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Abstract

Variable length multisection continuum arms are a class of continuum robotic manipulators that
generate motion by structural mechanical deformation. Unlike most continuum robots, the sections of
these arms do not have (central) supporting flexible backbone, and are actuated by multiple variable
length actuators. Because of the constraining nature of actuators, the continuum sections can bend
and/or elongate (compress) depending on the elongation/contraction characteristics of the actuators
being used. Continuum arms have a number of distinctive differences with respect to traditional
rigid arms namely: smooth bending, high inherent compliance, and adaptive whole arm grasping.
However, due to numerical instability and the complexity of curve parametric models, there are
no spatial dynamic models for multisection continuum arms. This paper introduces novel spatial
dynamics and applies these to variable length multisection continuum arms with any number of sec-
tions. An efficient recursive computational scheme for deriving the equations of motion is presented.
This is applied in a general form based on structurally accurate and numerically well posed modal
kinematics that assumes circular arc deformation of continuum sections without torsion. It is shown
that the proposed modal dynamics are highly scalable, producing efficient and accurate numerical
results. The spatial dynamic simulation results are experimentally validated using a pneumatic mus-
cle actuated multisection prototype continuum arm. For the first time this enables investigation of
spatial dynamic effects in this class of continuum arms.

Keywords: continuum arms, modal shape functions, spatial dynamics, recursive computations

1 Introduction

Due to their inherent flexibility and compliance, soft continuum robots inspired by tongues (Takanobu
et al., 2004), elephant trunks (Cieslak and Morecki, 1999; Hannan and Walker, 2003; Wolf et al., 2003),
octopus arms (Cianchetti et al., 2011; Grissom et al., 2006), and other cephalopod appendages (McMahan
et al., 2004), can elongate, contract, and bend at any point along their structure (Trivedi et al., 2008b).
This allows them to, access highly confined spaces and follow complex trajectories. They have some
unique and highly distinctive features when compared with rigid bodied robots: such as smooth bending,
inherent compliance (Rucker and Webster, 2011a), reduced weight, and increased fault tolerance (Godage
et al., 2011b). Continuum arms also have excellent potential for adaptive whole arm grasping (McMahan
and Walker, 2008; Li and Xiao, 2011), obstacle avoidance (Godage et al., 2012a), navigation in highly
unstructured, narrow and obstructed environments (Xiao and Vatcha, 2010), minimally invasive surgery
(Lock et al., 2010; Lyons et al., 2009; Penning et al., 2011; Simaan et al., 2004; Rucker and Webster,
2011Db), inspection tasks (Mehling et al., 2006), and human friendly interaction (Walker et al., 2005).
In light of these advantages, continuum and soft robotics has become an area of major importance in
bio-inspired robotics.

Figure 1 shows two, highly compliant, state of the art variable length multisection continuum arms
that are powered by pneumatic muscle actuators (PMA). In this paper, a continuum “section” is identified
as a unit that is capable of producing independent bending deformation whereas “segments” are a subset
of a continuum section, i.e., multiple segments make up a section as shown in Figure 1b. Due to the
particular constraining nature of variable length actuator arrangement, a continuum section deforms
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Figure 1: Pneumatic muscle actuated, three-section variable length continuum robotic arm prototypes. (a) The continuum
arm developed at the Italian Institute of Technology (IIT) manipulating an object. Note the smooth circular arc shape
bending of variable length continuum sections, (b) the prototype of Figure la is at rest without actuation. Section and
segment terms are also indicated as referred to in this paper, (¢) The continuum arm developed at Clemson University
demonstrating multisection bending. Individual continuum sections and neutral axis are annotated for clarity.

in a circular arc (without torsion) where straight section poses are modeled as circular arcs of zero
curvature. PMA’s are particularly suitable for implementing variable length multisection continuum
arms owing to their low cost, high flexibility and compliance, excellent length change ratio, and high
power to weight ratio (Caldwell et al., 1995). Similar pneumatically actuated multisection continuum
arms include OctArm (McMahan et al., 2006; Neppalli et al., 2007) and FESTO bionic handling assistant
(Grzesiak et al., 2011; Mahl et al., 2014) among others. Multisection continuum arms are constructed by
stacking at least two continuum sections where, each is actuated by multiple variable length actuators.
These continuum sections are kinematically independent (bending of one section does not affect the
others), generate motion by elastic deformation (that results in a length change along the neutral axis
hence the term variable length), and not backbone supported (actuators provide the structural strength).
These unique features therefore differentiate this class of continuum arms from other continuum arm
implementations that employ: fixed-length flexible backbones (Gravagne and Walker, 2000; Rucker and
Webster, 2011b), tendon/rod actuation (Camarillo et al., 2009; Xu and Simaan, 2010; Goldman et al.,
2011), tendon-pneumatic hybrid actuation (Immega et al., 1995; McMahan et al., 2005), and concentric
tubes (Webster et al., 2009; Dupont et al., 2010).

Lumped or segmented models for continuum arms represent the natural transition from the tra-
ditional, rigid multijointed robot dynamic modeling approaches. When used for relatively few rigid
segments, lumped models avoid the complex expressions intrinsic in continuum arms to yield efficient
results (Giri and Walker, 2011; Khalil et al., 2007). However, to accurately resemble the smooth bending
of continuum arms many segments are required (Zheng et al., 2012), significantly increasing the overall
degrees of freedom (DoF) in contrast to actual number of controlled joint variables.

Cosserat rod theory has been successfully applied to solve for statics/dynamics of flexible back-
bone supported, tendon actuated, and concentric type continuum arms. Jones et al. (2009) proposed
three-dimensional statics for gravity loaded, unactuated flexible rods, while Rucker and Webster (2011b)
generalized the approach for backbone supported tendon actuated continuum arms with general tendon
routing. A similar approach was applied to multibending soft robot by Renda et al. (2014). Flexible
manipulator dynamics proposed by Book (1990) assumed small relative deformation hence are not ap-
plicable to continuum arms that can exhibit large omni-directional deformation. Xu and Simaan (2010)
utilized elliptic integrals to derive kinematics, statics, and shape restoration of continuum arms but
only a single continuum section was considered. Rone and Ben-Tzvi (2014) employed Kane’s method
to derive dynamics for tendon-actuated multisegment (technically a single section as the segments are
kinematically coupled) continuum arms. Trivedi et al. (2008a) proposed a planar model for multisection



continuum arms and validated only for static poses. This approach has not been extended to model
spatial dynamics of variable length multisection continuum arms.

Unlike their rigid counterparts, the displacement between any two points within a continuum arm is
not fixed. As a result of their inherent large deformations, points along a continuum arms have varying
relative position, orientation, and linear and angular velocities. To account for this continuous and
deforming nature, continuum arm Equations of Motion (EoM) are derived from energy based methods
such as the Lagrangian formulation.

Although there has been an impressive amount of research in prototypes, the advancements in mod-
eling and control of variable length continuum arms, particularly dynamic modeling, lags behind. This is
mainly because of the complex and highly nonlinear kinematics and dynamics associated with this class
of continuum arms. Theoretical models for inextensible, unidimensional, cable like mechanisms were pro-
posed by Mochiyama (2006) but multisection continuum arms have multiple DoF. As shown in Figures
la and 1c, upon actuation the variable length continuum sections of the prototype arms are deformed in
circular arc shapes. The kinematic model proposed by Jones and Walker (2006a) accurately calculates
the arc parameters that describe this circular arc shape in joint-space variables (i.e., actuator lengths).
However, due to the highly nonlinear, complex expressions and numerical instabilities, it is challenging to
extend the parametric kinematics to dynamic analysis. Tatlicioglu et al. (2007a,b) proposed a dynamic
model for the OctArm (Grissom et al., 2006) extensible continuum manipulator. However, these planar
dynamic models did not account for the geometrical coupling between curve parameters and joint space
variables (Godage et al., 2011b) and were not experimentally validated.

Godage et al. (2011a,b) proposed spatial dynamics for a single, variable length continuum section
and experimentally validated for a PMA actuated continuum section in (Godage et al., 2012b). The
modal! kinematics for variable length multisection continuum arms proposed by Godage et al. (2011c,
2015) combined the structural accuracy of curve parametric models (Jones and Walker, 2006a) and
numerical efficiency and stability of modal methods (Shabana, 2005). Further, much of the work on
variable multisection continuum arms so far focused on slow moving applications where static models and
kinematic control were sufficient (Jones and Walker, 2006b). But increasingly continuum robots are, and
surely will be, affected by dynamics for applications such as obstacle avoidance in dynamic environments,
inspection operations, and object manipulation tasks which requires increased performance. Hence
there is the need for scalable, numerically efficient, and structurally accurate spatial dynamic models for
variable length multisection continuum arms.

Derived from modal kinematics (Godage et al., 2011¢c, 2015) and extending previous work on single
continuum section dynamics, this paper presents a new spatial dynamic model for variable length multi-
section continuum arms. The EoM are derived in a recursive form and produce computationally efficient
results without the numerical instabilities. The proposed method is directly derived in joint space with-
out intermediate morphological transformations and therefore provides enhanced physical insight into
the practical mechanics of continuum arms. The dynamic simulation results are then compared and
validated against the PMA actuated variable length multisection continuum arm shown in Figure 1lc.
The proposed model can be extended to structurally similar multisection continuum arms of any variable
length actuator type.

The layout of this paper is as follows. The methodology of the dynamics approach for an arbitrarily
long, variable section length continuum arm is presented in Section 2 with a review of modal kinematics
in the beginning. The development of an efficient, recursive computational scheme for formulating the
dynamics is then developed in Section 3. Details of the prototype arm, simulation model, and adaptations
are presented in Section 4. Simulation results and model validation against the prototype arm dynamics
are detailed in Section 5. A discussion summarizing the previous related work highlighting the benefits
of the proposed modal dynamics is given in Section 6 followed by conclusions in Section 7.

2 Methodology

In this section, the development of a dynamic model for a variable length multisection continuum arm
(similar to the prototype shown in Figure 1) with N sections is detailed. The section-wise Lagrangian
formulation presented here lays the foundation for a recursive computational scheme to compute the
final EoM. Mathematical variables utilized throughout the paper are enumerated in Table 1.

1The term “modal” in (Godage et al., 2011c) depicts that the parameter variation of HTM elements are approximated
by modal shape functions analogous to (Chirikjian and Burdick, 1994) and (Shabana, 2005).



Table 1: Nomenclature of Mathematical Symbols

Symbol Definition
i Continuum section index?
ri, Lio Radius and unactuated length of continuum section
lij 4t actuator length change, j € {1, 2,3}
q Complete joint space vector of the arm™
q;, q° Joint space vector of, and up to i*" continuum section
{0}, {O;} Base and moving coordinate frames
{0} Task coordinate frame
&i Scalar denoting points along the of i*" continuum section
T; MHTM? of the i*" continuum section relative to {O;}
p;, Ri Position vector and rotation matrix of T;
Tl.J Constant HTM? to account for position/orientation offsets at it section joint
T MHTM of i*" continuum section relative to {O}
U, ©; Modal position and rotation matrices of T*.
I Vector of scalar coefficients of the entire arm, and up to 3" section.
m; Mass of the continuum section
pi Linear mass density
K, K; Total and i*" section kinetic energy
P, P; Total and it section potential energy
HY, HY Linear and angular Hessians relative to {O;} at &;.
MY, MY Linear and angular inertia matrices of a slice of continuum section at §;
M, Complete generalized inertia and Coriolis/Centrifugal force matrices of entire arm
MY, My Generalized linear and angular inertia matrices
Ccy, Ccy Linear and angular Coriolis/Centrifugal force matrices
G, G; Complete and it" section conservative force vectors
D, D; Complete and i*" section damping coefficient matrices.
Vi, Wi Linear and angular velocities relative to {O:} at &;
Jv, Jy Linear and angular Jacobians at &; relative to {O:}
K¢ Elastic stiffness coefficient matrix
Te Complete input force vector in the joint space
I3 Rank 3 identity matrix

# Subscript i denotes the i*" continuum section parameters
*Vectors are denoted by boldface lowercase italics (i.e., qj) and elements are denoted by regular lowercase italics (i.e., g;).
1 Homogeneous transformation matrix (HTM). Matrices are denoted by boldface uppercase letters (i.e., M)

t Modal homogeneous transformation matrix (MHTM).
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Figure 2: Schematic of a multisection continuum arm with arbitrary N continuum sections. The base section (indexed 1)

coincides with {O}. The base coordinate frame, {O;}, and moving coordinate frame at &; of the i*" section, {O;}, are
also shown.
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Figure 3: (a) Schematical illustration of the infinitesimally thin slice at & on any i® continuum section along with curve
parameters {\;, ¢;,0;} (listed in Appendix A.1), actuator variables, {O;}, and {O;}, (b) Velocities and forces acting on

the thin slice with respect to {O:}

2.1 Variable Length Multisection Continuum Arm System Model

Figure 2 shows the schematic for a variable length, N section, continuum arm. Without losing generality,
the widely used and optimal (for spatial operation), three-actuator configuration is considered per con-
tinuum section similar to the prototypes shown in Figure 1. One notable difference between this class of
continuum arms and the more traditional tendon actuated continuum arms is that the actuator lengths
of continuum sections are kinematically independent. In tendon actuated arms, the tendons run along
the length of the arm and therefore actuation of preceding sections (assuming no slacking of tendons)
affect the tendon lengths of subsequent sections.

Consider the schematic of any i*" continuum section of the arm as shown in Figure 3a. It consists of
three mechanically identical variable length actuators with Ly € R and l;; (t) € R, where j € {1,2,3}
and ¢ is the time. Hence the length of an actuator at any time is L;; = Ljo + I3 (t). In this way, both
extensions, i.e., l;; € RS‘ and contractions, i.e., l;; € R, can be described (Walker et al., 2006). The
actuators are fixed 2?” rads apart and are mechanically constrained to actuate at a distance r;, parallel
to the neutral axis. The l;; actuator is aligned with the X axis of {O}. Similarly, l;; actuator is aligned
with the X; axis of {O;}. Note that L,y > 0 and r; > 0 are known constant design parameters of the
continuum sections.

2.2 Review of Modal Kinematics and Dynamics

In dynamics derived in this paper is based on the modal kinematics proposed by Godage et al. (2011c,
2015). It provides an intuitive, stable, efficient, structurally accurate, and scalable kinematics for vari-
able length continuum arms. Further, the kinematics are computed directly in the joint-space without



intermediary transformations thus avoiding nonlinear morphological mappings. As the individual contin-
uum sections are kinematically independent, the modal homogeneous transformation matrix (MHTM)
of {0} at &; of any i continuum section, T; € SE (3), with respect to {O;} is given by

T; (&, q;) = R; (%‘7‘1@) p; (ﬁli,qi) "

where g; = [li1, li2, lig]T € R3, & € [0,1] is a scalar coefficient that defines the points along the length
of the neutral axis (§ = 0 is the base and & = 1 is the tip), R; € SO (3), and p; € R3. For clarity, the
complete curve parametric HTM, from which the MHTM is derived, is included in Appendix A.1. The
complete MHTM is listed in Appendix A.2.

Employing basic coordinate transformations, T € SE (3) relative to {O} is calculated as

T (¢, q") = [T {Te (a1, T}
k=1

_ @1 £ia : \Ijl €i7 ‘
_[ (Oq) (lq) (2)

where ©; € SO (3), ¥; € R?, ¢' = [qy, @y, ,q;] ER¥ and &' = [€, &, -+, & € RV and &, =1, Vk < i
(i.e., the preceding sections) and & = 0, Vk > i (i.e., the successive sections).

Assuming continuum sections are made up of infinitesimally thin slices, Godage et al. (2011a,b)
proposed an integral Lagrangian formulation based modal dynamics for single section variable length
continuum arms. Therein, first the kinetic energy (KE) and potential energy (PE) are derived for a thin
slice and then the total energies are found by integrating along the length of the arm. The Lagrangian
is then utilized to derive the EoM of the continuum section.

2.3 Equations of Motion for Variable Length Multisection Continuum Arms

Based on the modal kinematics (Godage et al., 2011c, 2015), the integral Lagrangian approach used
on single continuum sections (Godage et al., 2011a) is extended herein for formulating the dynamics of
multisection continuum arms. However, the complex kinematics and integral nature of the procedure
prevent direct extension of the integral derivation proposed in (Godage et al., 2011a) to multisection
continuum arms. Therefore we propose a section-wise formulation technique. In developing this model,
for any i*" continuum section it is assumed that;

AS1 Continuum sections always maintain a circular arc shape
This implies that continuum sections are torsionally stiff and not subjected to “large” external
forces.

AS2 Continuum sections have no supporting backbones
The variable length actuators provide the only structural support.

AS3 Continuum sections have symmetric cross sections about the neutral azis of the arm
As a result, the center of mass is located at the center of the cross section.

AS4 Continuum sections are kinematically independent
The actuation of one continuum section does not affect any other sections.

AS5 The actuators are only subject to length change and therefore maintaining r; and 2?” clearance
This assumption further ensures the assumption AS1.

AS6 Continuum sections have constant m; and variable but uniform linear density (p;)
The effect of air pressure changes is neglected. The length variation during operation cause p; to
vary as m; is constant.

The validity of these assumptions for the prototype continuum arm (shown in Figure 1c) is discussed
in Section 4.2. For ease of presentation, the particular mathematical operators used in the paper are
enumerated in Table 2.
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Table 2: Nomenclature of Mathematical Operators

Definition

Va( )

T( )

Partial derivative with respect to vector q

Partial derivative with respect to variable g, € g where ¢ € R
xt" column vector of the enclosed matrix

xt? element of the enclosed vector

(x,7)'" element of the enclosed matrix

(@, y)""
Form the velocity vector from skew symmetric angular velocity matrix™*
Form skew symmetric angular velocity matrix from angular velocity vector
Integration from 0 to 1 with respect to &;

vector of the enclosed Hessian of a vector
*
Replace the last column of the matrix with zeros

Form a diagonal matrix from the enclosed vector as the principal diagonal
Sum first two elements of the principal diagonal of 3 X 3 matrix

v( ) Column-wise vectorization operation on a matrix

* Definitions are given in Appendix B.

If the total KE and PE of the entire arm shown in Figure 2 is known, then the complete Lagrangian
is given by £ = K —P. Without considering the dissipative terms, the ideal generalized EoM are derived
from the Lagrangian as %VQTL — VqTL and in classical compact matrix form presented as

MG+ Cqg+G=r. (3)

where 7. € R3N. Physically, 7. is the tensile or compressive forces generated by the variable length
actuators.

Terms of the EoM given by Equation (3) contain the cumulative contributions from each continuum
section of the arm. Therefore, the respective terms of Equation (3) are decomposed herein to section-
wise dynamic contributions to obtain a general representation that can be incorporated into a recursive
computation scheme. The following theorems are used to integrate section-wise component contributions
into the final EoM.

Theorem 1. Consider a general (rigid or continuum) N-link serial arm with an actuated joint space
vector ¢ € R*. Then the complete generalized inertia matriz, M = (Zf\il MZ> € R¥** where M; €

R**" qgre individual generalized inertial matrices corresponding to any it" link.
Proof. Let q; and q = [q, g5, -+ , qx] € R" be the i*” link and complete joint space vectors respectively.
The spatial location of any i link is a function of preceding links and ¢* = [q;, @s, - , ¢;] € RY (w < u)

denotes the joint space vector up to the *" link. The M can be related to the total KE of the arm,
K eR, as

K (a.d) = 5" (4)

Similarly, the M; and IC; are related as
i .d 1 T .
Ki(d'.q') = 54 Mid (5)

Note that, [Mi]jk = 0V {j,k} > w because q' — K; (ql) and kinematic independence of continuum
sections (assumption AS4 in Section 2.3).
The K is the sum of KE’s of all the arm links and can be written as

Substituting K from Equation (4) and K; from Equation (5) into Equation (6) yields



1 N 1 N

TN eV T .

—q Mg = E —¢g Mg = E M,

54 M4 2 <2q zQ> 54 ( z) q (7)

From the Equation (7) it follows that

M=> "M, (8)

Proof completed. O

Proposition 2. From Theorem 1, the complete centrifugal/Coriolis force matriz, C = (Zi\; Ci) €

R“*% where C; € R¥*" are individual centrifugal/Coriolis force matrices corresponding to any i'" link.

Proof. Define [C],; € R as

[Cly; =D Trjn (M) dn 9)

h=1

where M € R***, Tjn(M) = (M, + My, ; — [M],; ) € R is the respective Christoffel symbol,
qn € q, and g, € R.
Substitute M from Equation (8) into Equation (9) to obtain

u N N u
[Cly; = Zijh (ZMJ qn = Z {Zrk]'h (M;) q‘h} (10)
h=1 =1 h=1

From the definition of [C],; given in Equation (9) it follows that the Coriolis/centrifugal force ma-
trix elements of the i*" link (Cily; = Son—1Trin(M;) Gn, and Tyjp (M) = 0 V{k,j,h} > w because
q' — M; (qz) and kinematic independence of continuum sections (assumption AS4 in Section 2.3).
Consequently [C;],; = S>on_i Tijn (M) ¢n, and Equation (10) can be rewritten as

N

[Cli; = {kajh (M) Qh} =
h=1

N
: [Ci]kj (11)

i=1

By element mapping of Equation (11) therefore

cC=>)0C (12)

Proof completed. O

Theorem 3. Consider a serially-linked arm having N links (rigid or continuum) with an actuated joint
space vector q € R*. Then the complete conservative force vector, G = (Zf\il Gi> € R" where G; € R*

are individual conservative force vector vectors corresponding to any it" link.

Proof. The total arm PE, P€R, and G are related as

VeP(q) =G (13)

Similarly, i*" link PE, P; €R, and G; are related as

VePi(qd') = Gi (14)



where [G;], = 0Vk > w because qg — G; (ql) and kinematic independence of continuum sections
(assumption AS4 in Section 2.3).
The total PE is cumulative of PE’s of every arm link and therefore

P=> P (15)

Apply VT to both sides of Equation (15) and substitute Equations (13) and (14) to obtain

N N
G=) (VIP)=>G: (16)
=1 =1
Proof completed. O

Now that the relation of section-wise components to the final EoM given by Equation (3) is estab-
lished. Next, the section-wise Lagrangian formulation to derive these contributions is presented.

2.4 The Lagrangian Formulation of Any i"* Continuum Section

This section, without losing generality, presents the method to compute M; € R3V>3N C,; ¢ R3V*3N
and G; € R3Y from the KE and PE of any i*" continuum section. For ease of presentation, applying
Theorem 1 to linear and angular KE’s of the continuum section separately, M; is further expanded as

M; = M} + M7 (17)

where MY € R3V>3N and My € R3V>*3N | The partial derivatives of M; are used to compute C; as
shown in Proposition 2.

2.4.1 Position, Orientation and Velocity of a Thin Slice

Consider an infinitesimally thin slice of any i*" continuum section at &; as shown in Figure 3a. As with
any serially connected structure, the position, orientation, and velocity of the i** continuum section only
depends on all the preceding continuum sections hence & = 1Vk < i and & = 0Vk > i (see Figure 2)

(Godage et al., 2011c). The w; € R3 and v; € R? at any point &; along the neutral axis relative to {O;}
is given by

wi (&,q") = (076:)" =37 (4.4') 4 (18)
where J¢ = (07V,0;)" € R¥3N and J¥ = (07V,¥;) € RN,

2.4.2 Kinetic Energy, M; and C; Matrices

Following the approach reported by Godage et al. (2011b), the mass of an infinitesimally thin slice (see
Figure 3b) is derived as dm; = m;d&; due to the constant mass and uniform linear density (assumption
ASG6 in Section 2.3). The center of mass of the slice lies at its geometric center and I, = I, because
of the symmetric cross section (assumption AS3 in Section 2.3) where I, and I, are the moments
of inertia about the X! and Y] axes respectively. Hence MY = m;d¢;I3 and MY = I,,,0¢;Diag(1,1,2)
derived from I,, = I, + I, = 2I,, (perpendicular axis theorem) where I, is the moments of inertia
about the Z! axis.

The angular (JKY € R) and linear (JKCY € R) KE’s for the thin slice can be written utilizing J¢ from
Equation (18), J¥ from Equation (19), MY, and MY as

1 1 )

oKy = §sz/\4sz = *QT(SM?) (&.4")q (20)
1 )

0Ky = ivaMUUz = ('IT5M$ (¢.4") q (21)



where dMY = J*TMYJ% and MY = JYT MYJ? are the angular and linear generalized inertia matrices
of the thin slice.
By integrating with respect to &;, MY and MY can now be computed as

MY (q') = [, (I¢TM2IY) (22)
MY (¢') = f,, (3" MIY) (23)

Partial derivatives of M; required to derive the C; can now be computed from Equations (22) and
(23).

2.4.3 Potential Energy and G; Vector

Any i*" continuum section is subjected to gravitational PE, P? € R, and elastic PE, P¢ € R. Assuming
the continuum arm is made up of infinitesimally thin slices, the gravitational PE (6P¢ € R) of a slice at

gi is

§PY (&,q") = (mid€) Ul g (24)

where g = [0, 0, g}T € R3 is the gravity vector in {O}.
The total gravitational PE of the continuum section is then determined as

PI(a) = f 0P =mi (f, 0T ) g (25)

The elastic PE of any continuum section is due to the axial elastic deformation of variable length
actuators (e.g. PMA’s) during operation. The elastic PE of the i*" continuum section is given by

1
Pi () = 59 Kig, (26)

where K¢ = Diag { K1, Ki2, K;3} and K;;Vj € {1,2,3} are the elastic stiffness coefficients of the three
variable length actuators.
The G; is then calculated utilizing Equations (25) and (26) as

Gi(q') =V] (P! +Pf) (27)

This completes the theoretical deriving of the contributions from any " continuum section to the
final EoM.

3 Development of an Efficient Computational Scheme

This section proposes an efficient recursive implementation for computing the section-wise contributions
developed in Section 2.4 toward the complete EoM given by Equation (3). The lack of accurate spatial
dynamic models for variable length multisection continuum arms is because of many resulting integral
expressions containing complex laborious terms, i.e., consider Equations (22) and (23). The complexity
and size of these integrands substantially increase as the number of continuum sections, N, grows.
Bertails (2009) proposed efficient dynamics for constant length helical shapes for computer graphics.
However the approach in the paper was developed for simulating passive flexible objects and does not
account for actuators used in robots. Also, Hollerbach (1980) and Featherstone (2008) among others
proposed recursive computational schemes that are limited to rigid arms.

Similar to the procedure for the single continuum arm case reported in (Godage et al., 2011a), the
integrals can be precalculated symbolically. However, unlike the single section continuum arms, inte-
grable components of expressions are separated by complex non-integrable (terms independent of the
variable of integration) components. Hence in the multisection arm case, additional algebraic relation-
ships are used to simplify and bring integrable terms together so those can be precomputed to increase
the computational efficiency. In order to accomplish this, first the spatial displacement, corresponding
velocity Jacobians, and Hessians are recursively implemented. Utilizing these, recursive relationships are
then derived for EoM contributions, M;, C;, and G; from any i*" section. Finally, the results from each
continuum section are iteratively summed up through Theorems 1, 2 and 3 to obtain the final EoM.

10



3.1 Recursive Implementation of Body Velocities, Jacobians, and Hessians

In the Lagrangian formulation, the Jacobians play a significant role to derive M; and C; as shown by
Equations (22) and (23). In this section, recursive representations of displacements, Jacobians, and
Hessians are developed.

Consider the infinitesimally thin slice at & of the i** section (see Figure 3a) where the spatial location
is given by {O}}. The recursive rotational matrix and position vector are given by

0; (&.,4") = 0,21 (¢ Ri(&iv q;) (28)
U (&,q") =Yt (") + ©i1p; (&5, q;) (29)

where the derivation is given in Appendix C.1. Note that, for ease of notation, the dependency variables
are omitted from here onward.
From the definition of J¥ given in Equation (18), relationship (J?)j = (JW)?, and noting ¢* =

7

(g, q4, (J?)j in recursive form is given by

g (30)

(JQ)_: RzT (‘]?71) R; §Qj€qi71
e R/R;; 145 €4;

The derivation is given in Appendix C.2.

Similarly, from the definition of J¢' in Equation (19), (J}); in recursive format is given by

R {(32),+ (39),p.} sq€a™

(J;})J:{ ; ( 1—1)j+( z)]pz QJ q (31)
R;p;; 19;€4;

The derivation is given in Appendix C.3.

Hessian matrices of the velocity relationships are used to compute C;. Taking the partial derivatives
of (J?)j given by Equation (30), with respect to cases qx € ¢'~! and ¢ € g;, the recursive relationship

of (H?)jk is given by

RY (HY ), R g anyeq™
(HY) , - RT, (J), R+ RT (32), Rin 1¢;€0' 7", an€gq, (32)
Vo [q;€q; grEq T
RILRi; + RIR; ;1 Hag, ) € q;
The derivation is given in Appendix C.4.
Similarly the recursive relationship of (H}'),, is derived from Equation (31) as
R} {(Hlil)j +(HL), pi} {gj,a}eq™?
(HY)., = Rg:k {(J;‘J—l)j + (J?—1)j Pi} +RY (ng)jpi,k €97, areq; (33)
i/j .
0 1€ QT
Riwpij+ RIPi {gj,ar} €q;

The derivation is given in Appendix C.5.

This completes the recursive derivation of spatial displacements, Jacobians, and Hessians. Utilizing
these recursive relationships, element-wise calculations of M;, partial derivatives of M, for computing
C,, and G; are presented next.

3.2 Recursive Computation of MY and the Partial Derivatives

First the M and the partial derivatives are derived followed by MY and the partial derivatives.
From the definition of M¥ given by Equation (22) and MY defined in Section 2.4.2, consider any
[M], given by

11



M = [ { @97 M2 @), )
= L. f,, {(3%)] piag(1,1,2) (39, } (34)

The Algebraic Identity 1 is used to simplify Equation (34).

Algebraic Identity 1:

If A € R3*3 is skew symmetric matrix and B = AV, then B” Diag (1,1,2)B=T, (ATA).

The proof is given in Appendix D.1.

The assumption AS5 on constant 7; of continuum section (or any constant, symmetric shape), listed
in Section 2.3 enables this algebraic simplification. Now applying Algebraic Identity 1, Equation (34)
becomes

V2L = L f, B (09)] (09),) (33)

Considering the case-wise definition of (J ?)] given in Equation (30) and the symmetry of M¢, three
unique cases for [M¥],, can be identified when; (1) {g;,qx} € g (2) ¢gj € ¢ qr € g;, and (3)
{¢j,qr} € q,;. Hence, the development [M¥] i 18 presented under these three separate cases where their
partial derivatives are presented under two sub cases.

Case 1: {q;, qr}€q"*

The corresponding Jacobian columns from Equation (30) are substituted into Equation (35) to obtain

M) = Lo e, T (RT{(300)] (32), JRi) (36)

In the integrand of Equation (36), only R, contains the variable of integration, &;, but there are
matrix terms in between the integrable R; terms. Given the complexity of the expression, computer
algebra systems run into problems when attempting to symbolically evaluate Equation (36) as is. Also,
evaluating all the integral terms numerically during simulations entails a heavy computational burden.
However by using suitable algebraic identities to bring the terms containing &; together, the integral can
be precomputed in symbolic form prior to starting the simulation. Once the integrals are precomputed
the simulation execution time significantly decreases. A detailed account on this is provided in Section
6.2. In order to simplify Equation (36) the following Algebraic Identity 2 is employed.

Algebraic Identity 2:

If matrices {A, B, W} € R3*3, then T,(ATWB) = VI(ABT) V(W).

The proof is given in Appendix D.2

Applying Algebraic Identity 2 on Equation (36) becomes

M), = Lo J, VI (RRT) Fv{(32)] (32), } (37)

But since ﬁlﬁZT =1, Equation (37) reduces to

ME] = Lo fe, V7 (8) V{02 (02, ) (33)

T

where (J?_l)j (J?_l)k and ig do not depend on &;. So the integral is easy to compute since f&: =

fol d¢; = 1. Also, VI(I3) V(W) = Ty (W) where W € R3%3, Therefore Equation (38) simplifies to

12



M2, = L B{ (020)] (320), } (39)

i—1

The partial derivatives of [MY] ji, are also derived case-wise depending if ¢ € ¢"~" or g5 € q; as
o \T (10 Q \T (o ) i—1
, 0 19s €4,

This process is applied to all the cases of [M;];; and [M;];; ..

Case 2: ¢; € ¢! and ¢; € g,

Substituting the relevant Jacobian columns from Equation (30) into Equation (35) and applying Alge-
braic Identity 2 yield

M2 = Lo VO, (RRE) ] (02))] (41)

Note that, the integration is only applied to (f{lf{ﬂ) because (J?q)j is independent of &. This is
always a valid operation because the vectorization operation is not affected by the integration nor it

affects the integration.
And taking the partial derivatives of Equation (41), [M?];, | is given by

(3

A L VTS e, (ﬁiﬁﬂ)}V{(H?_l)Z} jgs€q?

M, = L.V ], (ﬁiﬁgk)ys}v{(J?l)jT} 1qs€q; (42)

Case 3: {q;, 9} € q;

Likewise, substitute the relevant columns from Equation (30) into Equation (35). Here the Algebraic
Identity 2 is not required as there are no terms in between the integrable terms.

M), = Lo T f, RE R ) (43)

And similarly [M?];, _ is given by

0 gs€q!
iks ) Ie Ty (fgiR;“,:jRi,k) 145 €4,

sS

[M%] (44)

3.3 Recursive Computation of M and the Partial Derivatives

Similarly, substituting MY = m;I5 defined in Section 2.4.2 into Equation (23), the [Mf]jk is given by

M = mafe, { @] @7, (45)

Here also, the evaluation of [MY] jk is presented case-wise similar to Section 3.2.

13



Case 1: {q;, qr}€q¢"

The respective cases of Equation (31) are substituted into Equation (45) and expanded as

M = me (370) ] {7, + B2, (Jepi) f+mi (Jopl) O2)) (3),
+mife {pF (3R] (32),p, ) (46)

Here also, the integrable components (that are functions of ;) of the last term of Equation (46)
are separated by Jacobian terms. Analogous to Equation (36), the integrable components are brought
together by employing the following Algebraic Identity 3.

Algebraic Identity 3:

If {A,B}cR3>*! and QeR3*3, then A”QB = V(AB™)V(Q).

The proof is given in Appendix D.3

Therefore, Equation (46) is rewritten as

M = mi (370) ] {70, + B2, (Jepa) f+mi (Jopl) O2)) (30),
+m VT {[ ) pv{E2)] (02)),} @7

Notice that, since integrable terms of the last term of Equation (47) are now together, the integral
can be symbolically solved without affecting the result prior to starting the simulation.

And now partial derivatives of Equation (47) are taken to compute relevant [MY]. ks 88
mi (B70) [ (320, (020),, (Jep)}
+mi (I3 1) {(Hf 1) "'(H? 1)k5 (fg,ipi)}
+m; VT(fgipipi )v{<H? 1> (32.),+ (2 1> (m 1> } R
v T v
me (@5 (), (Jepie) +me (Jepl) (320); (1),
+m, VI [, (ppT), J VIR (32, gecq;
Case 2: ¢; € ¢! and ¢; € g,

Similarly, the corresponding cases of Equation (31) are substituted into Equation (45) and applying
Algebraic Identity 3 to obtain

M = mi (320) ] (Jepi) +maVI{, (ipT) f V(2 ) (49)
Now the related [M}],, is computed as
MY _ mg (Hf—l); (fgipi,k) +m; VT (fg,PszTk)V{(H?—JJT} ;3 ds qu ! (50)

ke m; (J;‘J—l)jT (fg,ipi,k,s> +my; VT{fgi (Pipfk)s} V{(J?—J?} 34s €4,

Case 3: {q;,qx} € q;

Finally, the relevant cases of Equation (31) are substituted into Equation (45) to obtain

14



[Mf]]k‘ = mifgi (pz:jpi,k) (51)

Similarly, corresponding [MY] jk,s 18 calculated as

0 1gs€q’
MY, = 52
[ ]Jk7 {Tm (ijpi,k)7s ;4s €4, ( )

This completes the derivation of elements of M; and their partial derivatives required to compute
C..
3.4 Recursive Computation of G;

From the definition in Equation (25), [GY ]j is given by

[ng]j = m; (f&‘llzjj]) g (53)

Since @07 = I3, without affecting the outcome, Equation (53) is rearranged and substituted (J ;’)J
from Equation (19) to obtain

(G, =mif, {¥i;(0:6])} g
=m; [, {(@iT‘I’i,j)T @iT} g
=mif., (7); O]9 (54)

Substituting the case-wise definition of (J}'); from Equation (31), Equation (54) is expressed recur-
sively as

Q T T i—1
i (J}i)—l)j + (Ji—1>j (fglpz)} ©,_19 ;¢ <€q”

[Gzﬂj = T T
m; ffipi»j) 0;_19 145 € 4;

(55)

The elastic PE of continuum sections are independent of position or orientation and hence can be
directly accounted for as

G; =Kjg; (56)

This completes the derivation of G;. These recursive results are then substituted in Equations (8),
(12), and (16) to compute M, C, and G of the complete EoM given by Equation (3). For the ease of
reference, Algorithm 1 summarizes the application of mathematical results derived in this section for
formulating the EoM.

4 Prototype Arm and the Simulation Model

4.1 Details of the PMA Actuated Prototype Continuum Arm

Each continuum section of the prototype arm (shown in Figure 1¢) consists of three mechanically identical
extending PMA’s (Caldwell et al., 1995; Godage et al., 2012b) with Lo = 0.156m, l;.min = Om, and
lizmaz = 0.065m. These actuators are pressurized in the range (0 — 6bars). Silicone rubber tubes of
inner diameter (D) 7.5mm and outer diameter (OD) 9.5mm were used as the PMA containment layer.
The outer braided sheath is made from polyester (min. OD = Tmm, max. OD = 17mm) and forms
the core platform for the motion of the actuator. Nylon union tube connectors ( ID = 4mm) seal the
Silicone tubes and control the air in/out flow. Rigid plastic frames (ABS thermoplastic) of r; = 0.0125m
and 2.54mm thickness (see Figure 4a) are used to mount the PMA’s and connect adjacent continuum
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Algorithm 1 Pseudo code for the recursive implementation of the proposed continuum arm dynamics
algorithm

BEGIN
FORi e {1---N}
// evaluate it" section related functions and precomputed integrals
FOR j € {1---4}
FOR k€ {j---i} // exploit symmetry of M* and MY
// update M and MV
[M¥] . < [M¥],, + Eq.(39) OR Eq.(41) OR Eq.(43)#
[M"]), < [M"];;, + Eq.(47) OR Eq.(49) OR Eq.(51)
FOR s € {1---4}
// update partial derivatives of M“ and MY
[M*“],, ¢ ¢ [M*]}; .+ Eq.(40) OR Eq.(42) OR Eq.(44)
[MY] < [M"], .+ Eq.(48) OR Eq.(50) OR Eq.(52)
ENDFOR
ENDFOR
// update G’
[G?]; < [G7]; + Eq.(55)
ENDFOR

Jk,s

jk,s

// sub loop for updating Jacobians and Hessians
FOR j e {1---4}
FOR k € {1---i}
// update Hessians, H” and H*
[H”];;, < Eq.(32)
[H"],;, < Eq.(33)
ENDFOR
// update Jacobians, JV and J%
(J9); < Eq.(30)
(JY); + Eq.(31)
ENDFOR

// update ¥ and ©

O + Eq.(28)

U« Eq.(29)
ENDFOR

// combine G° from Eq. (56) and G’ to derive G using Eq.(27).

// combine M* and MY and partial derivatives to obtain M and its partial derivatives
M «M®* + M"Y AND M 5 <M<, + M?,

// fill the lower triangular part of M and its partial derivatives

[M]; <= [M];;, AND [M]},; ;< [M]
// compute C

[C]kj < Eq.(9)

// combine computed EoM components and solve for joint space accelerations via Eq.(3)
END

kj,s Jjk,s

# Depending on j and k combinations (i.e., q¢; € ¢*
elements.

—1 or qj € q;), relevant equations are used to update the relevant
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Grooves/
(a) (b)

Figure 4: (a) 3D printed rigid plastic mount frames (2.54mm thickness) of continuum sections where the grooves are

designed to fit the union tube connector dimensions. The adjacent continuum sections are afixed at a £ orientation offset

as shown. (b) 3D printed plastic constrainers (2.54mm thickness). Three groves house the PMA’s and the rest route the
pressure supplying tubes.

sections with a % rad angle offset about the Z axis of the arm tip coordinate frame. This offset ensures
easy mounting of the PMA’s and pressurized air supply tubes. Rigid plastic constrainers (Figure 4b)
maintain the PMA’s parallel to the neutral axis with a clearance (2 rad apart at r;) from each other.
These constrainers also provide improved torsional stiffness minimizing the possible deviations from the
assumed circular shapes when operating out of the plane under the influence of gravity. Each continuum
section, inclusive of the tubing and constrainers has an approximate mass of 0.13kg. The gravitational

acceleration used in the simulations is 9.81ms™2.

4.2 Validity of the Model Assumptions

The assumptions made in Section 2.3 have significant implications to the final dynamic model. Therefore,
to validate the model, the prototype arm shown in Figure 1c needs to comply with those assumptions.
This section discusses how the prototype arm adequately complies with the assumptions for the experi-
ments carried out in Section 5.

The modal kinematics, on which the proposed dynamic model derived upon, assume circular arc
shaped deformation in each continuum section. Assumption AS1 arises from this claim. However, under
the influence of gravity, preceding sections are subjected to external forces/moments when subsequent
sections bend in multiple planes. This can cause sections to deviate from the assumed circular arc. The
prototype arm mitigates this problem through the use of evenly distributed constrainers fitted along
the length of continuum sections. This approach significantly increase the torsional stiffness of the arm
to torsionally “lock” the PMA’s to prevent twisting about its neutral axis. Otherwise, the continuum
sections may deform in helical shape. In addition, the high elastic stiffness (relative to the gravity
loading) of the Silicon reduces deviations from the circular arc. Figure 5 compares a static pose of
the prototype arm with the kinematic model given by Equation (57). From this figure it can be seen
that there is an excellent fit between the physical system and the model and this helps to validate the
assumption.

The prototype arm is powered by extending PMA’s which also provide the structural support without
the need for a backbone found in many continuum systems. Thus satisfies assumption AS2. The
prototype arm sections are tightly bundled and constrained cylindrically to comply with assumption
AS3. Also, the prototype fulfills assumption AS4 because the PMA’s are firmly attached to the relevant
individual sections and therefore the length variations do not kinematically affect the deformation of other
sections. The construction of the PMA’s make use of Polyester braided sheath which (except under
extreme pressure) prevents it expanding radially and drive the axial expansion. Also, the constrainers
along the length maintains the clearance of the PMA’s during operation thus meeting assumption AS5.
The amount of air present in each continuum section can be safely neglected and hence the mass of each
section is only due to the construction materials. Further, the PMA’s, pressure supplying tubes and
constrainers are uniformly distributed along the length of continuum sections. The union connectors
(Nylon 1300kgm—3) and mounting frames (ABS thermoplastic 1070kgm~—3) at either end of the sections
have lower densities than that of the PMA’s (Silicone 2300kgm~3). This gives essentially a uniform
linear density and assumption AS6 holds. Therefore, the dynamic model given in Equation (58) can be
applied to the prototype continuum arm.
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Figure 5: Comparison of modal kinematic result against the prototype multisection continuum arm (a) The proto-
type arm with curvature radii overlaid for base, mid, and distal continuum sections: {A; = 110.4mm, ¢ = 1.44rads},
{\1 = 70.2mm, ¢; = 2.35rads}, and {A3 = oo, ¢3 = 0} for joint space variables g, = [0.027, 0, 0]T, g, = [0, 0.044, 0],
and g3 = [0, 0, O]T, (b) Forward kinematic result for the same joint space variables inputs employed in Figure 5a with
curvature radii overlaid. Result closely matches holding the circular arc shape assumption AS1 made in Section 2.3. The
section tip positions of base, mid, and distal sections of the prototype arm are denoted by ¥§, U5, and ¥§. Corresponding
kinematic model’s tip positions are denoted by W1, ¥a, and W3 respectively.

4.3 Prototype Continuum Arm Simulation Model

The physical parameter values employed in subsequent simulations were taken from the prototype arm
and are listed in Section 4.1. The prototype arm continuum sections bend close to 200° within the
PMA operation range. As noted in Section 2.2, the modal dynamics is based on the modal kinematics,
which is essentially a high dimensional approximation technique. For the approximation used in this
paper, an absolute position error of 0.005m (1% of the total length when normalized to the unactuated
length, 2?21 L;o = 0.474m) at the arm tip was considered acceptable. Therefore order 11 expansion for
all MHTM elements were chosen which resulted 0.0043m absolute maximum position error (A detailed
account on the accuracy of modal approach is provided in Section 6.1). Substituting the parameter
values listed in Section 4.1, the complete MTHM, T3 € SE (3) from Equation (2) is derived as

N=3

T (£,q9) = [[ {Tk (a1 &) TV} (57)

k=1

where the constant Tg € SE (3) accounts for the % angle offset and the 0.008m displacement offset along
the Z’ axis (due to the required union tube connector clearance to mount) between adjacent continuum
sections.

The prototype arm continuum sections do not have a deformable backbones and the bending is due
to the linear elongation of PMA’s. The elastic energy is therefore results chiefly from the extension
of the Silicon bladders of PMA’s. The bending PE of individual PMA’s are negligible compared to
the elastic PE as shown in (Godage et al., 2012b). One of the limitations of previous continuum arm
models was the lack of the mechanical limits of variable length actuators. As a result many produced
solutions beyond the physical robot’s realizable task-space (Godage et al., 2012b). By defining stiffness
coeflicients as functions of PMA length variation of, the mechanical limits can be emulated. This is
achieved by assigning a high stiffness value, K;.jmae = 10 Nm ™!, beyond maximum and minimum length
variations and the actual stiffness values, K;.;uin, Within the operational range as a function of PMA
length variation. A smooth approximation ensures rapid simulations without discontinuities avoiding
high frequency under-damped vibratory outputs. The stiffness variation used in simulations is given by

e e 1 e . .
K3 = Kimin + 5K e [2+ tanh {4 (lij — lnaz)} — tanh {p (lij = lnin)}], - ¥V {3,7} € {1,2,3}
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where p = 2000 specifies the rate of stiffness variation at the limits.

These elastic stiffness limiting values and damping coefficients were approximately identified by fol-
lowing an experimental procedure similar to the method proposed in (Godage et al., 2012b). The results
from (Godage et al., 2012b) provide estimate stiffness and damping coefficients for variable length contin-
uum sections. However, once continuum sections serially connected and highly constrained (to eliminate
torsion) these parameters no longer hold. This is due to the added weight of subsequent continuum sec-
tions as seen by preceding sections and higher inter-PMA friction within highly constrained continuum
sections.

Because of these reasons, accurate modeling of PMA’s solely based on mechanical parameters is
infeasible. Therefore, step response of each PMA of any i*" continuum section is analyzed and utilized to
experimentally identify the section’s elastic stiffness (K¢) and damping (D;) parameters. Each PMA of
a section is provided with a step input of 5bars and the input pressure profile and dynamic response are
recorded. The dynamic responses are obtained in the task-space as the relevant continuum section’s tip
trajectory by a two-camera setup explained in Section 5.2. Then, the task-space dynamic response of the
simulation model for the same step pressure input is tuned to match the experimental data by varying
the respective PMA’s elastic stiffness (mainly affects the steady state errors) and damping coefficients
(mainly affects the transient errors). The tuning process was done by manually estimating the coefficients
from starting values found in (Godage et al., 2012b). Because this is an estimation process, attempts
were made to obtain good agreements between the simulated and experimental data.

The elastic stiffness and damping coefficients that produce the least transient and steady state errors
were then recorded. As there are three PMA’s per continuum section, the mean value of the recorded
stiffness and damping coefficients are assigned as the elements of K§ and D; for that section. This yielded
K$in = 2300Nm=' K§, . = K§,... = 17T00Nm~! (rounded to the nearest 100) and the damping
coefficients, D; = 110 and {D2, D3} = 90 (rounded to the nearest 10). Note that the hysteretic effects
are negligible relative to the damping effects and are not considered in this experiment. Hence the EoM
employed in simulations is given by

Mg+Cqg+Dg+G=rT, (58)

where D = Diag { D17, Dan, D3n} € R and n = [1, 1, 1].

The simulations were carried out in MATLAB computer program. The MATLAB environment was
chosen for its rich selection of toolboxes and ease of use. The SIMULINK platform was used with variable-
step ODE15s routine for its speed in handling complex dynamic systems such as the one discussed in
this paper. The simulation output was recorded at 30 data samples per second for high accuracy of
results and the ease of simulation movie creation at 30 frames per second. The model is able to simulate
motions across the entire task-space without restrictive starting poses enforced on previous models at
singular configurations.

4.4 Simulation Results and Scalability

Figure 6 shows the simulation results of two multisection continuum arms employing the proposed spatial
dynamic model. Figure 6a shows five instances of a dynamic simulation of the prototype continuum arm
model. The model has nine DoF and the simulation was generated for random input forces on different
joint space variables (i.e., PMA’s). The simulation starts from a straight-arm singular pose (for which the
previous curve parametric models were undefined) and exhibits omnidirectional bending in task-space.
The simulation successfully demonstrates the passive compliance (in the form of decaying oscillations)
in continuum arms. The extensibility and computational efficiency of the model is then presented by
simulating a 10-section continuum arm in Figure 6b. The complete model has 30 DoF (3 for each section)
and the simulation starts from a random starting pose and then continues to models the arm’s passive
dynamic behavior under the influence of gravity. The starting pose was generated by assigning random
initial conditions for joint space variables of sections 1,3,6,7,10 (base of section 1 coincides with the task-
space origin) while remaining DoF are assigned 0. Hence the starting pose incorporates both bending
and straight arm (undefined in previous curve parametric models) continuum sections to demonstrates
the models numerical stability. The full simulations are shown in Extension 1.
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Figure 6: Dynamic spatial simulation results. (a) Snapshots of a three-section prototype continuum arm motion simulation
in space, (b) Snapshots of a 10-section continuum arm motion in space. This verifies the extensibility of the proposed
recursive spatial dynamic model for arbitrarily long continuum arm dynamic simulations.

5 Experimental Results

The objective of the following experiments is to validate the compliant dynamic responses of the PMA
actuated prototype multisection continuum arm using the proposed modal dynamics. Experiments are
carried out to compare the modeling accuracy of both active and passive responses of the prototype
arm. The experiments are conducted in the joint-space and the results are compared in the task-
space. In the following experiments, the prototype arm pressure commands are applied at arbitrary
times and the pressure profiles are recorded with temporal information. These pressure profiles are
then used to generate the input pressure commands (as SIMULINK input source, structure with time,
from the workspace) to the prototype arm dynamic model given by Equation (58). The experimental
and simulation temporal responses are then validated by comparing each section tip trajectories in the
task-space.

5.1 Experimental Setup

The overall experimental system block diagram is illustrated in Figure 7a. There are five main parts in
the experimental setup: input pressure source, digital pressure controllers, pressure command interface,
prototype arm (discussed in Section 4.1), and the task-space trajectory tracking system.

The input pressure to the setup is a constant 7bar pressure supplied by a GMC 6310 air compressor
which is distributed to Pneumax® 171E2N.T.D.0009S digital proportional pressure regulators via 4mm
(OD) Polyurethane tubing. The pressure regulators are arranged in a compact assembly as shown in
Figure 7b. PMA’s of the prototype arm are connected to 9 separate pressure regulators. The pressure
regulators are operated at 24V DC and have inbuilt digital pressure control system to output any pressure
between 0-9bars with a maximum input pressure of 10bars. They also support 4800bps RS232 based
digital command-response type interface that support real-time pressure commanding and reading. USB-
RS232 hardware interfaces are attached to pressure controllers that are connected to the commanding
host via three USB hubs (each with 4 USB ports).

The pressure commands for the prototype continuum arm are generated by a computer user interface.
Note that the pressure step inputs for all the experiments are rate limited to 12.5bar/sec to reflect the
gradual pressure build up observed in the PMA’s. The generated pressure commands are communicated
to pressure regulators via a RS232 communication line at 40Hz. Given the bandwidth of pneumatic
valves (Godage et al., 2012b), this rate ensures high fidelity of input pressure commands. For each
experiment carried out, the pressure commands are saved in separate text files with the time stamps
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Figure 7: (a) The block diagram of the experimental setup showing the main components: pressure source, control
unit, pressure control interface, continuum robot, and the visual trajectory tracking system. (b) The pressure regulator
assembly: A:-The pressure distribution tubing for individual PMA’s, B:-Pneumax® 171E2N.T.D.0009S digital proportional
regulators, C:-Power supply and communication wiring.

and these data are then used to generate input force commands for the dynamic simulations. Trajectory
tracking system is presented in detail in the following Section.

5.2 Spatial Task-space Trajectory Tracking Through Video Reconstruction

As noted in Section 4.2, the constrainers installed along the length of each sections effectively eliminate
possible deviations from the circular arc deformation assumptions at section level. Therefore for the
prototype arm considered herein, only the tip coordinates of each continuum section are recorded to
determine the accuracy of the model.

For measuring the section spatial tip trajectories of each section in the task-space, a two-camera
setup was used and shown in Figure 8a. It is a simple but effective system for the task at hand. Each
camera (Panasonic HDC-HS700) records in HD (1920pxx1080px where px denotes pixels) definition at
60 frames per second. One camera is placed with a —5° offset to the +X axis (normal to Y axis to
capture the Y coordinates) and the other is placed with —5° offset to the +Y axis (normal to X axis
to capture the X coordinates) at a 8ft clearance (to reduce perspective errors), parallel to the center of
the unactuated prototype arm. The —5° offset enables to observe the in-plane motions in both X and Y
axes without occlusion.

After the experiments, the videos are clipped for the duration (start to finish), synchronized by
matching the motion start times, cropped to the task-space size, and arranged side by side (Figure 8b).
Then images from the videos are generated for each frame by using “fmpeg®” software. The tracking
system covered ~10m? volume and produced 0.0014m/px tracking resolution within the ~0.55m? task-
space of the prototype arm. Statistical measurements carried out in multiple occasions for the known arm
base location resulted +4px error which translates to +0.0056m in task-space coordinates. Due to it’s
negligible size (1.18% of prototype arm length) this error is considered acceptable for the experiments.

The coordinates values of each continuum section tip of the prototype (¥§, ¥, and ¥$) in video
frames are manually recorded in pixel values via image analysis in MATLAB. Figure 8b-IMGX shows
an instance of the manual tip location tracking where 8b-IMGX records the Z and Y coordinates and
8b-IMGY records Z and X coordinates relative to the corresponding base coordinates (marked BX and
BY). Image processing techniques were not used because of occlusion of markers. Also, the tracking
bands are attached on the periphery of the arm but the tip location is located at the center of each band.
Thus, manual tracking proved straightforward and effective for the purpose of this paper with 1.18%
normalized error. Figure 8b-IMGY shows how the tip locations were deduced from the different marker
band orientations.

The data recorded in pixel values are then scaled to task-space coordinates. Scaling factors for each
perspective of Figure 8b is computed by finding the known unactuated arm length (0.474m) in pixel values
which provide the m/px scale. Task-space trajectories are then constructed from the X,Y,Z coordinates.
Finally, data is re-sampled at 10 frames per second (utilizing MATLAB’s “interpl” sub-routine with
“PCHIP” interpolation method) for ease of comparison on plots. The re-sampling process also averages
out any user introduced errors during manual data recording.
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Figure 8: (a) The dorsal view schematic illustration of the two-camera tracking system employed in the experiments. The
are of interest is shaded, (b) Manual tip position tracking from the two camera video frames. The IMGX and IMGY
respectively denote the videos from X and Y directions shown in Figure 8a. IMGX shows task-space origin (BX), base, and
mid tip positions marked with the cursor (cross-hair) hovering on top of the distal tip position. IMGY shows the manual
estimation of the sections tips from the marker band orientations. This manual setup is simple, effective, and produce good
(error £0.0056m) results. The base section tip band is shown enlarged for clarity.

5.3 Error Metrics and Results Validation

The dynamic simulations are carried out in the joint-space for the input pressure profiles associated with
the experiments. As noted in Section 4.3, The joint-space trajectories data are recorded at 30 times per
second from the simulations. The resulting joint space trajectories are then transformed to task-space
trajectories of each section tip (¥y, ¥o, and ¥3) using the prototype arm kinematic model given by
Equation (57) for all N = 1,2,3 with an additional homogeneous rotational transformation of —5° at
the base to align with the task-space trajectory tracking camera setup. Note that this transformation is
possible because the prototype satisfies the circular arc assumption (assumption AS1 Section 5).

Due to the redundancy of multisection prototype continuum arm, it is important to establish the
uniqueness of comparing arm poses. For a given end effector position there are multiple solutions for
the shape of the continuum arm (3 point constraints vs. 9DoF). However all the section tip positions of
the prototype arm provide a 9 point constraint, i.e., 3x3 position coordinates. In other words, model is
validated against a unique continuum arm pose without redundancy conflicts. This approach can also
be thought as a 4 point (including the arm base) shape estimation of the entire arm and conforms to
the shape accuracy measuring requirements. Hence, the three uniformly distributed section tip positions
(marked with bright red bands in Figure 5a denoting ¥§, ¥, and ¥§ ) of the prototype arm are compared
against the corresponding section tip positions (annotated in Figure 5b as Uy, Uy, and ¥3) of the dynamic
model.

To quantify the agreement between the experimental and simulation data, instantaneous position
errors (ERR; = ||¥S (¢) — U, (¢)|| Vi € {1,2,3} where 7 is the section number) are computed at each
section tip and plotted along with task-space Cartesian coordinates. Finally, in order to quantify the
overall model accuracy, maximum of the mean cumulative error of the arm and maximum section error

are computed for each experiment. Maximum cumulative error is defined as max (Zle ERRZ-> and

maximum section error is given by max ([max (ERRq), maxz (ERR3), maz (ERR3)]).

5.4 Planar Dynamics: In Plane Motion of All Sections

In the first experiment, the planar dynamic motion is compared of all three sections actuated in order
from distal to the base sections against the proposed model. By actuating continuum sections separately,
both passive and active responses of the arm can be clearly compared. The following PMA’s, denoted
by ls3, lo2, and ly1, are provided with 6bars, Hbars, and 5bars pressure step inputs at ¢t = Os, ¢t = 3.2s,
and t = 7.55s respectively and maintained throughout the experiment.

As described in Section 5. These pressure commands result all the sections to bend in the y = 0
plane. The dynamic model is also given the same pressure command sequence and the tip coordinate
values are compared in Figure 9. Each subplot denotes the tip coordinates of base (section 1, ¥$), mid
(section 2, W$), and distal (section 3, ¥§) continuum sections of the prototype arm respectively along
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Figure 9: Sequential planar bending of all the sections. Comparison of the dynamic section tip coordinate evolution (solid
line) vs. the corresponding on coordinate values of the prototype arm (X,Y,Z experimental data are denoted by o, +, X
marks respectively). Position errors, ERR; = H\Ilf — ;|| Vi € {1,2,3} are denoted by dashed line in each subplot.

Figure 10: Final pose comparison of the dynamic model and prototype continuum arm for in plane bending of all sections.
The real-time side by side comparison is shown in Extension 2. The grid lines of the simulation are spaced at 0.1m.

with the relevant section tip position errors. The corresponding visual comparison of prototype and
simulation model poses at ¢t = 11.4s is shown in Figure 10.

From the comparison of output data and error evolution, it can be seen that the proposed model
agrees the experimental data well. The maximum section error was 0.0696m (recorded at distal section)
and the maximum mean error of the arm was 0.0384m. Noticeable deviations indicated by the errors are
observed during step inputs which quickly decay down to steady state values. Closer inspection reveals
that the steady state error of ¥{ begins at the mid section actuation. Further there are some oscillation
phase mismatch observed during the transients following base section actuation (after 8sec) with U§
and ¥§. These deviations can be attributed to the approximated damping coefficients and unmodeled
friction/hysteretic effects. The visual real-time side by side comparison is shown in Extension 2.

5.5 Spatial Dynamics 1: Out of Plane Motion of Two Sections

Modeling and experimental validation of the out of plane dynamic motion have been two of the key
challenges faced by variable length multisection continuum dynamic models and prototype arms. This
is due to possible torsional deformations of the arm that cause deviations from the circular arc shape
bending deformation (assumption AS1 in Section 2.3). In order to demonstrate the accuracy of the
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Figure 11: Comparison of the simulated model output against the prototype arm for the out of plane bending of mid and
distal sections. Extension 3 shows the real-time side by side comparison. The grid lines of the simulation are spaced at
0.1m.

proposed model and the efficacy of the prototype arm in mitigating torsional moments, in the second
experiment, the actuation of the distal and mid sections are considered in two different bending planes.
The base section is kept unactuated to exhibit the passive effects of the gravity induced forces affecting
the base section. Step pressure inputs of 5Sbars and 3bars were given to lo3 at t = 0s and l33 at t = 3.3s
respectively and maintained throughout. This causes the arm to bend in the task space as shown in
Figure 11. It can be seen that the base continuum section’s passive bend to balance the forces induced
by the mid and distal sections. This phenomenon is correctly modeled by the dynamic model.

As result of the constrainer-enforced torsional rigidity, the arm was able to maintain the assumed
bending deformation without deviating from the circular arc shape to produce correct results. This
fact can be verified by comparing the relevant coordinate values of experimental data, simulation data
during the simulation, and the joint position errors plotted in Figure 12. Particularly the values derived
for D successfully attributes the principle components of the decaying damping. The errors in this
experiment also varies during the step input transient stages but settles down quickly. This experiment
recorded lower steady state and transient errors than the planar experiment and the possible cause is
the unactuated base section.

The maximum section error and mean error of the arm were computed as 0.0539m (recorded at
distal section) and 0.0363m respectively. Note though that, as the base section is unactuated, it can be
seen bending slightly under the resulting moments/forces of the actuation of mid and distal sections.
This behavior is accurately reflected by the proposed dynamic model (refer to Figures 11 and 12) thus
validating the correctness of the model. Extension 3 presents the visual real-time side by side comparison.

5.6 Spatial Dynamics 2: Out of Plane Motion of All Sections

In the final experiment, all three sections of the continuum arm are actuated to bend in different bending
planes to assume a complex task-space shape shown in Figure 13. Pressure step inputs of 5bars, 3bars,
and 3bars are respectively provided to actuators ls3 at t = Os, lo3 at t = 2.55s and [l3; at ¢ = 5.05s
and maintained during the experiment. The sequence of pressure step inputs cause the arm sections to
suddenly bend in different planes. These motions result and propagate passive compliant and dynamic
effects on other continuum sections as depicted in Extension 4.

The corresponding tip coordinate trajectories and position errors are compared in Figure 14. This
experiments resulted a 0.0671m maximum section error (recorded at distal section) and a 0.0410m
cumulative mean error. According to the results, the proposed modal dynamic model output agrees
well with the experimental outcome. Similar to previous experiments, higher position errors can be
observed during transient stages following the step inputs but the decaying oscillatory motions and
steady state shapes are correctly accounted for by the dynamic model. Noticeable steady state errors
can be seen during mid section actuation (3s-5s) in the Z coordinates of ¥§, ¥§. Also during base
section actuation (5.5s-7s), the X coordinates of ¥§, ¥§ and Z coordinate of U§ register some steady
state errors. The residual steady state errors can be due to the currently unmodeled hysteresis/friction
forces in PMA’s. Note that, increasing errors towards the arm tip can be observed in all simulations due
to error propagation because of the serial arrangement of continuum sections. By comparing the results
of all three experiments, it can be seen that the proposed modal dynamics model for variable length
multisection continuum arms successfully predicts and models the dynamic behaviors of the prototype

24



— 005 t_+ +‘+ + ‘ ! + + -‘1- t 4+ o+ + +‘+ X
I e —————— e B
< -0.05- ° - : : : —Yi -
2 01 -
& -0.15=— ey <oy M ___ERR(
_ | | | | |
0'20 1 2 3 4 5 6
— 01 [ 0 © o uvba)a - ) I °
E O T P e S S S S ST —%
N -0.1 —Y2
%—02 wZy
$-0.3; i s e A P ___ERRZ*
- | | | | |
0'40 1 2 3 4 5 6
0.2
= 0.1
= 0
™
< —0.1
S -0.2-
o —0.3
$_0'4 \ \ \ \ \
0% 1 2 3 5 6
time [s]

Figure 12: Comparison of the dynamic model coordinates values against the prototype arm section coordinate values
(X,Y,Z experimental data are denoted by o, +, X marks respectively) during the out of plane spatial bending of distal and
mid sections. The position errors are denoted by dashed lines in each subplot. The final resulting pose is shown in Figure
11.

continuum arm.

6 Discussion

6.1 Numerical Stability and Accuracy of the Proposed Modal Approach

In this section, the limitations of the curve parametric dynamics and how the proposed modal dynamics
circumvents those issues are quantitatively presented.

The curve parametric spatial forward kinematics derived in the joint-space correctly and efficiently
model the physical structure of the variable length continuum arms but suffer from numerical instabilities
(Jones and Walker, 2007). This instability stems from the circular arc parameters (\; and 6; in Appendix
A.1) that becomes undefined for straight arm poses. Therefore, any model that uses this parameterization
inherits this instability. The modal kinematics (Godage et al., 2011c, 2015) solve this numerical problems
by substituting HTM elements with polynomial MSF’s.

Figure 13: Final pose comparison of the simulated dynamic model output against the prototype multisection arm for the
bending of distal, mid, and base sections in different bending planes respectively. Extension 4 presents the real-time side
by side comparison. The grid lines of the simulation are spaced at 0.1m.
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Figure 14: Comparison of the simulated dynamic model section joint coordinate trajectories and errors (denoted by
dashed lines) against the prototype arm section coordinate values (X,Y,Z experimental data are denoted by o, +, X marks
respectively) during the bending of distal, mid and base sections. Each continuum section bends in differing planes that
results in a complex resulting pose shown in Figure 13.

The order of Taylor series expansion defines the fidelity of the MSF’s. The order 11 modal approxi-
mation (Appendix A.2) results less than 1% normalized (to prototype length) position error at the arm
tip. The accuracy of velocity modal kinematics is illustrated by using the base continuum section pa-
rameters. The maximum joint-space velocity for any PMA length change is 0.135ms~! (corresponds to
12.5bar/sec pressure build up). Given the ranges g, € [0,0.065] and ¢, € [—0.135,0.135], the maximum
linear velocity error at the tip is 0.0235ms~! (range normalized error? 1.52%) when q; = 0.065 and
g; =[0.135,—-0.135, —0.135]T. The maximum angular velocity error at the tip is 0.8238rads™! (range
normalized error 5.7%) when g, =[0.065,0,0.065]" and ¢, =[0.135,—0.135,0.135]". These errors were
considered acceptable as the curve parametric Jacobians are unreliable with significant errors within
singular configurations.

The numerical instabilities of curve parametric kinematics become more significant when extended
to formulate dynamics. Therefore, the works such as (Tatlicioglu et al., 2007a,b; Rone and Ben-Tzvi,
2014) assume non-straight starting poses to avoid this numerical problem. To demonstrate the severity
of the problem in a numerical example, define the curve parametric kinematics (HTM given in Appendix
A.1) based generalized inertia matrix from the linear KE for the base continuum section My, € R3*3,
For ease of comparison, a single element of M. is used for generating the results. Because there is only
one section, from the definition given in Equation (51) define [MY.];; € R as

MY, = m /5 CIAHEEIAN (59)

where J7, = (Vql pf) € R3*3 and p§ € R? is the curve parametric position vector of T¢.

The integral was symbolically precomputed using MAPLE (2010). Figure 15a shows the range-
normalized percentage error within the range of joint space vectors l13 € [0,0.065] and I35 € [0,0.065]
while 17 = 0.0325. Notice the singularity induced errors around l12 = l13 = 0.0325. Due to the complex
nonlinear terms and accumulative nature of multiplying errors, this produces prohibitively large errors
(> 103%) within a considerably larger singularity neighborhood. Note that this example is for a single
continuum section. On top of the added complexity of nonlinear terms and additive nature of errors,
thus it can be deduced that a multisection continuum arm will have considerably larger errors.

llz—aq|l

: where z, is the actual value.
max(zq)—min(zg)

2Range normalized error of = against x, is defined as
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Figure 15: Generalized inertia matrix numerical error comparison of the base continuum section. (a) [Mll’c]

The numerical stability of the modal dynamics can be clearly shown as follows. Define the modal
kinematics (MHTM given in Appendix A.2) based generalized inertia matrix from the linear KE for the
base continuum section M; € R**3. From the Equation (51), define [MY],, € R, which is the modal
implementation of [MY,],;, as

My, =my /§ @7 @), (60)

where J{ = (Vqlpl) € R3*3 and p, € R? is the modal position vector of T;.

Figure 15b shows the range-normalized percentage error (maximum percentage error ~ 0.02%) within
the range of joint space vectors l1o € [0,0.065] and l;3 € [0,0.065] while l1; = 0.0325. Note that the
error — 0 towards the singularity at g; = 0.0325. Therefore, the proposed modal dynamics produces
excellent results with negligible errors.

6.2 Computational Efficiency

The MSF based approach is essentially a high dimensional approximation for HTM elements and nat-
urally, computational efficiency is of concern. However, the modal approach is more computationally
efficient than the curve parametric methods and the recursive scheme proposed in this paper improves
the computational efficiency. This is achieved by only computing the terms corresponding to the contin-
uum section being evaluated while utilizing the results of previous steps. Figure 16 plots the normalized
computing time of MHTM (given by Equation (1)) vs. the multivariate Taylor series expansion order
showing that the higher orders (higher accuracy of MSF’s) have negligible effect on the computational
time. This is due to the structure of MSF’s which constituted of increasing powers of the same algebraic
terms (see Appendix A.2), that are computationally more efficient than trigonometric evaluations. This
has a profound effect when it comes to computing dynamics due to the sheer amount of computational
terms that adds up to significant time saving.

An exemplary comparison was carried out on computational efficiency between curve parametric and
modal dynamics. Table 3 summarizes the normalized computational time for [Mf];; and [MY ], in
both numerical integration and precomputed integration approach. Numerical integration was carried
out utilizing the MATLAB’s “integral” routine. Assuming these margins remain the same, then numerical
computation time ratio of entire M} and MY, will be similar to Table 3. Thus the proposed MSF based
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Table 3: Computation times of precomputed and numerical integration on curve parametric and modal dynamics. These
times are computed for [Mi’c] v [M”] and normalized to the execution time of integral precomputed modal dynamics.

111
Curve parametric dynamics Modal dynamics
from Equation (59) from Equation (60)
Numerical integration 190-240 110-140
Precomputed integration 25-35 1

precomputed integral dynamics formulation proves superior to curve parametric or numerical integration
approaches.

Figure 17 shows the normalized time taken to evaluate a single step of the EoM against the number
of continuum sections. The algorithm is of O (nd) complexity, but translates to milliseconds in real-
time computations. For instance, the 11** order modal implementation presented herein has a absolute
step calculation time around 3ms (~120 when normalized to the execution time of T§, 25.2us) for the
prototype model. Also, depending on the required accuracy, the order can be further reduced thus
improving the computational time. With the MATLAB’s ODE15s solver typical simulations spanning
10sec complete around ~ 10s making it suitable for rapid spatial dynamic simulations. The timings of
computations are carried out on a AMD A10-4600 quad-core (2.6GHz) laptop with 8Gb RAM. The com-
putational time can be further improved by clever programming and the use of a compiled programming
language.

7 Conclusions

A novel spatial dynamic model was presented for arbitrarily long, variable length multisection continuum
arms. The model solves a longstanding spatial dynamics research problem for this class of continuum
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Figure 17: Computational time for one step of the dynamic equation vs. the number of continuum sections of multisection
continuum arms. The execution time is normalized to the execution time of T{ (25.2us). The algorithm is of O (n3)
complexity but shows very fast times for practical 3-section continuum arms.
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robotic arms through an efficient, highly scalable, recursive computational scheme to yield fast simula-
tion results. The derivation is based on the modal kinematics previously proposed by the authors and
hence avoid complex derivations and numerical instabilities associated with curve parametric modeling
methods. As a result, the proposed model is structurally accurate, developed in the joint-space, and thus
eliminates morphological mappings, and provides better insight to physical operation. Spatial dynamic
simulations of the prototype arm successfully attested the numerical stability of the model at singular,
straight arm poses. The scalability and numerical efficiency of the proposed modal recursive dynamics
were demonstrated by spatial dynamic simulation of a 10-section (30 DoF) continuum arm. Dynamic
simulation results were then compared using a PMA actuated variable length prototype continuum arm
dynamics for three different experiments including a planar and spatial task-space motions. The results
show good agreement overall and the dynamic model was able to correctly simulate the passive and active
dynamics of the compliant multisection prototype continuum arm. A discussion on the accuracy and
computational efficiency of the proposed model was also presented. To the best of author’s knowledge,
this is the first structurally accurate spatial dynamic model presented for variable length multisection
continuum arms.
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Appendix A Homogeneous Transformation Matrices

A.1 Curve Parametric Homogeneous Transformation Matrix

Upon actuation, a variable length continuum section deforms in a circular arc (straight section pose
is modeled a circular arc of zero curvature). This circular arc shape of any i continuum section can
be described by three geometrical parameters that are functions of g;: radius of curvature A;, angle
subtended by the bending arc ¢;, and angle of the bending plane with respect to the +X axis 6;
(Figure 3a). Therefore, the curve parametric HTM for any i** continuum section with respect to its base
coordinate frame, {O;} is given by

T§ (&i,q;) = Rz (0:)Pe (X)) Ry (S0 P (—A)RI(6;)

Rf (&,q;) p§(&i,q;) (A1)
0 1

where R, € R*** and R, € R**4 are the homogeneous rotational matrices about the Z and Y axes.
P, € R¥* is the homogeneous translation matrix along the X axis. R$ € SO (3) and p¢ € R? are the
rotational and translation components of the curve parametric HTM. The HTM elements of Equation
(A.1) is given below.

[Rf],; = cos? 0; cos (& ¢;) + sin? 6; [Rf],5 = sinf; cos ; {cos (& ¢;) — 1}
[Rich?, = cos 0;sin (§; ¢;) [Rﬂm = [Rz'c]u

[R{]yp = sin? 6; cos (&; ¢;) + cos? 0, [Rf]yq = sin 6 sin (&; ¢;)

[RﬂSI = - [Ric]13 [Rz‘c]gz - [RﬂQB

[Rf]35 = cos (& ¢4) [PS]; = AicosO; {1 —cos (& ¢i)}
[P§ly = Aisind; {1 — cos (& ¢;)} [pf]; = Aisin (& ¢:)
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where \; = A (q;), ¢i = ¢(q;), 0; =0 (q;) and

Ma,) = (3Lio + L + Liz + lig) 74

Y o+ 1%+ 1% — bz — lilis — Ligkis
21+ 12 + 1% — linlig — linlis — liakis

P = —— 3r,

lig + liz — 211

0(q;) = arctan{

A.2 Modal Homogeneous Transformation Matrix

The MSF’s for the MHTM (given by Equation (1)) elements are derived by applying the multivariate
Taylor series expansion on the HTM elements (listed in Appendix A.1) at q; = 0. The 11** order (same
order used in the dynamic simulations) MHTM is given below as

g 0 1
where
R, =1 AZAED | APACE  APACES  AARE A%
G 837019575r;10  4133430r,8 328056 48674 18r;2
R, VBA2 4541610 VBAA3ACEGS VBAASAPES | VBAASALGY  VBALAsE®
12 837019575710 4133430r;8 3280576 48674 18r;2
Ry, PA2AUE | AAACGT 24400 | 24487 Asg
3 5580130572 = 68890517 3645r;5 81r;3 3r;
R, — 1 Az® A" A°ACGS ASLACGS | APAGT ARG
t22 279006525r;10  1377810r,8 1093576 162r; 67,2
R, — _2\/§A3A14€z‘9 L 4v/3A3A,°¢,7 _ 2v3A434:%¢°  2v/3A34:° B V3A43¢;
4123 5580130572 6889057;7 364575 81r;3 3r;
267 A1 267 A 45448 26,54, 46,10 4,°
[Rilgg =1~

9r,;2 243r4  32805r;6 ' 206671518  837019575r;10
[Ri]Ql = [Ri]m ) [Ri]:n = - [Rvi]137 [Ri]32 = [Ri]23
A A P ALY AR AP AR B As AP ALES Ay A ALE! B AgAyg?

[pih =

83701957570 | 4133430r,7 32805r;° 486733 187;
VBAJAS ALY VBALA3APES  VBALA3ALPES VBALAL ALY VBALASE?
[pil, = = 8370195757, 1133430r,7  32805m° | 486r® 18
2410 A6 AAPALLT 24 7ALES 240 AR AL
[pils = 55801305r;° 68890576 3645r;4 812 3

and Ay = 12 + 12+ 15— linlio — Linlis — lialis, Ao = 2Ly —lio —li3, As = lio — s, Ay = 3Ljo+ i1 + Lio + Ui,
Depending on the error requirements of the user, one can decide the required order. Note the

polynomial nature of terms which results in computational efficiency. Further, for singular straight arm

configurations where l;; = ;2 = l;3, all A1, As, and Az becomes 0 producing the correct MHTM.

Appendix B Mathematical Operators
The definitions of some of the mathematical operators are listed below.
B.1 Operator A

Let A € R3*! and A = [a1,as,as]” . Then
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0 —as as
AA = as 0 —aq
—a9 al 0

B.2 Operator Vv

Let the skew symmetric matrix A be

0 —as as
A= as 0 —aq
—a9 aq 0

Then V is defined as
AY = [a1,a2,a3]T

Appendix C Recursive Kinematic Relationships

The complete derivation of recursive kinematic relationships are included below. These lay the foundation
for developing the recursive dynamics.

C.1 Position and Orientation

Expanding the MHTM given by Equation (2) for a multisection continuum arm, consider the position
vector and orientation matrix for the i*"* continuum section given as

@i :R1R2...RZ‘71RZ' (C].)
\I’i =D + R1p2 + -4 R1R2 e Ri—lpi (02)

where p;, = p (&, @, Tk Lok )s Rk = R (&, gy, Ty Lok ) are the functional implementation of position and
rotational matrices. k is the section index. Input of section radius and original length can accommodate
mechanically different continuum sections. The dependency variables are dropped for brevity.

The recursive position vector is therefore

0; = (RiR2...Ri_1)R; = 0;1R; (C.3)
where ©;_; = RjRy ... R;_; from the definition given in Equation (C.1)
Similarly, using the result of Equation (C.3), Equation (C.2) is manipulated to
\Iji = (p1 + -4 R1 e Ri—Qpi—l) + (R1 e Ri—l)pi
=W, 1 +6;1p; (C4)
where U;_; =p; + Ripa + -+ Ry ... R;_op,_; from the definition given by Equation (C.2).

C.2 Angular Velocity Jacobian

From the angular velocity Jacobian definition given in Equation (18), (J¥) ; € R? can be written as

(J9), = (07e:;)" (C.5)

For ease of notation, considering Q = w", define (J$}) (Jj”);\ € R3%3. Therefore

;=
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(I7), =ele;, (C.6)

Note that (J§*) . =0Vj > i because g¢' — J$* (¢*). Considering ¢' = [¢""*, q;], hence depending on

J )
whether the partial derivative variable belong to either ¢; € ¢~! or g; € gq;, the result can be simplified

to two separate cases. When ¢; € g~ 1, substituting Equation (C.3) into Equation (C.6) gives

where, by definition given in Equation (C.6), (Jﬁl)j
Similarly, when ¢; € g; , Equation (C.6) becomes

(I7), =R (6]10,-1) Ry,
=R/R, (C.8)
where @?7161'—1 = I3.
Combining these results gives

R (J2 ) Ri ;g €q
(79) . = ;( 1—1)3 %5 <q (C.9)
! R/ Ri; 145 €4,

C.3 Linear Velocity Jacobian
From the J? definition given in Equation (19), the (Jf)j € R? is given by

(J7), =67V, (C.10)

Similar to the J? recursive derivation, when ¢; € q'~ !, substituting Equation (C.4) into Equation

(C.10) and simplifying give

(J7); = R {(©0 Wi 1)+ (0]10:i1;) p;} (C.11)

Substituting (J;’_l)j =0,V ;; and (J?_l)j = 0! ,0,_1; derived from the definitions given by
Equations (C.10) and (C.6) into Equation (C.11) yields

@), =R (@), + (02),p.} (C.12)

When ¢; € g;, Equation (C.10) becomes
(I, =R{ (6,6:i1) p;; =R D, (C.13)

where 611;1@1'—1 = I3.
Combining the results of Equations (C.12) and (C.13) gives

T v Q L i—1
(J’é))j _ {RzT {(Jifl)j + (‘]ifl)j pi} 145 €4 (C.14)
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C.4 Angular Velocity Hessian

For a N section continuum arm with each section having 3 DoF, define HY € R3*3N>3N of (), as

HY = V,J (C.15)

From Equation (C.15), define (HY),, € R3 as

HY) = I,k (C.16)

For the ease of notation, define (Hf') ik = (H;")JAk € R3*3. Following the case-wise derivation, when

i—1

qr € q' 1, substituting Equation (C.9) into Equation (C.16) gives

RT (J2,). Ri :{aqj. ar}eq’™!
(H?), =19" i) tay a}eq - (C.17)
! 0 105 €4 A Eq’
When ¢, € g;
RY, (J%,) Ri+RT (J,) Riy :q;€q ', qreg,
(H?) = sz( 1—1)J - +R]( 1—1)J k545<49 4k <q; (C.18)
! R Rij + R Rk gy, w}eq;

Substituting the definition of (H?ﬂ)jk = (ngl)j . derived from Equation (C.16) into Equations
(C.17), (C.18) and combining the result gives

R (H,), Ri {gj, axyeq™
Q Q . i—
! 0 105 €a; €G!
Rl Ri; + R Ry i{g, at€q;

This completes the derivation of (H?)] X

C.5 Linear Velocity Hessian

For a N section continuum arm with each section having 3 DoF, define the linear velocity Hessian,
HY ¢ RBXSNXBN as
(2

HY = V,J" (C.20)

From Equation (C.20), define (HY),, € R3*1 as

(H:))]k = (J;j)j,k (C.21)
When g € ¢*~ 1, substituting the recursive (J7), from Equation (C.14) into Equation (C.21) yields
T Q ) i1
(HY),;, = {Ri {@) 0+ 02 p ) oo e | (C.22)
0 (0 €q, QT

Similarly, when g € g;

T v Q T (19 RO,
(HY),, = {Ri,k {(Jiq)j + (Jz‘71)j pi} +R; (Jiq)j Pir 3G E€EGT wkEq; (C.23)

Rg:kpi,j + RiTpi,j,k i1gj,a} € q;
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Substitute the definition of (HS* 1)]k (I 1) and (HY_ 1) = (J ) ., derived from Equations
(C.16) and (C.21). Combining the results of Equatlons (C.22) and (C.23) gives
R'T{(Hf 1)+ (H?—l)jpi} g anyeq™
HY) ., = Rzk{(']zj 1) (ngl)jpi}+R,iT (J?)jpi,k ;quq* , qk €4,
i)j
0 14 €45 e
R'L'Z:kpi,j + RiTpi,j,k ; {qja qL}€q;

This completes the derivation of (Hf) ;.

Appendix D Algebraic Identities
For simplification of generalized inertia matrix terms and symbolic precomputation of the integrals,

following algebraic identities are used. This results in significant computational efficiency as discussed
in Section 6.2.

D.1 Algebraic Identity 1: B’ Diag(1,1,2) B =T, (ATA)
Proof. Let A € R**3 be a skew symmetric matrix and, B = AV, and [B]; = b,.
Consider the following result.
BT Diag(1,1,2) B = b% + b3 + 22

Now consider

To(ATA) = b3 + b3 + 2b3
= BT Diag(1,1,2)B D.1
g

Proof completed. O

D.2 Algebraic Identity 2: T,(ATHB) = V*(AB”) V(H)

Proof. Let [A],; = a;j, [B];; = bij, and {r,k} € {1,2,3}. Then

T,(ATHB) =3, (3, asr (X phekbrs)), s €{1,2}
= Zszy-Zk (asrbks) Dok
= V" (AB") v(H)

Proof completed. O

D.3  Algebraic Identity 3: A"HB = V"(AB") V(H)

Proof. Let {A, B} € R®*! H € R**3, and defined as [A], = a;, [B]; = b,

J 77

¥

ATHB =Y a4 (Zjhijbj) =22 2_;aihijb;
=2 (aibj) hiy = V7T (ABT> V(H)

Proof completed. ]
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