. 10 (c) gives
the lifting displacement with respect to the normalized heating power.

This first loading set up is usually not realistic because a substrate is
needed to support the device in a physical test. For small-scale devices,
the large substrate supporting the devices will naturally introduce a tem-
perature boundary condition. Fig. 10 (b) shows the deformed geometry
of the same Miura beam under the same electrical heat loading when
the substrate is presented underneath. We can see that those creases
on the left end of the beam (in the dashed box) have a lower temper-
ature than those creases on the right end. This temperature reduction
is observed because the creases on the left end are closer to the sub-
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can still fold successfully because the center pattern has a one-degree-of-freedom
folding kinematic motion. This crane pattern has 17 creases and the simulation
can be done in about 30 seconds recorded on a modern desktop with i9-10900K
processor. See supplementary video Example 1 for the simulated animation..

strate and thus dissipate the heating power quicker. Because part of
the creases develop lower temperature, the lifting displacement of the
device is also lower compared to the situation when no substrate is pre-
sented (see Fig. 10 (c) gray line). A wall clock time of about 50 seconds
is recorded to run the analysis of this Miura beam example on a mod-
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Fig. 10. Simulation of a Miura-ori pattern lifting device. (a) Deformed geometry
of the lifting device when no substrate is presented; (b) Deformed geometry of
the lifting device with a substrate underneath; (c) Comparison of the lifting
distance with respect to the input heating for the two cases. See supplementary
video Example 2 for the simulated animation.

ern laptop with i7-8750H processor, which shows the efficiency and the
capability of capturing changing thermal boundary of the proposed sim-
ulation framework. The simulation code “Example03_Miura.m” can
be found on our GitHub.
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device.

6.3. Optimization of origami gripper

In this final example, we demonstrate how the simulation frame-
work can be used as an efficient tool for optimizing the design of active
origami devices for realistic application. Over the past decades, there
have been a number of research efforts to optimize origami designs [61].
For example, particle swarm optimization can be used for finding new
origami tessellations [62], a mixed-integer-program can be used for de-
termining the mountain-valley assignment of origami creases in a pat-
tern [63], and genetic algorithms could be used for optimizing the geom-
etry of origami patterns [64]. However, most of the existing optimiza-
tion studies are applied onto kinematic simulations of origami systems
and thus have limited capability to optimize performance based metrics
of origami like the power consumption. With the proposed model, we
now have the capability to simulate function related metrics of active
origami efficiently and effectively, and thus can further achieve opti-
mization of the performance of a functional origami.

Here, the proposed framework is used to optimize the design of an
active origami gripper first conceived in [22]. The original origami grip-
per demonstrated in our previous work [22] was designed based on a
trial and error approach and its performance was not optimized. This
micro-gripper has four foldable panels controlled by two separate cir-
cuits (see Fig. 11 (a) for system design and dimensions). The first circuit
is used to fold the base panels to assemble the gripper into the 3-D geom-
etry, and the second circuit is used to close the arms to achieve gripping
functions.

In this example, we will search for a better geometrical design to
minimize the input power needed to first assemble and then close the
gripping arms. Practical constraints are considered and these include:
(1) the size of the panels should not exceeds a prescribed range; (2) the
gripping range is fixed as a constant; and (3) the temperature of the
creases should not exceed the glass transition temperature of SU-8 so
that the structure will not soften too much due to the excessive heating.
The gripper optimization problem is formulated as follows:

min (Power(W, Ly, Ly, L,)) M

10

st Lyin < Ly, Ly < Ly ®)
Wiin W < Wax €]
Lomin < Ly < Ly max (10
max,(Tf™%¢) < 12X T, syg 1)

We use a coordinate descent with fixed step length to perform the op-
timization. The starting geometry is: L = 1000um, L9 = 1000um, LS =
700um, and W0 = 200um, and the constraints are selected as: L, =
500pum, Ly, = 1500um, W, = 100pum, Wy, =300um, L, ., = S00um,
and L, ,,, = 1500um. Unlike the original design presented in [22], the
panels of these micro-origami grippers are made with 5 um thick SPR
photoresist rather than the 20 um thick SU-8 photoresist. This reduction
in thickness makes the folding motion of the gripper easier to control by
reducing effects of gravity. Figs. 11 (b) to (e) summarize the results of
the optimization. We can see that as the optimization proceeds, the base
panels become smaller and the actuator creases become longer. These
optimization results are obtained because the smaller base panels can
reduce gravity loading and the longer actuator creases can achieve the
same folding angle at a lower temperature with less input power. The
optimized gripper not only demonstrates better energy performance, but
also has lower functioning temperature, which makes it more robust and
less likely to be overheated. Each simulation of the gripper can be done
in 20 seconds and the entire optimization is accomplished in about 25
minutes without parallelization, demonstrating the high efficiency of
the proposed simulation framework.

After running the simulation, the optimized gripper was fabricated
and tested. We recorded the folding motion and the power consumption
as shown in Fig. 11 (f) and (g). The first gripper sample Fig. 11 (f) has a
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geometry that is close to the simulated gripper obtained in step 4 of the
optimization, and the second gripper in Fig. 11 (g) has a geometry that is
close to the simulated gripper obtained in step 9 of the optimization. The
geometry of the fabricated samples does not match the simulated geome-
try exactly due to practical limitation of the fabrication. The first gripper
design requires 29.8 mW to complete the full gripping function while
the optimized sample requires 21.6 mW, demonstrating that the opti-
mization successfully reduced the power consumption. However, the
measured power consumption of the unoptimized gripper is lower than
what is simulated. There are multiple factors that can lead to this over-
estimation. First of all, the residual curvature of the relatively thin SPR
panel for the non-optimized gripper can interact with the folding pro-
cess and contribute to the mismatch in the power calculation. Besides, a
fixed heat dissipation angle f is used for the entire system without con-
sidering the thermal interaction between adjacent creases. When there
are multiple creases and panels that are close to each other (such as
in this gripper), the heat dissipation angles # should decrease to con-
sider that the multiple creases/panels cannot dissipate as much heating
power using a shared volume of air. Because the crease temperatures in
the optimized design are substantially lower, there is less overall dissipa-
tion, and thus it matches simulated prediction better. Finally, variations
in thickness, material properties, pattern sizes, and other factors during
the fabrication could also contribute to the mismatch. Although the pre-
dicted power consumption does not match the experiment perfectly, the
revealed design principle is valid and useful and the power consumption
of the gripper is reduced successfully, which demonstrate capability of
using the simulation framework for design optimization.

7. Conclusion

In this work, we proposed a novel simulation framework to capture
the multi-physics behavior of electro-thermally actuated origami sys-
tems. The framework is based on the bar and hinge approach for repre-
senting origami, which allows for a simplified and rapid simulation of
the active systems with thin-sheet geometry. This work introduces new
formulations for capturing the heat transfer and the thermo-mechanical
coupling within the origami. Our approach recursively solves (1) the
heat transfer problem for the nodal temperature of the origami under
an applied heating power, (2) the curvature of each crease from the el-
evated crease temperature, and (3) the new equilibrium position of the
origami using a mechanical solver that determines the global folding
motion of the system.

In the proposed formulation, planar triangular thermal elements are
used to capture heat transfer within the structure, while the structure to
environment heat loss is simulated as a simplified 1-D heat conduction
problem. This modeling technique is calibrated and verified against an-
alytical solutions and FE simulations, and the results show that the new
model can accurately capture the two forms of heat transfer within ac-
tive origami systems.

Next, this work presents two verification examples where we com-
pare the predicted folding motion from the proposed simulation frame-
work to physical experiments of electro-thermally actuated micro-
origami. The two verification examples show that the simulation can
capture the gravity induced folding threshold, the contact between the
origami and a substrate, and the thermo-mechanically coupled folding
motions. These two examples highlight the capability and validity of
the proposed simulation framework as a rapid method to capture the
behaviors of origami-inspired systems.

Finally, we presented three application examples where the model
is used to study (1) the folding motion of a relatively complex origami
crane pattern, (2) the influence of having a substrate under a Miura
origami lifting device, and (3) the design optimization of an origami
gripper. With these three examples, we further demonstrate the effi-
ciency and effectiveness of the proposed framework for simulating the
interdependent electro-thermal actuation, large deformation folding,
contact between different panels, and other loading effects.

11

International Journal of Mechanical Sciences 202-203 (2021) 106537

This simulation framework provides a much needed method to simu-
late, design, and optimize electro-thermal or thermally actuated origami
systems. Moreover, the proposed framework can be used at multiple
length scales and is not limited to origami-type systems. By re-tuning
the model parameters, we envision that the model can also be applied
to simulate thermal and active multi-physical behaviors in other systems
with planar features such as ribbon-based or kirigami-based structures.
We believe that the proposed simulation framework will push the lim-
its of origami systems, allowing engineers and researchers to explore
new origami systems, to create new control protocols for active origami
structures, and to rapidly refine and optimize their designs.

8. Availability of the code package

The code package with an implementation of the proposed
simulation framework is available at: https://github.com/zzhuyii/
OrigamiSimulator. The current implementation is in MATLAB. We are
actively working on updating the package for including newer models
and more advanced functionalities.
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