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SoRoForge: End-to-End Soft Actuator Design

Lawrence Smith™, Graduate Student Member, IEEE, and Robert MacCurdy

Abstract— We present SoRoForge, a design tool that addresses
several limitations in the existing design and fabrication workflow
for pneumatic soft actuators. We use implicit geometry functions
to specify geometry and material distribution, a GUI-based soft-
ware tool for interactive exploration of computational network
representations of these implicit functions, and an automated
tool for generating and displaying rapid simulation results of
candidate designs. We prioritize seamless connectivity between
all stages of the design and fabrication process, and elimina-
tion of steps that require human intervention. The workflow
presented here integrates with existing capabilities for multima-
terial additive manufacturing, and is also forward-compatible
with emerging automated design techniques. The data gathered
from human-interaction with this tool will be used by future
automation tools to enable automated soft actuator design based
on high-level specifications.

Note to Practitioners—In this paper we present SoRoForge,
a software tool that integrates major stages of soft actuator
design and fabrication, which are ordinarily distinct and require
deep domain expertise to investigate.This work promotes cross-
discipline collaboration, allowing experts in other fields to map
soft robotics solutions onto their design problems.Our key
contribution is the automation of normally tedious or complex
aspects of soft actuator design and fabrication: the specification of
design geometry, the preparation of numerical simulation studies,
and the physical realization of finished designs.Applications for
soft actuators designed using our tool include soft manipulators
on automated assembly lines, patient-specific biomedical imple-
ments, and food handling equipment for easily bruised produce.

Index Terms— Soft actuators, automation, design.

I. INTRODUCTION

OFT actuator design requires multidisciplinary expertise

and is largely guided by intuition earned over time-
consuming design/build/test cycles, placing it out of reach for
many non-experts [1]. In order to prevent the now decades-old
field of soft actuator design from stagnating or turning inward,
domain experts note the importance of finding cross-discipline
soft robotics applications [2]. Rather than relying on the
relatively few soft robotics researchers to discover meaningful
applications in other fields, we advocate for lowering barriers
to entry, so that soft actuator design is more accessible to curi-
ous experts in other fields. We also predict that re-imagining
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the soft actuator design process will allow researchers to
bring automated design tools to bear on this design space,
blending human-powered and machine-powered design in the
way already common in the design of novel lightweight
structures [3].

In this paper, we build upon prior work [4] in re-imagining
soft actuator design and introduce the open-source design tool
SoRoForge. This tool represents the embodiment of a new
design paradigm for soft actuators, and for the first time
synthesizes all major stages of the design, evaluation, and
fabrication process in a single tool, enabling:

« interactive exploration of implicit geometry functions
represented by computational networks

- online 3D static geometry preview of candidate designs

« full integration with open-source FEA software

o multimaterial SoRo design

« one-click creation of 3D printable design files

« file I/O for SoRoForge designs, allowing users to save,
load, and remix others’ concepts

II. EXISTING SOFT ACTUATOR DESIGN PARADIGM

The existing design and fabrication workflow for soft
robotics is characterized by manual processes and bottlenecks
between design, simulation of performance, and fabrication
phases [5]. This paradigm is described in detail by the Soft
Robotics Toolkit, which was first introduced in [1] and has
continued to grow in breadth, increasing accessibility to the
design and fabrication of soft robots. Interactive computer
aided design (CAD) is typically used to specify geometry for
soft robotic actuators (and the molds required to cast them,
if necessary). This requires expert attention and is often not
robust to parametric revisions that produce significant morpho-
logical changes [6]. Nonlinear finite element analysis (FEA)
using volumetric tetrahedral or hexahedral element meshes is
typically employed to assess designs [1]. This often requires
modifications to CAD geometry to simplify geometric details,
manual assignment of boundary conditions, and manual mesh
generation. Additionally, commercial software tools used for
CAD and FEA are not open-source, hindering development of
new features required for soft robotics, and may prohibitively
expensive for researchers. Finally, multi-step casting processes
are typically used to fabricate designs, which require manual
mold design and significant effort to cast and de-mold soft
robot designs [7].

Each of these steps is time-consuming, requires expert
human attention, and requires a distinct software tool with with
an associated embodiment of the design under development:
a boundary representation for design, a computational mesh
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TABLE I

SURVEY OF RELATED SOFT ACTUATOR DESIGN TOOLS

Result Design Design Evaluation Method Extensible to Auto- Integrated Fabrication
Representation (Computational Cost) mated Design Simulation File Creation

Conventional Workflow Parameterized

e.g. Holland 2014 [1] Gattesalsie)| 3D NL FEA (High) No No No

“Soft Robotics Toolkit”

) Parameterized -

Moseley 2016 [8] Gattesaisie) 3D NL FEA (High) Yes Yes No

Caasenbrood 2018 Signed Distance .

(9] “SoRoToki” |stieitions (el 2D NL FEA (Medium) Yes Yes No

Smith 2021 [4] Implicit — Geometry 3y \y, FEA (Low) Yes No Yes
(flexible)

Sahibi 2021 [10] Parameterized .

“SoR0CAD” el 3D NL FEA (Medium) No Yes Yes
Parameterized .

Yao 2022 [11] it k) 3D NL FEA (High) No Yes Yes

This Work Implicit Geometry

“SoRoForge” (flexible) 3D NL FEA (Low) Yes Yes Yes

Related toolkits published in recent years underline the necessity for improved soft robotics design tools, however previous results do not incorporate all
aspects of design, simulation, and fabrication in one tool and provide forward-looking integration capabilities with automated design approaches. NL:
Nonlinear; FEA: Finite Element Analysis.

for analysis, and a surface triangulation for fabrication [6].
Furthermore, the tools currently used for soft robotics design
are choices of convenience, inherited from legacy workflows
originally designed for traditional subtractive manufactur-
ing, small deformation engineering analysis, and molding.
In short, the existing soft actuator design paradigm does
not serve the majority of potential soft robotics researchers,
impedes wider, cross-disciplinary adoption of soft robotics,
and is not forward-compatible with the future of symbiotic
human/machine design. SoRoForge attempts to address these
gaps.

Research published in the last few years reflects the need
for a new generation of design tools (see Table I) for soft
robotics. These results also point to the challenges inherent
in synthesizing these tools into a single workflow while
maintaining a high degree of generality. Ultimately, design
tools for soft robotics should be as flexible as traditional
CAD is in the design of conventional mechanical components;
creating a new design tool for each emerging flavor of soft
actuator offers diminishing returns.

Yao et al. [11] released an open-source GUI-based tool for
the exploration of a parameterized design space for bending
soft actuators, which allows users to adjust key dimensions
and predict actuator behavior using finite element simulations.
However the variety of designs user can explore is narrowly
limited to bending soft actuators with specific geometric
parameters, finite element simulations incorporated in the tool
require a paid license to the commercial code COMSOL, and
computation times are prohibitive, requiring ~75 minutes to
simulate the deformation of a typical actuator design under-
going pressurization [11]. In similar work, Moseley et al. [§]
provide open source code for optimizing pre-selected dimen-
sions in pleated pneumatic actuators, but stop short of a GUI
interface and live feedback on candidate design performance.
In SoRoCAD, Borchers et. al. [10], [12] present a software tool

with similar capabilities: parameterized geometry for several
types of soft actuators, one-click simulation execution using
the FEA software SOFA [13], and automated fabrication file
generation (3D-printable mold components for cast silicone
actuators). While user studies [14] indicate the tool lowers
design barriers for novice users, SoRoCAD is limited to
creating a small set of geometrically similar, topologically
identical actuators.

Caasenbrood maintains a growing repository [9] of design,
simulation, visualization, and control tools for soft actuators,
under the project SoRoToki. This workflow includes a novel
method for performing nonlinear topology optimization on soft
actuators while including material nonlinearity, large deforma-
tions, and pneumatic loads on moving boundaries [15], unique
in the field [16]. However these optimizations are conducted
in two dimensions, restricting the breadth of the design space
to actuators exhibiting planar motions and symmetry. This
work also appears to focus primarily on efficient simula-
tion of already-designed robots for control and visualization,
implementing reduced-order-modeling and idealization to one
dimension [17], which enables real-time control of fabricated
robots [18].

In fact, this focus on the fast simulation of previously-
designed soft robots is common in literature - many simu-
lation approaches developed for soft robots are created with
control in mind, where morphology is fixed and expensive
precomputation is perfectly acceptable if it enables accelerated
reduced order model execution [19]. In contrast, SoRoForge is
focused on design, and we seek to rapidly characterize novel
morphologies; expensive precomputation is unacceptable.

In a precursor to this work, we [4] presented an open-source
toolbox for the design, simulation, and fabrication of pneu-
matic soft actuators. However, this earlier work dispatches
simulation jobs to the commercial finite element code Abaqus
(©Dassault Systemes), which requires a paid license, and does
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Fig. 1. Diagram depicting the seamless flow of data between SoRoForge
modules that handle three phases of soft actuator creation: Design, Simulation,
and Fabrication. Soft actuator designs originate as interactive graph networks
(user-created or loaded from a library), terminate as ready-to-fabricate print
files, and may be iteratively simulated and modified along the way. Dotted
boxes indicate distinct embodiments of a single design as represented in
different SoRoForge modules. Dashed arrows indicate triangular or tetrahedral
remeshing operations using GIBBON [20] and solid arrows indicate con-
version between representation types via graph traversal or nodal mappings.
Simulation module leverages FEBio [21] for nonlinear, contact-enabled, large
displacement finite element analysis.

not retrieve them for immediate “in-app” visualization. Also,
this previous work does not provide users with interactive
feedback, linking the symbolic functional form, computational
network form, and deformed physical form of the designs they
create, which inhibits the development of design intuition. The
breadth of designs which can be realized using the previous
workflow is limited by a small palette of implicit geometry
“building blocks” and an implementation restriction that per-
mits only manifold designs. Finally, the previous workflow
lacks a public-facing website with tutorials and demonstrations
of the tool’s capabilities, and has seen limited adoption in the
field.

In contrast to previous work, the workflow presented in
this paper (depicted in Figure 1) prioritizes seamless con-
nectivity between all stages of the design and fabrication
process, and minimizes steps that require manual intervention.
An open-source GUI-based implementation of this workflow,
with all required simulation and mesh generation depen-
dencies, is available for download at www.SoRoForge.com.
We have written SoRoForge in Matlab (©Mathworks 2022)
and leveraged the work of open-source software developers for
low-level operations, including GIBBON [20] for triangular
mesh refinement and plotting utilities, TetGen [22] for robust
tetrahedral mesh generation, and FEBio [21] for nonlinear
finite element simulation (see Figure 1). In the following
subsections we describe our approach to design, simulation,
and fabrication of soft actuators in SoRoForge, and note where
our work is distinguished from other research in the field.

A. Implicit Geometry Modeling

The geometry and material distribution in many pneumatic
soft actuators may be efficiently described by analytical func-
tions in three dimensions. Because geometric features often
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Fig. 2. Section planes through scalar field produced by an implicit geometry
representation, defined by Equation 1, of a bellows-like soft actuator designed
in our workflow.

repeat along the length of an actuator, and descriptions of
geometry/material distribution in the transverse plane are nat-
ural in polar coordinates, representations of actuator geometry
can be surprisingly compact. For example, the expression

sin(4z) —sin(2.8r) +2.8r —3.4 = (1)

produces the scalar field shown in Figure 2.

Triangulating an isosurface through this scalar field where
Y = 0 produces a surface representation of a linear actuator
with rounded folds, reminiscent of the CAD-generated bellows
presented in [23].

Describing geometry with implicit functions (or signed
distance functions [24]) may appear unwieldy to a designer
accustomed to building geometry using interactive CAD soft-
ware. However implicit geometry modeling offers several
advantages over traditional tools [24], which represent geom-
etry by mathematically describing the surfaces and edges that
bound volumes. Implicit geometry representations contain no
explicit edges or surfaces - instead, functions operate on a
design domain, producing a continuous scalar field. Since no
references to edges or faces exist, traditionally “fragile” CAD
operations such as shelling, Boolean operations, and complex
filleting are reliable and near-instantaneous [25]. Additionally,
the scalar field output of a geometry function contains valuable
information beyond the position of the object’s boundary - the
sign of the field indicates whether a point is interior to the
surface of the part, and the magnitude of the field gives a
rough measure of the distance to the surface.

For extremely complex designs, which may contain tens
of thousands of faces when represented in traditional CAD
software, implicit geometry modeling excels. Implicit geome-
try representations typically require dramatically less storage
space than traditional CAD representations and evaluation
of geometry is embarrassingly parallel [26]. Commercial
implicit geometry modeling platforms demonstrate 60x speed
increases over traditional CAD packages when evaluating
complex geometries [26]. Finally, implicit geometry functions
are naturally represented by computational networks, which
are compact and offer forward-looking advantages for incor-
porating machine intelligence into soft actuator design [16].
Previous results have noted the benefits of network-based
representations of implicit geometry for automated design
of soft pneumatically actuated blob-like robots [27], but our
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Fig. 3. SoRoForge graphical user interface for exploring multimaterial soft actuator design space. Exploration of a computational network is performed

in the network editing pane A, while a rendering of the resulting actuator design is synchronously updated in the visualization pane B. Users can toggle
seamlessly between design, simulation, and fabrication functions (C), while SoRoForge presents relevant information - for example the deformed state of a
bending actuator in response to applied pressure, superimposed on the rest state currently visible. Users may also save out, and later load in, native SoRoForge
files (D), as well as access a pre-defined library of designs including all those presented in this paper. The simulation in (B) is executed in 18s.
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Fig. 4. Implementation of aggregation (agg.), weighting, activation (act.),
and bias in the functional nodes of the computational network of SoRoForge.

work leverages the particular elegance of descriptions of
soft actuator geometry in cylindrical coordinates, and focuses
directly on the design of pneumatic soft actuators.

Any implicit function may be expressed as a computational
network, which readily exposes the function’s structure -
relationships between inputs and outputs, symmetries, repeat-
ing motifs, etc. - to an analyst. Computational networks are
recognized as particularly compact and powerful generative
encodings [28], and various graph and network structures
have been summarized by Kicinger et al. [29]. Nodes in
theses networks represent elementary functions, and links
represent the flow of data between nodes. Figure 4 shows
the computations inside each node of the networks we use
in this work. All input signals to a node are scaled by weights
associated with the links connecting them to the node, then
combined into a single value using an aggregation function,
which in our implementation can be either summation or
multiplication. The aggregated value is fed into an activation
function, which transforms the input to an output signal using
one of a handful of elementary functions, such as sin(-),
atan(-), and (-)"'. A full list of the activation functions we
use is given in Table II.

Finally, a bias is applied to the signal, yielding the output
value. By arranging nodes with this simple internal structure,

TABLE II
SOROFORGE ACTIVATION FUNCTIONS
sin() asin() (2 al)
cos(-) acos(+) ()4 a+(v)
tan(’) atan(’) (01 eap(’)

very complex networks can be assembled, which transform
coordinates into scalar field values. In our implementation,
we allow computational networks to operate on the Carte-
sian and cylindrical coordinate representations of 3D space
interchangeably, so that users can bypass tedious conversions
between these systems.

B. SoRoForge Application

We present SoRoForge (Figure 3) for the interactive design
of network representations of soft actuator geometry. Our
open-source tool is built in Matlab and aimed to be intuitive
and accessible to non-expert users. SoRoForge gives users
control of basic network editing functionality such as adding
and deleting nodes and links, modifying weight and bias terms,
and node insertion (See Figure 3).

Computational network representations of implicit geom-
etry functions can make interactive design more natural for
a human designer than the direct manipulation of implicit
geometry functions such as Equation 1. To encourage users
to develop an intuitive link between an implicit function’s
symbolic form and its representation as a computational net-
work, SoRoForge symbolically evaluates the graph network in
real-time, simplifies the resulting expression, and displays this
above the network editing pane.
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As users modify network topology and weight/bias terms,
SoRoForge updates a 3D visualization of the resulting
undeformed actuator geometry, complete with pan/zoom/orbit
controls. Users may also remesh and smooth isosurface tri-
angulations, save and load networks, and write designs to
STL files, which are naturally portable to existing 3D printers.
Users may also build or load a secondary network to define the
material distribution if they choose to design a multimaterial
soft actuator, and write separate STL files for each distinct
material. We have used this tool to recreate a variety of notable
published soft actuator designs (see Figure 8). These designs
were created in SoRoForge over the course of an afternoon,
demonstrating the flexibility and efficiency of the tool.

C. Simulation of Candidate Designs

Numerical simulation accelerates design when it replaces
or augments time-intensive design/fabricate/test/redesign itera-
tions. However, simulation is underutilized in the design of soft
robotic actuators, likely because popular simulation methods
require impractical amounts of computation time and setup.
This explains why simulation is overwhelmingly used for
post-hoc evaluation of completed soft-robotics designs, rather
than as part of the online design loop [30].

Fang et al. [31] predict the deformations of a variety of
soft actuators by contriving geometric constraints to mimic
actuation loads. However their work relies on the small strain
assumption, limiting its usefulness in general soft actuator
simulation. Their method of replacing pressure boundary con-
ditions with volumetric “pneumatic elements” is similar to
the approach of approximating pressure loads in the material
point method [32]. However neither of these approaches
naturally handles boundary loads, which are ubiquitous in
pneumatic soft actuators, and often require calibration with
empirical FEA simulation data on a per-morphology basis
- making the approach slower than simply simulating via
FEA when designing novel morphologies. Another approach
at the cutting edge of fast physics simulation uses a neural
network workflow to “learn” physics on mesh-based domains,
including cloth dynamics and nonlinear structural mechanics
with contact [33]. The method shows more generality and
higher performance than related machine learning approaches
for learning large deformation mechanics [34], and demon-
strates 1-2 orders of magnitude faster solve time than the
physics simulations it is trained on, but is focused primarily
on accelerating simulations of roughly known geometries and
boundary conditions.

Goury [35] uses model-order reduction to efficiently reduce
the dimensionality of large finite element simulations of soft
actuators, enabling speedups of 100x and real-time simulation
of several complex actuators. The focus of model order reduc-
tion (MOR) is on developing highly optimized simulations
of pre-existing fixed-morphology robots, and they require an
expressive basis of deformations extracted from many full-field
simulations performed offline before the MOR can be utilized
(see an excellent discussion in [19]). Many results in this vein,
including [35], do not report the computational cost of gener-
ating the MOR because it is worth paying in order to obtain a
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highly optimized model of a specific geometry for post-design
tasks like control. However these costly pre-computation steps
greatly limit the utility of MOR for design exploration, which
is the primary focus of SoRoForge.

We note several recurring properties in soft robots that make
them challenging to simulate from a numerical standpoint:

1) Finite Strain: common fabrication materials for soft
robots create large deformations, precluding linearized
small strain theory

Hyperelastic, Nearly Incompressible Materials: com-
monly used materials are nearly incompressible and
cause stability problems and nonphysical locking effects
3) Actuated: pressure loads which are strongly coupled to
deformation variables are common, creating additional
boundary condition nonlinearities

Multi-Material Constitution: wave speeds of constituent
materials span orders of magnitude, leading to stiff
dynamics that challenge integration in time
Intermittent, Dense Contact: contact interactions, expen-
sive to resolve in FEA, are expected and exploited for
performance in many soft actuators

Instability Phenomena: structural instabilities are lever-
aged rather than avoided [36]

2)

4)

)

6)

Key works in soft robotics literature handle the difficulty
of simulating candidate designs by striking a balance between
model complexity (and therefore development and execution
cost) and accuracy. Table III collects significant soft robotics
results with a simulation component. By far the most common
approach for simulating soft robots during design is nonlinear
finite element analysis (FEA) in three dimensions [1] using
either tetrahedral or hexahedral volumetric finite elements,
as in Table III, left column. These simulations yield results
which accurately predict empirical responses for a variety of
complex geometries under varied loading, albeit at substantial
human and computational effort.

The preparation of a candidate actuator design for FEA
requires discretizing the geometry into a computational mesh.
Despite enormous effort, finding a general algorithm for
automated generation of high-quality (numerically stable)
hexahedral meshes on arbitrary geometry remains an open
problem [37]; manual intervention is common. Tetrahedral
meshes, which can be automatically generated, suffer stability
issues and nonphysical locking effects when subjected to the
large deformations typical of soft robots. Thus the cost of
iteratively generating actuator designs and simulating them
using traditional approaches is both likely to require significant
human intervention and long simulation times.

Next most common in the literature are examples of dimen-
sional reduction to 1D, yielding beam /rod models. Whether
analytical or FE-based, these models are appropriate only for
long, slender geometries, in which two spatial dimensions are
much smaller than the third. These models capture the shape of
a deformed actuator as well as a one-dimension model can, and
are accepted as sufficiently accurate for trajectory planning and
control [38]. However 1D models have significant shortcom-
ings for design exploration; fundamental relationships between
model inputs (e.g. material distribution, applied pressure) and
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TABLE III
DIMENSIONAL REDUCTION IN SOFT ACTUATOR ANALYSIS

3D (unreduced) 2D (shell) 1D (beam/rod) 0D (lumped)
[39] [40] [41] [49] [50] [51]
[5] [42] [43] as BABIBE e

[44] [45] [46]
[47]

[54] [55] [56]
[45] [57]

curvature are often heuristic or require experimental data to
extrapolate from, and they are suited strictly for rod-shaped
geometries.

The advantage of a 1D model is exceptional reduction in
computational cost in comparison to a 3D FEA model, allow-
ing for faster than real-time simulation execution. Curiously,
few examples of dimensional reduction to 2D shell elements
can be found in literature [59] - even though this seems a
natural intermediate step between expensive yet general 3D
models and lightweight but limited 1D models.

SoRoForge uses shell finite elements because this method
is fast, is derived from governing equations for continuum
mechanics that imply physical meaning in engineering units,
requires no extrapolation from empirical datasets which are
costly to generate, and shares an identical mesh-based design
representation with the other stages of the workflow.

Shell finite elements have only two natural coordinate
dimensions and are formulated to represent geometries where
one dimension of an object (the thickness) is significantly
smaller than two others. Shell elements consider solution quan-
tities constant through the thickness dimension and integrate
material properties to produce zero-thickness representations
of shell structures with stiffness in tension, compression, shear,
and bending. Due to to their utility in structural analysis,
many variations of shell finite elements have been imple-
mented in both commercial (e.g. Abaqus) and open-source
(e.g. FEBio [21], MOOSE [47]) software, including variants
specialized for small and large deformations, multiscale and
multiphysics problems, buckling, composites, and higher-order
formulation [60].

Because shell finite elements have no volume, they can
endure extreme deformations without loss of stability associ-
ated with element inversion and mesh entanglement, common
in volumetric elements. However, this dimensional reduction
comes with a cost: shell elements exhibit numerical locking,
predicting artificially higher stiffness than do volumetric finite
elements. Extensive study [61] has attempted to quantify
this effect and offered mitigations, such as selective reduced
integration (SRI) element formulations, guidelines for mesh
patterns, and elements with additional bending degrees of
freedom (DOF) at each node. This phenomenon is most
severe in bending-dominated loading scenarios, when the shell
thickness to span ratio falls below 1:10, or when element
quality is poor. These assumptions are clearly violated in many
soft actuator designs (such as in Figure 8). However, for the
purposes of rapid evaluation of many different candidate soft
actuator designs, we propose that the absolute accuracy of a
simulation result should be considered alongside other factors
such as labor cost of simulation setup, stability, and runtime.
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We illustrate the utility of shell finite elements for our appli-
cation by simulating the behavior of a complex tentacle-like
actuator in two ways (Figure 5). At left (A) we simulate the
actuator using the traditional volumetric element workflow,
consistent with many published results (Table III, left column):
the thickness of the actuator walls is meshed using volumetric
finite elements. Because the actuator walls are thin, small
tetrahedral elements must be used in order to ensure adequate
element quality - though for this example we used the largest
tetrahedrals allowed by the wall thickness, resulting in the
lowest possible dimensionality of the resulting FE problem.
In the three cases B-D, we simulate the same actuator using
triangular shell elements, with the shell thickness set equal to
the wall thickness of the actuator. Both simulations are exe-
cuted using identical loading conditions, material properties,
incrementation settings, and hardware.

The volumetric mesh contains 26k tetrahedral elements,
with a total of 25k degrees of freedom, while the shell mesh
contains 2k triangular elements and a total of 4k degrees of
freedom. The shell-based finite element model is significantly
smaller than the volumetric-based model in terms of global
DOF, and contains 10x fewer finite elements. These factors
both contribute to the difference in solve time, but the differ-
ence in element count is particularly significant. For a problem
with structural nonlinearity, the global tangent stiffness matrix
must be assembled many times in the full Newton-Raphson
solution scheme implemented here. For the soft actuator shown
in Figure 5, using a shell mesh approach decreases solve time
by a factor of 5.3 relative to the volumetric mesh.

Despite the difference in solve time, the simulation results
are remarkably similar: the shell-based simulation predicts
the deformed shape of the actuator well (Figure 5B), and
the peak displacement magnitude is within 20% of the result
generated on the volumetric mesh. To further quantify the
difference between the two simulation results, we compute
local difference in position of the outer surface of each mesh
(Figure 5C). In the undeformed configuration, we create a
mapping between each node in the shell mesh and the nearest
node on the surface of the volumetric mesh. At specified load
increments we interpolate the deformation field of each result
and then compute the difference in position of the nodes across
this mapping. We normalize this distance by the length of
the actuator, and report local L2 norm of the distance using
color contours, showing that the maximum local difference in
position predicted by the shell mesh approaches 20% of the
actuator length relative to the volumetric mesh.

The artificially higher stiffness of the actuator simulated
using shell elements (lower displacements at equivalent load-
ing) is an expected result of numerical locking in shell meshes.
However, we note that the trajectory predicted by the shell
simulation is very similar to the volumetric mesh result,
albeit requiring a larger pressure to reach a given point along
that trajectory. We can improve agreement between shell and
volumetric simulations by posing minimization of the L2 norm
plotted in Figure 5C as an optimization problem, subject to
linear scaling of the pressure applied to the shell mesh. We find
that in this case a load scaling factor (LF) of 1.6 minimizes the
integrated local difference in position, bringing agreement to
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FE simulation of a soft actuator designed using SoRoForge which displays compound twisting and bending behavior in response to applied internal

pressure. A and B give results of simulations executed using tetrahedral volumetric (reference) and triangular shell elements respectively, with contours showing
displacement magnitude normalized by actuator length. As expected, simulation using triangular elements exhibits less deformation due to numerical locking.
Contours in C and D show local L2 norm of difference in position predicted by shell simulation relative to reference volumetric simulation, using equivalent
pressure load to reference simulation and load scaled by 1.6x, respectively. Applying a scaled load reduces normalized error in shell simulations, in this case

bringing error to below 10% of actuator length for the majority of the design.

Fig. 6. Adjustment of boundary conditions to account for multi-chambered
actuators and wall thickness effects.

within 10% of the total actuator length for the majority of the
design. For the purposes of quickly predicting the deformation
modes of a candidate actuator design, shell elements strike a
favorable balance between simulation speed and accuracy. Our
further work exploring the use of shell finite elements in this
context demonstrates similar results in terms of accuracy and
computational cost [59].

SoRoForge leverages the open-source package Finite Ele-
ments for Biomechanics (FEBio), a general and extensible
nonlinear FE code with 10 years of development [21] to
perform simulation of candidate designs. FEBio was developed
specifically for biomechanics research, and specializes in
strongly nonlinear continuum mechanics problems involving
large deformations, nonlinear material models, and contact
boundary conditions. FEBio is also highly scriptable, so SoRo-
Forge automatically builds, dispatches, and interprets simula-
tions in the background, allowing users to execute advanced
simulations with the click of one button.

We incorporate the meshing capabilities of the Geometry
and Image-Based Bioengineering add-On (GIBBON) [20] to
extract high-quality triangular meshes suitable for finite ele-
ments from scalar field evaluations of computational networks.
Users may edit simulation settings including shell thickness,
pressure magnitude, element size, and material Shore A hard-
ness within SoRoForge, allowing rapid exploration of different
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Fig. 7. Automated augmentation of a shell finite element mesh to include
an internal membrane. From left: original triangulation derived from implicit
geometry function, splitting the geometry along the medial plane and gener-
ating a membrane; merging the three resulting meshes into a final FE mesh.

simulation conditions on a candidate geometry. Triangulation
data is written to an input file as the location matrix for a finite
element mesh, and additional data is automatically added to
this input file, including boundary conditions, material mod-
els, solution settings, and output variables to monitor. Many
of these setting are user-controllable, including the actuator
material model, actuator wall thickness, applied pressure, mesh
resolution, and boundary conditions. The completed input
file is passed to the FEBio solver through the command
line automatically, bypassing the FEBio GUI. All simulations
presented in this paper are performed on identical hardware:
a fast but affordable desktop PC with an AMD Ryzen 3900x
CPU (24 threads, 4.1 GHz) and 64 GB of RAM.

D. Advanced Simulation Features

While the seamless execution of shell simulations and
retrieval of results is ideal for rapid design iterations, we rec-
ognize that users may occasionally want to conduct more
involved evaluation (especially towards the end of a design
process). To this end, SoRoForge is capable of automatically
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generating volumetric tetrahedral meshes and exporting them
to the working directory. Users can import these meshes in the
FEA tool of their choosing (including FEBio’s free GUI inter-
face), and apply more advanced boundary conditions, loading
profiles, material models, or contact scenarios. To generate
tetrahedral meshes from the computational networks used by
SoRoForge, we convert the scalar field representation of the
actuator’s outer boundary to a signed distance field using
GIBBON [20], allowing us to extract a second (interior)
surface offset from the outer boundary by a constant distance.
We use the open source software TetGen [22] to generate
tetrahedral meshes between these bounding surfaces.

SoRoForge can also augment the computational mesh prior
to simulation in several useful ways. First, users can request
that a subset of mesh faces be excluded from the surface set to
which pressure is applied. This is a simple means to selectively
pressurize different regions of the model, in order to simulate
the behavior of actuators with multiple independent pressur-
ization chambers, such as the antagonistic bending actuator in
Figure 6, left. In regions of an actuator design where the length
scale of geometric features is similar to the wall thickness,
the interior and exterior surfaces may diverge significantly
in geometry and even topology - note the tip of the spiral
actuator in Figure 6, right, which is completely solid. In order
to more closely resemble the pressurization of an actual 3D
actuator, shell boundary conditions can be adjusted to omit
loading on shell faces which are not nearby to the actuator’s
inner wall surface. This condition can be trivially detected
in actuators represented by implicit geometry functions; we
simply examine the signed distance field associated with the
inner surface of the actuator.

SoRoForge can also add interior surfaces to actuator designs
at the user’s request - creating a closed non-manifold geometry
that accounts for the stiffness of interior membranes. This
allows for complete pressurization of the interior surfaces of a
multi-chamber soft actuator such as the example in Figure 9.
This process is entirely automated and uses a plane to cut
an input mesh geometry, creating an additional intermediate
surface, and merges the resulting mesh into a final mesh
(Figure 7).

E. Automated Fabrication

Although casting remains the dominant fabrication style
for soft actuators, researchers have begun to explore additive
manufacturing for realizing many soft actuator designs [65].
Fused filament fabrication (FFF) [44], direct silicone extru-
sion [7], [64], embedded 3D printing [66], inkjet printing
[5], [67], [63], and stereolithography [62] have proven effec-
tive means of fabricating geometrically complex soft actuators.
Advantages of additive manufacturing include relaxing the
fabrication constraints inherent in traditional casting tech-
niques [42], rapid and consistent reproduction of existing
actuator designs [5], enabling multi-material deposition with
high geometric complexity [42], and rapid actuator customiza-
tion. SoRoForge allows users to export zero-thickness surface
triangulations of candidate designs, which can be trivially
printed via commodity FFF workflows using zero infill and
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TABLE IV
3"@_ORDER OGDEN MATERIAL MODEL

I 0.509 ay 3.03
%) -20.5 a2 0.314
3 25.3 as 0.175

a constant wall thickness to produce hollow, airtight actuators
(Figure 9). Additionally, as noted by [24], there is a natural
compatibility between the implicit representations of geometry
used in SoRoForge and additive manufacturing, both of which
operate on volumetric representations of a part.

III. RESULTS: ACTUATOR DESIGNS

Using the workflow described in the previous section,
we recreate several notable soft actuator designs from the
literature and present them in Figure 8, along with the compu-
tational network representation and the simulated response to
applied pressure. These designs were recreated and simulated
in SoRoForge over a period of several hours by a student user,
highlighting the efficiency of the design workflow presented
here. Examples include a canonical PneuNet bending actuator
[39] (A), an antagonistic two-chamber actuator capable of
bending in two directions [62] (B), a tentacle design capable of
multiaxis bending and extension [31] (C), a low-displacement,
high force linear bellows actuator [63] (D), a four-channel
tentacle actuator capable of multi-directional motion [64] (E),
and a triangle-wave actuator that exhibits bistable “snapping”
extension behavior under positive pressure [23] (F).

We note that the implicit geometry representations of these
designs are remarkably compact, a sign that the activation
functions and computational network structure implemented
here are well suited to efficient encoding of soft actuator
geometry. We observe that using SoRoForge makes designing
with implicit geometry functions intuitive, and the ability to
change network structure or weights and receive immediate
visual feedback accelerates the design iteration process. The
designs presented in this work, along with dozens of others,
are included in the default SoRoForge library so that users can
access them and load them into SoRoForge to make their own
alterations.

Empirical testing confirms that the shell-based FE simula-
tion approach adopted in this work is useful in predicting the
behavior of fabricated actuators. We fabricated antagonistic
bending actuators designed in our workflow by specifying
a 1.6mm wall thickness, extending inward from the surface
defined by Eq. 1 (modified by automatically adding an interior
membrane in the medial plane). Actuators were fabricated
from the thermoplastic polyurethane (TPU) material NinjaFlex
(©NinjaTek), which is tough, compliant (Shore 85A hardness),
and can be readily used by many commercial 3D printers.

We subjected actuators to a quasistatic 40 kPa internal
pressure load in both simulation and experiment, which is
consistent with pressure loading used in published soft actu-
ators [42]. The simulation was conducted on a 2k DOF
shell-based finite element mesh, using a third order Ogden
model derived uniaxial tension test data, given in Table IV.
Material models for many common FFF filament options
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are readily available in SoRoForge simply by specifying the We track displacement at the tip of the actuator and plot
shore-hardness of the desired material. the angle of a line connecting each end of the actuator against
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the applied pneumatic load (see Figure 9). Simulations predict
the shape of the deformed actuator relatively well, though
as expected they overestimate the stiffness of the structure -
particularly evident at low pressure loads. We reiterate that this
is an acceptable trade-off for the speedup realized, and speed
is paramount during the design process, when many candidate
designs must be evaluated.

IV. CONCLUSION AND FURTHER RESEARCH

We present a streamlined, integrated tool for design, simu-
lation, and fabrication of multimaterial soft robotic actuators.
By compromising slightly on the accuracy of simulation
results and the comforting habits of interactive CAD, our pro-
cess makes gains in ease of use, speed, and inter-connectivity
between different stages of the soft robotics design and fab-
rication process. In particular, we extend our previous work
in [4] to present for the first time a soft actuator design tool
with:

. complete integration of simulation execution and
retrieval, with control over additional parameters, live
monitoring of simulation progress, and in-app results
viewer

« improved triangular mesh generation using open source
meshing software

« expanded palette of elementary mathematical functions
for construction of computational networks

« improved live updates to 3D visualization so users can
see effects of small changes

« automatic conversion of computational network represen-
tation to symbolic form for increased usability

. automatic generation of internal non-manifold features
required for the operation of antagonistic actuators

« deployable instance of explorer app on a virtual machine
for easier distribution

We hope to see extensions made to the open-source software
tool presented here which improve the generality of the tool
while maintaining the “seamless” nature of the workflow.
Our shell-based finite element simulation approach could be
augmented to include anisotropic material models appropriate
for simulating fiber/elastomer composites common in soft
actuators [48], [68] (though not usually 3D printed). This is
a potentially exciting opportunity, and would dovetail with
recent research in deriving flat patterns for 3D inflatable
objects [69], [70], but would require additional SoRoForge
development to specify local fiber orientation for anisotropic
materials. We note that a vector-valued function evaluated at
the surface of a SoRoForge actuator could readily achieve
this end and could easily be represented by an additional
computational network in the same style as the networks used
to specify actuator geometry described in this paper.

In the work presented here, print “slicing” and design
checking is performed offline by human designers - our
tool could be improved to automatically evaluate designs for
printability and return feedback to the designer. These checks
could include detection and automatic support generation for
overhangs (for example as implemented in [71] and [72]),
multi-material incompatibility (e.g. [63]), or minimum wall
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thickness for airtightness (as reported by [42], [73], and [44]
and others). For the work presented here, we avoid the
use of support material entirely, fabricating the antagonistic
finger in Figure 9 using the natural “bridging” capabilities
of hobby-grade fused filament fabrication printers. Clearly,
fabrication limitations and associated design requirements are
machine-dependent, and full compatibility with users’ chosen
fabrication modality requires development of machine-aware
design checking. Integration of the slicing process used to gen-
erate extruder toolpaths for fused filament fabrication printing
into SoRoForge could enable online fabrication-aware design.

The addition of a pneumatic connection(s) to a soft actuator
design is left to the user as a manual post-process. No consen-
sus on pneumatic connection for soft actuators has emerged in
literature; connector design typically is adapted to the pneu-
matic power source at hand. For example, [73] employs printed
quick-connect adapters, while many others simply design a
hole correctly sized to a standard tubing size [23], [42],
[74], [75], still others use independently fabricated connec-
tors [45], and [39] simply puncture actuators with a needle
to form a pneumatic connection. In future work, we envision
including a menu of pneumatic connectors for users to choose
from, as well as automatic merging of connector geome-
try using implicit geometry boolean operations described in
Section II

SoRoForge enables non-experts to rapidly design and
improve soft robotic actuators, and integrates with existing
additive manufacturing and emerging automated design tools.
By deploying our tool as open-source software and publicizing
it on a dedicated website which stores and displays SoRoForge
designs, we expect that many users will interact with this
workflow. Users will upload, download, and remix others’ soft
robot designs, and we hope this accelerates progress in the soft
robotics field.

We intend to analyze this rich dataset assembled by many
human designers, and extract insights about implicit geometry
modeling of high-performing soft actuators. The computa-
tional network representations of actuator geometry that we
have chosen for our workflow are ideally suited for this
analysis, because we can borrow heavily from extensive theo-
retical and practical work in graph theory. The insights gained
from analysis of community-sourced soft robot designs will
be critical to realizing workflows for automated design and
fabrication of soft actuators. With the design insights garnered
from community use of the tool presented here, we plan
to extend our existing work in automated synthesis of soft
actuators [16].

This work was supported by MACLab startup funds and is
publicly accessible at https://github.com/MacCurdyLab/Soft-
Actuator-Synthesis and www.SoRoForge.com.
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