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A Simulation Tool for Physics-Informed Control
of Biomimetic Soft Robotic Arms

Bartosz Kaczmarski , Alain Goriely , Ellen Kuhl , and Derek E. Moulton

Abstract—Due to an infinite number of degrees of freedom, soft
robotic arms remain challenging to control when underactuated.
Past work has drawn inspiration from biological structures–for
example the elephant trunk–to design and control biomimetic soft
robotic arms. However, to date, the models used to inform the
control of biomimetic arms lack generalizability, and largely rely
on qualitative assumptions. Here, we present a computationally
efficient methodology to control fiber-based slender soft robotic
arms inspired by the theory of active filaments. Our approach seeks
to optimize fibrillar activation under prescribed control objectives.
We evaluate the methodology under various control objectives, and
consider several distinct fiber architectures. Our results suggest
that we can efficiently compute fibrillar activations required to
match the imposed control objective. Based on our findings, we
discuss the effect of actuator complexity on actuation capabilities
as a function of the number and arrangement of fibers. Our method
can be applied universally towards the control and design of slender
soft robotic arms with embedded fibers.

Index Terms—Soft robotics, physics-informed control, fiber-
reinforced robotic arms, continuum modeling, optimization.

I. INTRODUCTION

IN THE field of robotics, we distinguish four primary classes
of robotic arms: rigid, discrete hyper-redundant, hard con-

tinuum, and soft arms [1]. While optimal control methods for
rigid serial manipulators have been well-established in the past
several decades [2], [3], [4], [5], the control of soft robotic
arms remains a significant challenge, and constitutes an area
of active investigation [6], [7]. The challenges in the control and
mathematical modeling of soft structures lie in the mechanical
intricacies governing their continuous deformation. Specifically,
in contrast to rigid robots with a finite number of degrees
of freedom, soft-robotic arms are generally underactuated and
described by an infinite number of degrees of freedom [8], as
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every material point in the elastic continuum of the soft robot
can, in principle, undergo arbitrary deformations.

Designing control methods for underactuated systems with an
infinite number of degrees of freedom is a non-trivial task [9],
so computational mechanics models are invaluable for describ-
ing the deformations of soft-robotic arms as a function of the
actuation input. That is, having access to an explicit relationship
between the actuation input and the resulting deformation of
a given soft-robotic arm enables the development of a robust
mechanical control framework for that robotic design. A con-
siderable body of work has been committed to formulating such
models [10].

In particular, researchers have devoted special attention to
designing and modeling soft-robotic arms inspired by biological
structures in the animal kingdom, such as the elephant trunk or
the octopus arm [11], [12], [13], [14]. However, the models and
control methods developed for these biomimetic designs lack
generalizability, as their assumptions are specialized for their
respective engineering implementations. Further, they often rely
on a geometrical discretization of the domain to represent the
infinite-degree-of-freedom system using a simplified model with
a finite number of degrees of freedom, which can sacrifice model
fidelity. Finally, theoretical models of biomimetic actuators are
frequently developed under qualitative assumptions that are
difficult to validate for generic soft robot designs. For instance,
they assume purely kinematic descriptions of the underlying
actuation or employ linear elasticity formulations that do not
generalize to finite deformations.

To improve upon the past modeling approaches for
biomimetic robots, we propose a computational tool for the
quasi-static control of biomimetic soft-robotic arms based on the
active filament model [15] and the morphoelastic rod theory [16].
Most slender biological arms—that could be readily used as a
biomimetic inspiration for soft actuator architecture design—
consist of some arrangement of muscle fibers. As such, our
model considers a family of soft-robotic arms that are actuated
via the activation of a fiber field embedded in the slender soft
arm. Our approach is similar to some of the past modeling devel-
opments for soft manipulators [17], [18], [19], in that it utilizes
dimensional reduction to characterize the slender structure of the
robotic arm as a one-dimensional Kirchhoff rod [20]. However,
the active filament model employed in this work is derived from
a rigorous three-dimensional continuum-mechanics formulation
of the fiber-reinforced arm, for a generalized geometry of the
embedded fiber field. Thus, any notable loss in fidelity of the
control framework presented here is only due to the dimensional
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Fig. 1. Schematic description of the active filament model. (a) The morphoelastic filament theory in [16] considers the continuum mechanics of a filament with
a deformation map χ : B0 → B. The form of χ is restricted to represent the dimensionally reduced geometry of the filament consisting of the centerline r(Z)
and the director basis functions {d1(Z),d2(Z),d3(Z)}. (b) The active filament model in [15] assumes an activation tensor field G acting along a fiber field
embedded in the filament. Our analysis focuses on helical fiber fields activated in tubular regions of B0. The uniaxial field is a special case of the helical fiber field

with α = 0. (c) Piecewise uniform activation functions γ(1)(θ), . . . , γ(M)(θ) are assumed for robotic arm control. R(i)
1 , R(i)

2 are the inner and outer radii of

the i-th ring, respectively. The activation in the j-th annular sector of the i-th ring is denoted γ
(i)
j . In the i-th ring, θ(i)0 is the angular offset of all N(i) activated

sectors, and σ(i) defines the angular width of each sector. (d) The active annular sectors in each ring (shown in red) wind around the tubular body of the filament,
as dictated by the prescribed helical fiber field. The visualized filament consists of M = 2 rings of helical fibers. Subfigure (a) is adapted from [16], and subfigures
(b)–(d) are adapted from [15].

reduction; otherwise, the model is mechanically accurate with
respect to the physical phenomena governing the deformations
of the filamentary arm.

II. FIBER-BASED SOFT ARM MECHANICS

Before describing the control approach itself, we briefly sum-
marize the morphoelastic filament theory [16] and the active
filament model [15].

A. Morphoelastic Filament Theory

We use the theory of morphoelasticity to describe the me-
chanics of a fiber-based robotic arm [16]. This continuum-based
theory considers a general three-dimensional tubular bodyB0 ⊂
R3 representing the filament. We describe the active material
change at each point in the continuum B0 through a local tensor
field G, which creates a deformation χ, producing the current
configuration B ⊂ R3 (Fig. 1(a)).

Importantly, the specific form of χ is limited to deformations
pertinent to a dimensionally reduced representation of the fila-
ment. This facilitates the interpretability of the simulation results
and significantly improves the computational efficiency of the

implementation. Specifically, we reduce the three-dimensional
continuum B to a space curve r : [0, L] → R3, the centerline,
where L is the length of the filament in the reference configura-
tion B0. The argument of the centerline function is the material
coordinate Z. The director basis {d1,d2,d3} : [0, L] → R3 is
attached tor(Z) for allZ, and represents the material orientation
of the cross section as a function of Z. Fig. 1(a) visualizes this
dimensional reduction, which is similar to the well-established
Kirchhoff theory for the mechanics of thin rods [20]. However,
the advantage of the morphoelastic theory is that it considers
the complete continuum mechanics of finite deformation, start-
ing from a rigorous construction of the deformation gradient
F = Grad χ.

The mathematical procedure describing the deformation χ
relies on the commonly applied multiplicative decomposition of
the deformation gradientF into the elastic partA and the growth
part G, i.e., F = AG. For a given growth tensor G, the form
of F is then derived under the assumption of a limited family of
permissible deformationsχ dictated by the previously described
dimensional reduction. To obtain the deformed configuration of
the filament, we minimize the total energy of the system over
all deformations permitted by the form of χ. The minimization
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leads to explicit expressions for the intrinsic curvatures û1, û2,
û3, and extension ζ̂ of the filament. Importantly, these quantities
are intrinsic, i.e., they characterize the unloaded filament con-
figuration resulting from a prescribed growth field. To obtain the
intrinsic shape r of the robotic arm, we integrate the curvatures
and extension using the differential relations

r′(Z) = ζ̂(Z)d3(Z), d′
i(Z) = ζ̂(Z)û(Z)× di(Z), (1)

for i = 1, 2, 3, where û = (û1, û2, û3) [16].
For given intrinsic properties of the filament and given exter-

nal loading, we can integrate the filament’s equilibrium shape
by using the filament force and moment balance equations [21].
This allows us to incorporate any loading scenario into the
mechanics of the simulated system.

This generalized treatment provides a framework for com-
puting the deformation of filaments subject to arbitrary growth
tensor fieldsG. The active filament model adopts this framework
under a particular choice of G that describes a distributed
activation of fibers embedded in the filament.

B. Active Filament Model

The active filament model [15] is a specialized application
of the general theory of morphoelastic filaments. Namely, the
model assumes that the tensor field G satisfies the constraint
det(G) = 1. From now on, we refer to the tensor field G as
activation rather than growth, since the imposed constraint im-
plies no deposition of new material in B0. Instead, an activation
G effectively quantifies the local effort of the material to induce
deformation throughout B0. Combined with the assumption of
incompressibility, this condition is particularly applicable to
soft-robotic actuation mediated by the activation of contractile
or extensible fibers. The prevalence of such a robotic design
warrants further specification of the form of the activation G in
the model. Specifically, we consider an active fiber architecture
following a fiber direction field m that is embedded in the
filament body [15], and express the fiber field in a cylindrical
basis,

m = sinα sinβ eR + sinα cosβ eΘ + cosα eZ , (2)

where α and β are arbitrary functions of the radius R, the polar
angle Θ, and the material coordinate Z.

Fiber geometries in soft robots are usually not arranged arbi-
trarily, but often follow helical architectures [22]. The theory of
active filaments [15] narrows the underlying mechanics down
to a specialized case of the activation field. In particular, we
prescribe G
� in a set of concentric, tubular regions R(i) = {R ∈
[R

(i)
1 , R

(i)
2 ],Θ ∈ [0, 2π), Z ∈ [0, L]} ⊂ B0 called rings,

� along a helical fiber fieldm(i) in eachR(i), such thatα(i) ∈
(−π/2, π/2) and β(i) = 0,

for i = 1, . . . ,M . Importantly, a helical angle α(i) = 0 is a
special case of a helical fieldm corresponding to a uniaxial fiber
field. Fig. 1(b) illustrates the activation geometry for M = 1.
In this setting, the deformation of the filament is generated by
the contraction or extension of the helically-arranged fibers em-
bedded in R(1), . . . ,R(M). To characterize the fiber activation

throughout the entire filament body, we define an activation
functionγ(i)(θ) in the cross section of eachR(i). Following [15],
we then obtain the analytical expressions for û and ζ̂ as functions
of γ(i)(θ),α(i), and the geometries ofR(i) to integrate the shape
of the filament for an arbitrary activation:

ζ̂ = 1 +
1

2R2
0

M∑
i=1

a
(i)
0 δ

(i)
0 , (3)

û1 = − 4

3R4
0

M∑
i=1

A(i)δ
(i)
1 sin

(
ϕ(i) − Z

R
(i)
2

tanα
(i)
2

)
, (4)

û2 = − 4

3R4
0

M∑
i=1

A(i)δ
(i)
2 cos

(
ϕ(i) − Z

R
(i)
2

tanα
(i)
2

)
, (5)

û3 =
2

R4
0

M∑
i=1

δ
(i)
3 a

(i)
0 , (6)

where a
(i)
0 , a(i)1 , b(i)1 are the first three Fourier coefficients of

the activation distribution γ(i)(θ), R0 is the outer radius of the
filament, δ

(i)
j = δ

(i)
j (R

(i)
1 , R

(i)
2 , α

(i)
2 , ν(i)) for j ∈ {0, 1, 2, 3},

α
(i)
2 = α(i)(R = R

(i)
2 ) is the helical angle of the fiber field on

the outer surface of the i-th ring, ν(i) is the Poisson’s ratio of the
i-th ring, and A(i) and ϕ(i) are such that a(i)1 = A(i) cos(ϕ(i)),

b
(i)
1 = −A(i) sin(ϕ(i)) [15]. As a final step, using (3)–(6) and

(1), we compute the deformed filament shape given the activation
γ(i)(θ) of each ring.

While the proposed approach permits any form of γ(i)(θ),
we consider the case of a piecewise uniform activation
γ(i)

(
θ; γ̄(i), σ(i), θ

(i)
0

)
, in which N (i) annular sectors are ac-

tivated, and the activation is zero in the rest of the i-th ring. The
parameter set γ̄(i) =

(
γ
(i)
1 , . . . , γ

(i)

N(i)

)
represents the activation

values in the activated sectors of the i-th ring, while both σ(i)

and θ
(i)
0 define the geometry of the annular sectors, as depicted

in Fig. 1(c). The activation function γ(i)(θ) directly mimics the
actuation of a fiber-based soft continuous robot, in which macro-
scale fibers are embedded in a helical pattern within an elastic
continuum. Fig. 1(d) illustrates the three-dimensional structure
of a deformed active filament. The physical fiber actuators of
the soft arm are represented in the visualization by the helically
winding regions of piecewise activation.

III. CONTROL METHODOLOGY

A. General Quasi-Static Control Approach

In this work, we construct the physics-based control approach
under the quasi-static assumption. That is, we assume that the
typical time scale of fiber activation in an actuator is long enough,
so that dynamic effects can be neglected. As a result, the motion
of the continuum arm can be approximated as a sequence of static
configurations. To ensure transient stability of these intermediate
configurations in an engineered robotic solution, a PD setpoint
controller paradigm established in [23] could be adapted for the
active filament physics to dampen the short-scale vibrations of
the soft manipulator.
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Our quasi-static control methodology for fiber-based soft
arms is physics-based and purely mechanistic, since we di-
rectly apply the active filament model to relate the motion of
the arm to the fiber activation. In particular, in our control
approach, we solve the inverse problem of computing the ac-
tuation input that causes the robotic arm to match a prescribed
geometric objective G. Most generally, we define a geometric
objective as a function of the manipulator’s centerline and its
derivatives. In the context of the active filament theory, the
activation functions γ(i)(θ) are the actuation inputs to a soft
arm that generate a certain deformation. Given some activa-
tion, we compare the resulting deformation against G to assess
how well the deformed shape of the arm fulfils the assigned
objective. To quantify this comparison, we require a metric de-
signed to measure how closely a given deformation matches the
objective G.

The closeness of a match between the arm’s deformed config-
uration and G is quantified by a cost function metric JG , chosen
for a particular G. The goal is then to minimize JG with respect
to Γ = (γ(1)(θ), . . . , γ(M)(θ)), so that feeding Γ into the active
filament model yields a configuration matching G. In general,
for a given objective, there exist infinitely many γ(i)(θ) (for
each i) that achieve that objective, making the optimization of
JG non-convex. This ill-defined nature of the inverse problem
is caused by the hyper-redundant property of underactuated
soft-robotic arms with an infinite number of degrees of freedom.
Therefore, we have to take special care in the minimization
procedure in order to ensure that it converges to the desired
optimum; e.g., by imposing optimization constraints or applying
multi-start methods. Further, since computing the manipulator’s
centerline requires numerical integration, the gradient of JG

cannot be explicitly derived. Thus, given the non-convexity of
the cost function and since an explicit form of ∇JG is unavail-
able, we utilize the Nelder-Mead simplex method to perform the
global optimization with multiple randomized activation initial-
izations. Exploring the initialization space reduces the chance
of the optimization method becoming stuck in an undesirable
local minimum, and strengthens the credibility of any general
conclusions drawn from the optimization results. Despite the
highly complex cost function landscape, soft arm control via
the described optimization framework is not computationally
expensive—it can be performed in real-time thanks to the ana-
lytical forms of û and ζ̂.

Given the generalized description of the optimization prob-
lem, we particularize our approach by restricting the allowable
forms of γ(i)(θ) to the piecewise uniform activation function
γ(i)

(
θ; γ̄(i), σ(i), θ

(i)
0

)
described earlier. Under this piecewise

activation assumption, we seek to minimize JG with respect to
the set of all sector-wise activation valuesΓ =

(
γ̄(1), . . . , γ̄(M)

)
to obtain the minimizing activation parameter set ΓG . Conse-
quently, the continuous quasi-static path of the arm towards the
objective G can be generated naturally as a sequence of scaled
parameter sets γ̄(i) = γ0γ̄

G(i), where γ0 ∈ [0, 1].
Finally, as an optional element of the control methodology,

the optimization procedure can be subject to an arbitrary set
of constraints C(Γ; r, r,′ . . .). The motivation for constrained
optimization is twofold. Firstly, the constraints can be used to

limit the parameter space according to physical requirements.
For instance, we can prevent the simulated manipulator from
entering a restricted region D (i.e., enforce obstacle avoidance
through C = {r(Z) /∈ D}) or ensure that the activation values
and arm geometry stay within a range feasible from an engineer-
ing standpoint—e.g., C = {γ(i)

j ∈ [γmin, γmax]} for activation
parameters, or C = {‖û(Z)‖ ≤ Umax} for the arm curvature.
Secondly, imposing constraints can guide the global optimiza-
tion process to yield more desirable optima, e.g., when multiple
robotic arm configurations can match the same G perfectly (with
JG = 0).

B. Classification of Optimization Objectives

The design of a particular cost function form is informed
by the chosen G. Optimization objectives relevant for spatial
control of robotic arms are most readily derived from distance
cost metrics. Thus, in our analysis, we distinguish three main
objective classes based on such metrics, motivated by real-world
actuation use cases.

Target endpoint position: This objective is used for the ma-
nipulator’s endpoint to reach a specified target endpoint position
rGend. The cost function is the squared Euclidean distance from
the prediction to the target, i.e.,

JG(Γ) =
∥∥rGend − r(L;Γ)

∥∥2 . (7)

We distinguish this type of an optimization objective based on
a class of robotic tasks in which an arm has to reach a specified
location with its end effector.

Target configuration: The goal of optimizing under this ob-
jective is to match a desired integral shape rG(Z) of the whole
arm. To allow additional control over the optimized result, the
cost function is defined as a weighted sum of squared Euclidean
distances from discrete points Zi ∈ Z along the centerline pre-
diction to points Si ∈ S along the target centerline. That is,

JG(Γ) =
∑

Si∈S,Zi∈Z
wi

∥∥rG(Si)− r(Zi;Γ)
∥∥2 , (8)

where wi are the weights associated with each pair of points. A
potential use case of this objective is a task in which a continuum
robotic arm has to achieve a particular target shape. For example,
such a task could require the soft arm to form a tight spiral around
an object to be grappled, or to assume specific configurations
allowing it to navigate through obstacles.

Complex objectives: The simple objectives listed here can be
modified and combined into a complex objective. For instance,
combining multiple cost function forms via weighted superpo-
sition would yield complex objectives describing more intricate
control goals. The cost function could also incorporate higher-
order derivatives of r to, e.g., penalize deviations from a target
orientation of the manipulator’s end effector. Alternatively, a
target end effector orientation could be imposed directly in the
constraint set C.

Almost all optimization objectives relevant from an engi-
neering perspective can be assigned to one of the three classes
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Fig. 2. Results of optimizing the fiber-based actuation input for single-ring helical fiber fields given a target endpoint objective rG
end = 1

3 (L,L,L). Four fiber
field architectures were evaluated: (a) uniaxial (α2 = 0), (b) right-handed helical (α2 = π/8), (c) left-handed helical (α2 = −π/8), (d) right-handed helical
(α2 = π/5). The uniaxial and helical fiber arrangements exhibit different geometrical methods of achieving the objective—the filament in the uniaxial case reaches
the target endpoint through curvature, while the filaments with helical fibers deform primarily via torsion. The arms with fiber fields in (a) and (b) achieve the target
endpoint location perfectly, but the filaments in (c) and (d) achieve the control objective with a distance deviations of 0.027L and 0.085L, respectively. In each
case, we enforce the optimization constraints C = {−8 ≤ γi ≤ 0, ∀Z ∈ Z : ‖û(Z)‖ ≤ 2.2}, where Z is a discrete set of uniformly spaced coordinates Z ∈ [0, L]
with spacing ΔZ = L/10. The γ(θ) forms were prescribed such that N = 3, θ0 = 0 and σ = π/4 in all cases. The intermediate motion paths for each of the four
cases were computed using scaled activation inputs γ̄ = γ0γ̄

G , for γ0 ∈ {0, 0.25, 0.5, 0.75}. For all cases, L = 10, R1 = 0.3, R2 = 0.4, E = 1, and ν = 1/2.

described here. Throughout our work, we utilize this classifica-
tion to gain insight into the behavior and performance of our
optimization framework.

IV. RESULTS AND DISCUSSION

We evaluate the control approach computationally for the
objective classes listed above.1 We further demonstrate and
discuss the effect of the chosen fiber field architecture on the
behavior of the fiber-based soft-robotic arm under optimization.
Throughout the computations reported below, it is assumed
that r(0) = (0, 0, 0), d1(0) = (1, 0, 0), d2(0) = (0, 1, 0), and
d3(0) = d1(0)× d2(0), such that the arm is clamped at the
origin with a fixed director basis.

A. Single-Ring Fiber Fields

The activation inputs to arms with four different single-ring
fiber fields (M = 1, Γ = γ̄) are optimized to match the target
endpoint position rGend = 1

3 (L,L, L), such that the orientation
of the end effector is free and unconstrained. We evaluated the
following fiber fields: (a) uniaxial (α2 = 0), (b) right-handed
helical withα2 = π/8, (c) left-handed helical with α2 = −π/8,
(d) right-handed helical with α2 = π/5. We enforce optimiza-
tion constraints on the activation parameters with γ ∈ [−8, 0],
and restrict the maximum curvature by setting Umax = 2.2. The
resulting optimal arm configurations are visualized in Fig. 2,
together with their respective quasi-static motion paths com-
puted via γ̄ = γ0γ̄

G . Refer to the included video for continuously
animated motion paths of all evaluated simulation experiments.
The minimized cost function values JG were 0 in scenarios (a)

1Open-source code at https://github.com/brtk-k/Soft-robotic-arms.

TABLE I
MINIMIZING ACTIVATION PARAMETERS AND CENTERLINE CONTRACTION FOR

ALL EVALUATED FIBER FIELDS AND OBJECTIVES

and (b), while the endpoint distance deviation ‖r(L)− rGend‖
in (c) was 0.027L, and 0.085L in (d). The corresponding
minimizing parameter sets γ̄G are reported in Table I.

The results demonstrate that there exists a solution γ̄G that
perfectly achieves the target endpoint position for fiber fields (a)
and (b). We emphasize that the chosen rGend is attainable in these
cases partly because of the assumed filament extensibility, which
permits shortening of the centerline for sufficiently negative

Authorized licensed use limited to: Stanford University. Downloaded on February 21,2023 at 19:26:24 UTC from IEEE Xplore.  Restrictions apply. 

https://github.com/brtk-k/Soft-robotic-arms


KACZMARSKI et al.: SIMULATION TOOL FOR PHYSICS-INFORMED CONTROL OF BIOMIMETIC SOFT ROBOTIC ARMS 941

γ̄. Specifically, the series of shortening intermediate configu-
rations along the actuation path shown in Fig. 2(a) illustrates
that centerline contraction constitutes an important factor in
achieving the prescribed G. The ratios LΓ/L of the length of
the activated centerline to the initial length of the centereline are
reported in Table I for all evaluated simulation scenarios. We
recognize that some soft robotic arm designs might not allow
such contraction magnitudes. Setting ζ̂ = 1 could accommodate
this design constraint, as it limits the optimization to only
inextensible filaments. If some limited extensibility is permitted,
we could enforce the maximum extension magnitude by adding
a constraint ζ̂(Z) < ζmax.

Moreover, while the arm with uniaxial fibers reached G by
increasing curvature, the arms with helical fibers attempted
to match G primarily through torsion. Formally, uniaxial fiber
architectures cannot produce torsion, since the uniform longi-
tudinal fiber contraction results in a geometric mismatch that
causes bending of the arm only along axes contained in the
XY -plane. As a result, assuming uniform activation with respect
to Z, curvature is the only mode of actuation that a uniaxial fiber
field can utilize to match the prescribed G. On the other hand,
in agreement with the obtained results, fiber contraction along
a helix woven around the manipulator should intuitively result
in filament torsion. The helical fiber architectures can generate
torsion since the local contraction directions of all fibers are
oblique and they twist around the robotic arm with respect to
the arc length.

The obtained minimizing solutions γ̄G were influenced by
the enforced constraints. In particular, the purpose of restricting
the range of activation parameters to −8 ≤ γi ≤ 0 was to avoid
physically unrealistic activation magnitudes and to permit only
fiber contraction rather than extension. This choice is motivated
by biomimicry, as muscle fibers in animals, for instance, rely
purely on contraction to produce strains necessary for biological
actuation [10].

The enforced constraints have a particularly noteworthy im-
pact on matching the prescribed control goal in the case of
the left-handed fiber field. Specifically, for the arm with the
fiber fields in (c) and (d), the optimization process failed to
find a parameter set γ̄ that would enable a perfect matching
of the target endpoint objective. The reason for such a result
in (c) is that, under the imposed set of constraints C on the
activation parameters, the left-handedness of the helical fiber
field generates a left-handed helical shape of the manipulator’s
deformed configuration. Consequently, the handedness of the
manipulator’s centerline that is feasible under C, combined
with the origin boundary conditions (for r and {d1,d2,d3}),
requires a configuration with a higher torsion to achieve the
desired control objective. When attempting to reach the same
target endpoint position, the total length of the centerline also
needs to become larger in a configuration with a higher torsion.
However, the constraint γmax = 0 implies that ζ̂ ≤ 1, i.e., the
centerline can only contract in all four of the evaluated fiber
fields. Thus, the fibrillar contraction in arm (c) cannot produce
a deformed configuration that achieves both sufficiently high
torsion, and small enough centerline contraction for the target
endpoint position to be reached exactly. If the negative activation

constraint was relaxed to permit extensile fibers, then arm (c)
would indeed achieve the prescribed control goal perfectly.

While the helical fiber field in (d) is right-handed, it still
cannot reach the target endpoint with the given constraints.
For this fiber architecture, such a limitation is due to the larger
fiber angle α2 = π/5 which generally generates a significantly
larger amount of twist compared to |α2| = π/8. As a result, the
centerline curls into a high-torsion shape before it is able to reach
the target location.

The prescribed fixed-end boundary conditions also have a
considerable effect on the optimization results. In particular,
the fixed-end director basis {d1(0),d2(0),d3(0)} could be
rotated around eZ to reflect axial rotation of the entire robotic
arm. Choosing an appropriate rotation of the fixed-end director
basis in the arm in Fig. 2(c) can result in perfect matching
of the optimization objective with JG = 0. Indeed, permitting
an arbitrary boundary condition basis {d1(0),d2(0),d3(0)}
vastly expands the subspace of R3 reachable by the end-
point of the manipulator. As such, we enforce a fixed direc-
tor basis {d1(0),d2(0),d3(0)}, because we seek to inves-
tigate the differences in actuation techniques developed by
various fiber architectures, and these differences become oc-
cluded entirely whenever arbitrary {d1(0),d2(0),d3(0)} are
permitted.

B. Multi-Ring Fiber Fields

Introducing additional rings with distinct fiber fields to the
filament increases its actuation versatility. To evaluate this claim,
we consider the control of filaments with four two-ring fiber
fields: (a) uniaxial and right-handed helical, (b) uniaxial and
left-handed helical, (c) left-handed helical and right-handed
helical, (d) uniaxial and right-handed helical with a large helical
angle. The optimization objectives for these two-ring fiber fields
are more complex, and require more involved configurations. In
particular, the four fiber fields are evaluated for two optimiza-
tion objectives: (i) a target endpoint position rGend = 1

3 (L,L, L)
with the constraint C = {r(Z) /∈ D}, where D represents a
cylindrical obstacle, (ii) a target configuration given by a target
curve rG(t). In both cases, we imposed the additional constraint
γ ∈ [−8, 0] for the activation parameters. The deformed config-
urations of the filaments (a)–(d) optimized under the objectives
(i) and (ii) are shown in Fig. 3. The translucent visualizations
of the quasi-static motion paths are again computed through the
linear scaling Γ = γ0Γ

G of the optimized activation. Table I
contains the minimizing parameter sets ΓG corresponding to the
eight cases considered in Fig. 3.

In objective (i), filaments (a)–(c) achieved the target endpoint
position perfectly with JG = 0 without intersecting the intro-
duced cylindrical obstacle. Nonetheless, the scaled activation
Γ = γ0Γ

G for fiber field (c) results in the intersection of the
obstacle at intermediate activation distributions. To mitigate this
issue, the optimization could be split into several intermediate
subproblems with endpoint positions interpolated between the
initial and final desired locations, such that the obstacle avoid-
ance constraint is imposed in each intermediate optimization
problem. In general, the resolution of this intermediate problem
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Fig. 3. Results of optimizing fiber activation in soft arms with multi-ring fiber fields under more involved optimization objectives. Four two-ring fiber fields

are considered: (a) uniaxial and right-handed helical (α(2)
2 = π/8), (b) uniaxial and left-handed helical (α(2)

2 = −π/8), (c) left-handed helical (α(1)
2 = −π/8)

and right-handed helical (α(2)
2 = π/8), (d) uniaxial and right-handed helical (α(2)

2 = π/5). The filaments with each of the four fiber fields are optimized
under two optimization objectives: (i) a target endpoint position objective with rG

end = 1
3 (L,L,L) with the constraint C = {r(Z) /∈ D}, where D represents a

cylindrical obstacle, (ii) a target configuration defined by a target curve rG(t), which the centerline r is meant to match. Fiber fields in (a) and (b) successfully
fulfill objective (i), and their centerlines approximately match the target configuration in objective (ii). However, the filament in (c) does not achieve objective
(ii), and the filament in (d) fails to fulfill both objectives. The radius of the cylindrical obstacle region D is augmented by a scalar corresponding to the outer
radius of the filament, so that the filament body does not intersect the obstacle. The target curve in objective (ii) is given by rG(t) = Rr̃G(t), where r̃G(t) =
(−1.2 + 1.2 cos(2t), 2.4 cos(t) sin(t), 2.8 + 0.35(−2 + t)3), and R is a clockwise rotation transformation by an angle 5π/6. The sets Z and S use 17
uniformly-spaced points in the intervals Z ∈ [0, L] and t ∈ [0, 3], respectively.

discretization, that continuously achieves no obstacle intersec-
tion, is a function of the objective, the arm’s architecture, and
the obstacle geometry.

While the centerlines of the optimized configurations in cases
(a)–(c) are qualitatively similar, the geometrical distribution of
the activated fiber regions varies greatly between the three de-
formed filaments. Further, the optimized activation parameters
ΓG differ significantly among the three fiber fields, despite the
piecewise activation forms γ(i)(θ) being defined by the same
parameters N (i), θ(i)0 , and σ(i) (i = 1, 2) in each fiber field.
The activation distribution in fiber field (a) is dominated by the
activity in the helical fiber ring, while the activation magnitudes
in (b) are larger in the uniaxial fiber ring. The activation is
roughly evenly distributed across the two rings in the case of
the fiber field (c).

Interestingly, the fiber field in (d) generated the only optimal
activation where the filament wraps clockwise around the ob-
stacle. Under the prescribed constraints, the filament in (d) does
not reach the target endpoint by wrapping counterclockwise,
since the larger right-handed helical angle of π/5 yields too
large of a torsion when curling counterclockwise upon fibrillar
contraction. As a result, the manipulator in (d) cannot reach the

target endpoint, given that the clockwise path around the obstacle
requires a longer centerline.

From an actuation standpoint, the target configuration ob-
jective (ii) is much more challenging to achieve exactly with
JG = 0, since an exact match would require all points Z of
the manipulator’s centerline to overlap with the points S on
the target curve. As such, it is generally considered satisfactory
to achieve an arbitrary target configuration in an approximate
sense. In fiber fields (a) and (b), the optimized activation results
in a very close match between the deformed filament and the
target curve. However, in the case of fiber fields (c) and (d), the
optimization procedure did not locate a satisfactory minimum
of JG under the imposed constraints.

The quality of the target configuration match for fiber field
(c) is worse likely because it does not contain rings that permit
distinct modes of actuation. In particular, for both (a) and (b),
the first ring with uniaxial fibers is responsible for generating
curvature, while the second ring with helical fibers generates cur-
vature as well as twist and torsion, as previously demonstrated in
Fig. 2. In contrast, both rings in fiber field (c) contain only helical
fibers, reducing the amount of direct control over the curvature
of the filament. Nonetheless, it should be noted that fiber field (c)
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provides more versatile actuation than a single-ring helical fiber
field. That is, the interaction of two rings with helical fibers
of opposite handedness, such as cancellation of components
contributing to torsion generation, can result in configurations
otherwise unachievable by a single-ring filament.

Notably, the robotic arm in (d) also does not achieve a sat-
isfactory match with the target configuration, even though it
contains both uniaxial and helical fiber rings. In this case, the
decreased matching quality occurs because the multi-ring field
in (d) contains densely packed helical fibers due to the higher
helical angle of π/5. The dense fiber helix generates larger twist
for the same activation magnitudes compared to lower helical
angle values, making it less effective at matching low-torsion
configurations, e.g., the chosen rG(t).

V. CONCLUSION

In this letter, we have proposed a physics-informed method-
ology for the control of fiber-reinforced soft robotic arms. By
using the reduced-order active filament model, we can predict
the shape of a fiber-reinforced arm in real time. Importantly, the
model that we used to describe the soft arm mechanics follows
rigorous continuum mechanics developments, such that any
compromises in model fidelity stem only from the employed di-
mensional reduction. Motivated by the real-time computational
capabilities of the model, we applied the active filament theory
to tackle the quasi-static control of fiber-reinforced filamentary
robotic arms. In particular, we stated the control problem as a
minimization of the deviation of the current arm shape properties
from the desired target properties of the arm’s shape. Our opti-
mization approach considers the space of all admissible fibrillar
activations to compute one possible solution to the inverse prob-
lem of control objective matching. To evaluate the performance
of the proposed methodology, we presented the results of several
computational experiments for both single-ring and multi-ring
fiber fields. We found that the low computational cost of the
utilized model permitted almost instantaneous computation of
the optimal fibrillar activation. The computational experiments
demonstrated that arms with single-ring helical fiber fields might
not be able to access a range of positions with their end effectors
if feasibility constraints are imposed on the fiber activation mag-
nitudes. On the other hand, introducing an additional ring with
a different fiber field architecture to the soft arm could greatly
enrich the space of reachable configurations, and enable more
advanced control, e.g., involving reliable obstacle avoidance.

We performed the evaluation of the control methodology
in a computational environment, so the proposed approach
would benefit from experimental validation using matching
soft-robotic prototypes. Further, Eqs. (3)–(6) do not provide
the internal stresses in the manipulator developed due to fib-
rillar activation, but they do inform the energy required for the
deformation. Using the system’s energy, all stresses could be
extracted by integrating the Kirchhoff equations [16], including
the forces that the manipulator exerts on its surroundings. For
a given actuation model, the energy would also describe the
force-generation requirements of the fibers in an engineering
implementation. Finally, our method relies on the assumption

of quasi-static deformation in response to fibrillar activation.
Thus, future work could incorporate actuation dynamics into the
utilized active filament model to enable the use of state-of-the-art
feedback control solutions.

REFERENCES

[1] D. Trivedi, C. D. Rahn, W. M. Kier, and I. D. Walker, “Soft robotics:
Biological inspiration, state of the art, and future research,” Appl. Bionics
Biomech., vol. 5, no. 3, pp. 99–117, 2008.

[2] R. Ortega and M. W. Spong, “Adaptive motion control of rigid robots: A
tutorial,” Automatica, vol. 25, no. 6, pp. 877–888, Nov. 1989.

[3] C. Abdallah, D. Dawson, P. Dorato, and M. Jamshidi, “Survey of robust
control for rigid robots,” IEEE Control Syst. Mag., vol. 11, no. 2, pp. 24–30,
Feb. 1991.

[4] L. Sciavicco and B. Siciliano, Modelling and Control of Robot Manipula-
tors. Berlin, Germany: Springer, Feb. 2001.

[5] D. Zhang and B. Wei, “A review on model reference adaptive control of
robotic manipulators,” Annu. Rev. Control, vol. 43, pp. 188–198, Jan. 2017.

[6] T. G. Thuruthel, Y. Ansari, E. Falotico, and C. Laschi, “Control strate-
gies for soft robotic manipulators: A survey,” Soft Robot., vol. 5, no. 2,
pp. 149–163, Apr. 2018.

[7] T. G. Thuruthel, E. Falotico, F. Renda, and C. Laschi, “Model-based
reinforcement learning for closed-loop dynamic control of soft robotic
manipulators,” IEEE Trans. Robot., vol. 35, no. 1, pp. 124–134, Feb. 2019.

[8] D. Rus and M. T. Tolley, “Design, fabrication and control of soft robots,”
Nature, vol. 521, no. 7553, pp. 467–475, May 2015.

[9] C. Della Santina, R. K. Katzschmann, A. Biechi, and D. Rus, “Dynamic
control of soft robots interacting with the environment,” in Proc. IEEE Int.
Conf. Soft Robot., 2018, pp. 46–53.

[10] A. W. Feinberg, “Biological soft robotics,” Annu. Rev. Biomed. Eng.,
vol. 17, no. 1, pp. 243–265, 2015.

[11] K. Nakajima, H. Hauser, R. Kang, E. Guglielmino, D. Caldwell, and
R. Pfeifer, “A soft body as a reservoir: Case studies in a dynamic model
of octopus-inspired soft robotic arm,” Front. Comput. Neurosci., vol. 7,
2013, Art. no. 91.

[12] Z. Xie et al., “Octopus arm-inspired tapered soft actuators with suck-
ers for improved grasping,” Soft Robot., vol. 7, no. 5, pp. 639–648,
Oct. 2020.

[13] Q. Guan, J. Sun, Y. Liu, N. M. Wereley, and J. Leng, “Novel bending
and helical extensile/contractile pneumatic artificial muscles inspired by
elephant trunk,” Soft Robot., vol. 7, no. 5, pp. 597–614, Oct. 2020.

[14] Y. Zhang, D. Yang, P. Yan, P. Zhou, J. Zou, and G. Gu, “Inchworm
inspired multimodal soft robots with crawling, climbing, and transition-
ing locomotion,” IEEE Trans. Robot., vol. 38, no. 3, pp. 1806–1819,
Jun. 2022.

[15] B. Kaczmarski, D. E. Moulton, E. Kuhl, and A. Goriely, “Active filaments
I: Curvature and torsion generation,” J. Mech. Phys. Solids, vol. 164, 2022,
Art. no. 104918.

[16] D. E. Moulton, T. Lessinnes, and A. Goriely, “Morphoelastic rods III:
Differential growth and curvature generation in elastic filaments,” J. Me-
chanics Phys. Solids, vol. 142, 2020, Art. no. 104022.

[17] N. Naughton, J. Sun, A. Tekinalp, T. Parthasarathy, G. Chowdhary, and
M. Gazzola, “Elastica: A compliant mechanics environment for soft
robotic control,” IEEE Robot. Automat. Lett., vol. 6, no. 2, pp. 3389–3396,
Apr. 2021.

[18] F. Renda, C. Messer, C. Rucker, and F. Boyer, “A sliding-rod variable-
strain model for concentric tube robots,” IEEE Robot. Automat. Lett., vol. 6,
no. 2, pp. 3451–3458, Apr. 2021.

[19] N. K. Uppalapati and G. Krishnan, “VaLeNS: Design of a novel vari-
able length nested soft arm,” IEEE Robot. Automat. Lett., vol. 5, no. 2,
pp. 1135–1142, Apr. 2020.

[20] G. Kirchhoff, “Ueber das gleichgewicht und die bewegung eines unendlich
dünnen elastischen Stabes,” J. für die reine und angewandte Mathematik,
vol. 1859, no. 56, pp. 285–313, Jan. 1859.

[21] D. E. Moulton, T. Lessinnes, and A. Goriely, “Morphoelastic rods. part
I: A single growing elastic rod,” J. Mech. Phys. Solids, vol. 61, no. 2,
pp. 398–427, Feb. 2013.

[22] F. Connolly, C. J. Walsh, and K. Bertoldi, “Automatic design of fiber-
reinforced soft actuators for trajectory matching,” Proc. Nat. Acad. Sci.,
vol. 114, no. 1, pp. 51–56, Jan. 2017.

[23] I. Gravagne, C. Rahn, and I. Walker, “Large deflection dynamics and
control for planar continuum robots,” IEEE/ASME Trans. Mechatronics,
vol. 8, no. 2, pp. 299–307, Jun. 2003.

Authorized licensed use limited to: Stanford University. Downloaded on February 21,2023 at 19:26:24 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


