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In musculoskeletal actuation systems, it is essential to understand and analyze the exten-
sion and force patterns generated in the muscle-tendon units (MTUs) responsible for the
motion of a phalange. This work proposes a systematically developed bond graph model
for the muscle-tendon actuation system for the desired motion of the phalange of the
hand. The phalange is represented by a cylindrical rigid body, actuated by four MTUs
attached to it symmetrically. The MTU is based on Hill’s muscle model. The role of the
central nervous system (CNS) that commands desired motions to the phalange is emulated
through a virtual domain in the model. The virtual domain decides the activation pattern
of MTUs. Accordingly, the MTUs apply forces on the phalange to achieve the desired
motion. Simulation results for important motions such as flexion-extension, adduction-
abduction, and circumduction show that the model effectively captures the dynamics of
the musculoskeletal actuation system.
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Notation

Cv, Cr – center of the mass of the virtual and real phalange,
I :
[

0
Cv
Iv
]
,
[

0
Cr
Ir
]

– inertia tensor of the virtual and real phalange, respectively, with respect
to the center of mass of the body and expressed in inertial frame {0},
∈ R3×3,

Mv, Mr – mass of the virtual and real phalange,
[Mv], [Mr] – translational inertial element of the virtual and real phalange, ∈ R3×3,
0
Cv
pv,

0
Cr
pr – angular momentum of the virtual and real phalange, with regard to the

center of phalange mass and expressed in inertial frame {0}, ∈ R3×1,
0pv,

0pr – linear momentum of the virtual and real phalange expressed in inertial
frame {0}, ∈ R3×1,

0
0ωv, 0

0ωr – angular velocity of the virtual and real phalange, respectively, observed
and expressed in inertial frame {0}, ∈ R3×1,
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0
0ṙCv ,

0
0ṙCr – translational velocity of the virtual and real phalange, respectively,

observed and expressed in inertial frame {0}, ∈ R3×1,
0
Cv
rO11v ,

0
Cr
rO11 – position vector of point O11v, O11 on the virtual and real phalange,

respectively, with regard to their center of mass and expressed in
inertial frame {0}, ∈ R3×1,

0
Cv
rO12v ,

0
Cr
rO12 – position vector of point O12v, O12 on the virtual and real phalange

with regard to their center of mass, respectively, and expressed in
inertial frame {0}, ∈ R3×1,

0
Cv
rPv, 0

Cr
rP – position vector of tendon insertion point on the virtual and real pha-

lange with regard to their center of mass respectively and expressed
in inertial frame {0}, ∈ R3×1,

0
0ṙPv ,

0
0ṙP – translational velocity of the tendon insertion location on the virtual

and real phalange, respectively, observed and expressed in inertial
frame {0}, ∈ R3×1,

[ 0
1vR], [01R] – rotation matrix describing the orientation of virtual frame {1v} and

real phalange {1} with respect to inertial frame {0}, ∈ R3×3,
C : [Kt], C : [Kr] – stiffness element matrix at translational and rotational coupling,

∈ R3×3,
R : [Rt], R : [Rr] – damping element at translational and rotational coupling, respec-

tively, ∈ R3×3,
C : [KSE ], C : [KPE ] – stiffness element for series-elastic element and parallel elastic element

in the Hill’s muscle model respectively, ∈ R1×1,
R : RDE – damping element in Hill’s muscle model, ∈ R1×1,
SE : TCE – force from a contractile element in Hill’s muscle model, ∈ R1×1,
SE : FPT – pre-tension force,

COM – center of mass.

1. Introduction

Most of the tasks that we all perform daily such as grasping, manipulating
objects, playing music, writing, etc., require the interaction of the hands with the
environment [1]. All these interactions require specific actuation forces and mo-
ments to be applied by the various muscle-tendon units of the human hand [2].
All these actions seem to be very simple in nature, but a detailed computation of
muscle-tendon actuation forces is performed at the backend by the central ner-
vous system (CNS). Muscle tendons play an essential role in generating forces
and transferring the forces to the bone to control the posture and joint motion
of the skeletal system. The fingers of the hand can reach the desired position ac-
curately only if necessary actuation is provided by the involved muscle-tendon
units. Determination of the pattern of extensions and forces required for a task
motion is quite a significant aspect of the muscle-tendon structure. Capturing the
mechanics of the muscle-tendon units for the actuation mechanism of the pha-
lange (rigid bone) motion is of significant interest in understanding the behavior
of musculoskeletal actuation.
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The muscle tendons possess high mechanical strength and a complex nonli-
near viscoelastic characteristic dependent on the mechanical strain rate [3]. The
muscle tendons become stiffer at a high strain rate, increasing the capability to
transmit higher muscular loads [2]. The magnitude of the force and the corre-
sponding torque developed at the joints significantly depend on the number of
muscle tendons connected to the phalange, the tendon insertion location on the
phalange, the origin of the muscle, and the amount of pre-tension. The intricate
location and orientation of the joint motion axes increase the complexity of the
system. Various motions such as flexion-extension, abduction-adduction, oppo-
sition, and circumduction are achieved through the coordinated actuation of the
muscle tendons.

It is challenging to understand the dynamic behavior of each muscle-tendon
unit for the desired motion through in-vivo and in-vitro studies. It is difficult to
interpret the muscle forces and the simultaneous contribution of each electromyo-
gram (EMG) signal using in-vivo studies [4]. Also, there can be considerable
variation in EMG patterns from trial to trial and it is difficult to obtain infor-
mation on the excitation of deep muscles using the in-vivo analysis. On the other
hand, it is difficult to obtain the complete detail of responses from the muscle
tendons during joint motion using in-vitro analysis, as the tissues are not alive
in cadaver specimens. To gain insight into the mechanics of muscle-tendon actu-
ation, it is necessary to develop a computational model for the system.

This work presents a bond graph-based computational model to actuate the
joint motion of a phalange through muscle-tendon actuation. To obtain the mo-
tion of the phalange to follow desired trajectory profiles, the actuation of the
associated muscle-tendon units is required. The input for the actuation is taken
from a commanded virtual phalange considered to emulate the role of the CNS.
The combined system of virtual and real phalange has been developed to un-
derstand the dynamic behavior of the system. MTUs themselves determine the
necessary extension patterns and the forces that need to be applied at the respec-
tive insertion points of the tendons on the real phalange taking inputs through
virtual muscle-tendon controllers (MTC). Some pre-tension always exists in the
muscle-tendon units for supporting a posture, even in a steady state. The authors
have also incorporated the pre-tension in the muscle-tendon structure to avoid
slackening. It maintains the muscle tendons in a taut condition. This proposed
model will help to gain knowledge on the behavior of the muscle-tendon struc-
ture under dynamic conditions. The system will be able to determine the pattern
of muscle-tendon extensions required and the actuation forces generated in each
muscle-tendon unit for the desired kind of motion imposed on the system.

Studies based on steady-state postures have been carried out by various re-
searchers. In 1985, An et al. [5] studied the force analysis of the index finger for
the tip pinch, and pulp pinch task. Similar work on the thumb was performed by
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Johanson et al. [6] for key pinch and opposition pinch. Sancho-Bru et al. [7] deve-
loped a 3D model of the human finger for estimating the muscular forces during
finger movements by minimizing the stress function. A musculoskeletal model
of a lumped-parameter human leg has been proposed by Wojcik using a bond
graph [8]. A general mathematical model for kinematics analysis of the hand was
developed by Chen Chen et al. [9]. The actuation mechanism of the musculoskele-
tal joint was modeled for flexion-extension of the bone by Vaz et al. [10]. Later
on, the extensor mechanism of the finger based on Winslow’s rhombus tendinous
network was developed by Vaz et al. [11]. Mishra and Vaz [12] analyzed the actu-
ation of the finger using tendon control as a string-tube mechanism for the active
and passive systems using a bond graph. The CNS plays a very significant role
in controlling the dynamics of the various motions of the hand [13]. Mishra and
Vaz [14] proposed a model for controlling the active finger through the virtual
domain as a part of the CNS.

A lot of research has been conducted on musculoskeletal behavior, but mostly
on certain static postures. Very little has been done so far in predicting and
analyzing the extensions and force patterns generated by the muscle-tendon
structure for performing a task considering dynamics. Analyzing the dynamic
behavior of the muscle-tendon structure is a challenging task. To understand the
dynamics of joint actuation through the muscle tendons, certain issues need to
be addressed namely the number of muscle tendons involved, the coordinated
patterns of extensions among the associated muscle tendons, the force patterns
to be applied taking into account the nonlinear force – strain characteristics, and
the pre-tension. All these issues are also required to be explored from the control
point of view through CNS and have been addressed in this work.

To this end, Sec. 2 elaborates on the structure of the proposed musculoskele-
tal model of a phalange with muscle-tendon actuation for a generalized three-
dimensional system. The control scheme for emulating the role of the CNS using
the concept of virtual phalange and virtual MTC, and the nonlinear mechanics
of the muscle-tendon model are also explained. The dynamics of the entire sys-
tem is modeled using the graphical approach of the multibond graph in Sec. 3.
The construction of the multibond graph model and the derivation of system
equations from it are also explained. The proposed multibond graph model is
simulated for flexion-extension, adduction-abduction, and circumduction mo-
tions. Simulation results showing the dynamic behavior are analyzed in Sec. 4.
Concluding remarks are discussed in Sec. 5.

2. Modeling the musculoskeletal actuation system

A human hand consists of 14 phalanges and 5 metacarpal bones [15]. The
musculoskeletal actuation system of the phalange consists of a complex mus-
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culoskeletal network of MTUs. Various extrinsic and intrinsic muscles are con-
nected to the phalanges at different insertion locations on the phalange. The
MTUs generate different forces under different stimuli and provide moments at
the joints for the motion.

The important questions that arise are as follows. For the phalange to have
desired motion, what would be the extension and force patterns required to be
generated by individual muscle tendons that actuate it? The pre-tension as well
as the nonlinear force – strain characteristics of the MTUs are also required to be
taken into account. How could the actuation efforts required to be generated
by the CNS for the performance of desired tasks be determined?

The prime objective of this research is to study the dynamic behavior of the
muscle-tendon system for phalange motion under desired trajectory profiles, by
actuating the muscle-tendon system through the virtual CNS control. A simpli-
fied system analogous to the actual biomechanical system is proposed here for
the development of the model. The authors propose a model of the phalange
structure, with associated muscle-tendon units actuating it, for desired motion
through a virtual phalange system.

The concept is explained in detail for a simpler case by considering a single
phalange in motion. The authors have considered one of the phalanges of the
hand, which is to be actuated through MTUs. A virtual and a real domain are
considered for modeling the musculoskeletal actuation system. The virtual do-
main refers to the CNS consisting of a virtual phalange and associated virtual
MTCs. The virtual phalange is considered with the same nominal specifications
as that of the real phalange. The virtual phalange is moved along the desired
trajectory given as an input to its tip but is not actuated through any muscle-
tendon unit. The desired trajectory at the tip of the virtual phalange, imposed
through stiffness and damping elements, provides appropriate force at its tip to
impart desired motion. For the real phalange to track the virtual phalange, the
MTCs need the information of instantaneous velocities at corresponding points
from the virtual and real phalanges. For this purpose, a control strategy for
the MTCs is needed, which acquires the information, computes the error, and
actuates the real muscle-tendon system.

Figure 1 shows the details of the muscle-tendon actuation system of the
phalange. On the left side, there is a virtual phalange and a real phalange is on
the right. A body frame is fixed at the bottom center of each phalange, which
initially coincides with the inertial frame {0}. Body frames {1v} and {1} are
assigned for the virtual and real phalanges, respectively. The dorsal, distal, and
radial directions are considered along the X0, Y0, and Z0 – axes, respectively, in
the inertial frame. The real phalange is considered to be connected to four MTUs
placed at symmetrical locations. Originating locations of the muscle tendons and
their insertions on the real and virtual phalanges are shown in Fig. 1 as H, P
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Fig. 1. Virtual and real phalange showing details of motions and muscle-tendon units attached.

and Hv, Pv respectively. Only one tendon insertion and one originating location
for a muscle tendon are shown to avoid clutter.

Each MTU is made to pass through its corresponding tendon originating lo-
cation, which is fixed with respect to the inertial frame. The direction of the
actuation force by the MTU that needs to be applied on the real phalange is
along the line joining its originating location with its point of insertion. The stim-
ulus required for the activation of the MTUs is obtained from the corresponding
MTCs. Each MTU performs its function only when in tension, as there is no
generation of force in its slackened state. In order to maintain a taut condition
in the MTUs, there is always some pre-tension in the natural musculoskeletal
system of the human body. For this essentiality, the role of pre-tension has also
been incorporated in the model developed for muscle-tendon actuation. A de-
tailed control scheme for muscle-tendon actuation is described in Subsec. 2.1
below.

2.1. Control scheme for the muscle-tendon actuation system

In real-life biomechanical systems, every locomotion to be performed by the
body requires initiation at the level of the CNS. It is considered that initially, an
intent is generated for the desired motion. The CNS senses the actual instanta-
neous position of the limb. Based on the information of the actual position and
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desired position of the limb, the CNS estimates the joint angles required. The
CNS stimulates and sends specific control signals through the network of nerves
to the corresponding skeletal muscles for the required muscle-tendon actuation to
move the limb. In this research, a control strategy to emulate the role of the CNS
has been developed specifically for the phalange motion. The detailed structure
of the system is described below and depicted in Fig. 4.

A desired virtual trajectory, i.e., the desired motion input (flow) based on the
desired task, is applied to the tip of the imaginary virtual phalange. Based on this
trajectory, the posture and joint angle of the virtual phalange are determined.

The information of velocities from the tendon insertion location of the MTU
is obtained from the real phalange and the corresponding location on the virtual
phalange. A virtual MTC, as a part of CNS, provides the necessary activation to
the muscle-tendon structure connected to the real phalange. The virtual MTC
compares these velocities to compute the error in velocities ε̇(t), which upon
integration yields the tip trajectory error, ε(t). Corresponding to this error ε(t),
the MTC generates muscle activation force. This force is given as an input to the
MTU through a point mass δm connected at the free end of the MTU. The point
mass δm determines the velocity at the free end of the MTU. Due to which
motion-specific extension patterns are produced in the elements of the muscle
tendons. Corresponding to these extension patterns, the model determines the
required forces that need to be applied by the muscle-tendon mechanism. Com-
paring the velocities at the free end of the MTU with the corresponding velocity
at the respective tendon insertion location on the real phalange, the MTU gen-
erates a corresponding force profile based on its nonlinear characteristics. This
force is applied at the respective insertion location on the real phalange.

This control strategy is applied to all the MTUs simultaneously. The corre-
sponding force profiles are generated by all the connected muscle tendons to ac-
tuate the dynamics of the real phalange. Consequently, the required joint torques
are determined to move the real phalange to the desired trajectory. Before dis-
cussing the complete mechanics for the proposed model using the bond graph,
it is essential to understand the mechanics and modeling of the MTU.

2.2. Mechanics and modeling of the muscle-tendon unit (MTU)

Skeletal muscles are one of the major constituents of the human body and are
the prime mover for locomotion [16]. The viscoelastic characteristics of skeletal
muscles are nonlinear and strain dependent. The high strength of these muscles
enables the body to hold high loads under tensile conditions. The muscle-tendon
unit is modeled using a well-developed concept based on modified four-element
Hill’s muscle model [2, 16], as shown in Fig 2, and its detailed bond graph model
is shown in Fig. 3 [11].
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Fig. 2. Physical model of Hill’s four-element muscle model (MTU).

Here, TCE is the contractile element, which develops the force during active
movement. The contractile force is an internal force developed by the muscle.
This element does not contribute any force to the system during passive motion
or resting position. The contractile elements in each muscle tendon contract to
pull their respective associated tendons so as to move the phalange. The force
required to pull each tendon connected to the phalange is provided by the internal
mechanochemical mechanism of the contractile elements at the tissue level. Here,
a passive system of actuation is used to study the behavior of the system in
which the role of TCE is not considered. The passive property is dependent on
the strain. We focus exclusively on the aspect of determination of forces and
extension patterns developed in the muscle tendons for a given movement.

Next, KPE is the parallel elastic (PE) member representing a soft connective
tissue network that resists passive stretching in the muscles. It has a strain-
dependent nonlinear behavior, as presented in (1), which is important to consider
when predicting muscle forces during dynamic loading [2]:

FPE = 0.00163(exp7.66ε−1), (1)

where FPE is the force developed by the nonlinear elementKPE during stretching
and ε represents the corresponding strain in the muscle. Figures 3a and 3b show
the bond graph of Hill’s muscle model and the nonlinear characteristic of the
parallel-elastic member, respectively.

The resistive element RDE is a dynamic viscous damping element whose cha-
racteristics are unspecified in the literature. We assume a linear relationship for
the viscous damping element between the force and the strain rate across the PE
element, as exact characteristics are not available. The fourth element in Hill’s
muscle model is a series-elastic element KSE that represents the muscle-tendon
interface with the phalange for transmitting the force to the phalange. The value
of KSE is much stiffer than that of KPE , and its corresponding relation between
tension and extension is linear. Based on the extension of the series-elastic (SE)
element, a force is determined by the MTU given in (2). The muscle activation is
provided at the free end of the respective MTU and is transmitted to the tendon
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Fig. 3. a) Bond graph of Hill’s muscle model, b) characteristic of PE member KPE vs. strain.

insertion point on the real phalange. The force transmitted through the MTU is
given as:

FM = FSE = FCE + FPE + FDE , (2)

where FSE is the force developed at the respective series-elastic element which is
to be transmitted to the real phalange through the tendon interface. The force
developed by the contractile element is taken as zero, i.e., FCE = 0, as a passive
actuation is considered. FDE is the damping force from the resistive element, and
FPE is the force developed by the nonlinear PE element KPE . Description of the
MTU mechanics, the proposed model for the motion of the phalange through it,
is explained in detail in Sec. 3 using the bond graph.

3. Multibond graph model for the actuation of phalange
by muscle-tendon

To explain the proposed model, a detailed multibond graph model based on
rigid body dynamics for the phalange actuated by viscoelastic muscle tendons is
presented, as shown in Fig. 4. Scalar bonds are represented using thin lines, and
multibonds with a cardinality of 3, with thick lines.
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Fig. 4. Bond graph model of virtual and real phalange with MTU and virtual MTC.

The basic task to be performed is to move the real phalange so as to track
the desired motion trajectory. The bond graph model representing the complete
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dynamics of the system, including the virtual phalange and associated MTCs as
a part of the CNS, generating commands for the actuation of the real phalange
by corresponding connecting MTUs, is depicted in Fig. 4. To avoid clutter only
one of the MTUs with the real phalange is shown in the bond graph. A similar
approach is applied to all the MTUs.

The desired motion trajectory is given as an input to the tip O12v of the
virtual phalange. Corresponding to this desired trajectory, a velocity profile 0

0ṙdv
is imposed at the tip of the virtual phalange by a source of the flow Sf : 0

0ṙdv.
However, this has to be realized by applying a force at the tip. This force is
transmitted through a coupling subsystem of elements C : K−1

d and R : Rd. The
force 0F dv, required to maintain the desired motion of the virtual phalange, is
determined by the connected coupling subsystem, as shown in Fig. 4. This force
is common to all the bonds at the 00F dv

junction.
After that, velocity information 0

0ṙPv and 0
0ṙP at the tendon insertion loca-

tions Pv and P are taken from the virtual and real phalanges, respectively. It is
required to resolve this velocity information along the direction of the MTU, as
the MTU is considered as a one-dimensional unit. This is obtained using modu-
lated transformer elements MTF :

{
0
P r̂H

}
and MTF :

{
0
Pv r̂Hv

}
in the form of

unit vectors directed along the directions of the MTU on the real and virtual
phalanges, respectively. The moduli of these MTF elements keep on changing
with the posture of the phalange. Accordingly, the direction of the force applied
by the MTU on the real phalange changes. The MTC receives this velocity infor-
mation directed along the MTU via the sources of the flow Sf :

{
0
Pv r̂Hv

}T 0
0ṙPv

and Sf : ṡP from the corresponding virtual and real phalanges. Next, the MTC
compares this information of velocity at the 0FCF junction to determine the error
in velocities ε̇(t). Upon integration with regard to time t, it yields the error ε(t).
The virtual MTC determines a force proportional to this error through the ele-
ments C : K−1

P and the error derivative through the elements R : RD connected
to it, as depicted in Fig. 4. This force, along with the pre-tension force FPT ,
determines a controller force FCF applied as a source of effort by Se : FCF . This
force FCF activates the muscle dynamics of the MTU through the point mass
δm connected at the free end of the MTU on the 1ṡδm junction. Based on this
muscle activation, the momentum of the point mass δm changes, and velocity
ṡδm acts upon the free end of the MTU as represented at the 1ṡδm junction for
the excursion of the muscle tendon. Velocity ṡδm from the point mass δm and
velocity ṡP at the corresponding insertion location P on the real phalange are
inputs to the MTU structure.

The difference of these two velocities, which corresponds to the muscle ex-
tension, decides the amount of force FM generated in the MTU based on its
nonlinear behavior, as given in (2). The force FM developed is thus applied at



208 S.K. Uppal, A. Vaz

the insertion location P on the real phalange through MTF:
{

0
P r̂H

}
, resulting

in the force 0FM , as shown in Fig. 4.
As a result, the required moments are generated at the real phalange joint

to move the real phalange. In this way, the real phalange follows the desired
trajectory profile so as to track the virtual phalange. The system equations for
the mechanics of the bond graph model are explained in detail below.

3.1. System equations

System equations are derived algorithmically from the bond graph model
itself according to the procedure explained in detail in [17].

3.1.1. Translational motion of the virtual and real phalanges. The joint in-
terface is modeled with a translational coupling consisting of compliance and
resistive elements, i.e., C : K−1

t and R : Rt elements, to account for the flexibil-
ity of the joint (ref. bond graph model in Fig. 4). Various forces exerted by the
subsystems acting on the phalange contribute to the rate of change of the trans-
lational momentum of the phalange, 0

0ṙCv represents the translational velocity of
the center of mass (COM) of the virtual phalange observed and expressed in the
inertial frame {0} and is represented in the bond graph by the 10

0ṙCv
junction,

and 0pv is the translational momentum of the virtual phalange considering the
mass to be concentrated at its center of gravity, observed and expressed in the
inertial frame {0}. The rate of change of translational momentum is

d

dt

{
0pv
}

= 0F tv + 0F dv, (3)

where 0F tv is the reaction force applied by the translational coupling between
the virtual phalange and the ground, 0F dv, is the effort applied on the tip of the
virtual phalange for the desired virtual motion, and

{
0pv
}

= Mv

{
0
0ṙCv

}
is

the translational momentum.
Similarly, the system equations for the translational motion of the real pha-

lange are derived as:

d

dt

{
0pr
}

= 0F t + 0FM , (4)

where 0F t is the reaction force applied by the translational coupling between
the real phalange and the ground, 0FM is the force applied by the MTU on the
insertion location of the tendon on the real phalange, and

{
0pr
}

= Mr

{
0
0ṙCr

}
is the translational momentum of the real phalange. The force developed by the
MTU is explained in detail in the following section.
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3.1.2. Rotational motion of the virtual phalange. A symbol 0
0ωv represents

the angular velocity of the COM of the virtual phalange observed and expressed
in the inertial frame {0} and is represented in the bond graph by the 10

0ωv
junction.

This junction also performs a summation of various moments about the COM
of the virtual phalange as:

d

dt

{
0
Cvpv

}
= 0τv −

[
0
CvrO11v×

]T 0F tv −
[

0
CvrO12v×

]T 0F dv, (5)

where 0τv is the torque applied by the rotational coupling of the virtual phalange,
−
[

0
Cv
rO11v×

]T 0F tv =
[

0
Cv
rO11v×

]
0F tv is the moment exerted on the virtual

phalange about its COM by the external force 0F tv due to the translational
coupling at O11v, and −

[
0
Cv
rO12v×

]T 0F dv =
[

0
Cv
rO12v×

]
0F dv is the moment on

the virtual phalange about its COM by the external force due to the translational
coupling between the phalange tip and the imposed desired motion input.

Futhermore, MTF:
[

0
Cv
rO11v×

]
is a modulated multibond transformer that

keeps on changing with the orientation of the phalange and is a skew-symmetric
matrix obtained from the position vector 0

Cv
rO11v =

{
0
Cv
xO11v

0
Cv
yO11v

0
Cv
zO11v

}T,
representing the position of the pointO11v on the virtual phalange with respect to
the COM Cv of the virtual phalange, observed and expressed in the frame {0} as:

[
0
CvrO11v×

]
=


0 − 0

Cv
zO11v

0
Cv
yO11v

0
Cv
zO11v 0 − 0

Cv
xO11v

− 0
Cv
yO11v

0
Cv
xO11v 0

. (6)

The other skew-symmetric matrices are evaluated similarly.
The angular momentum of the virtual phalange about its center of mass,

expressed in the inertial frame {0}, and represented by 0
Cv
pv is given as

0
Cvpv =

[
0
CvIv

]
0
0ωv, (7)

where
[

0
Cv
Iv
]
represents the inertia tensor of the virtual phalange about its center

of mass, expressed in the frame {0}.

3.1.3. Rotational motion of the real phalange. Similarly, the system equa-
tions for the rotational motion of the real phalange can be determined. The an-
gular velocity of the real phalange observed and expressed in the inertial frame
{0} and represented in the bond graph by the 10

0ωr
junction is 0

0ωr. The summa-
tion of the various moments acting about its COM on the real phalange result
in the change of its angular momentum as:
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d

dt

{
0
Crpr

}
= 0τ r −

[
0
CrrO11×

]T 0F t −
[

0
CrrOP×

]T 0FM , (8)

where 0τ r is the torque applied by the rotational coupling of the real phalange,
−
[

0
Cr
rO11×

]T 0F t =
[

0
Cr
rO11×

]
0F t is the moment exerted on the real phalange

about its COM by external forces 0F t due to the translational coupling be-
tween the real phalange and the ground, −

[
0
Cr
rOP×

]T 0FM =
[

0
Cr
rOP×

]
0FM

represents the moment acting on the real phalange about its COM due to the
actuation force 0FM provided by the MTU at the tendon insertion location P ,
MTF:

[
0
Cr
rO11×

]
and MTF:

[
0
Cr
rOP×

]
are modulated multibond transformers,

and 0
Cr
pr represents the angular momentum of the real phalange about its COM,

expressed in the inertial frame {0}, given by
0
Crpr =

[
0
CrIr

]
0
0ωr, (9)

where
[

0
CrIr

]
represents the inertia tensor of the real phalange about its COM

expressed in the frame {0}.

3.1.4. Rotational couplings. The joint at the phalange is modeled as a revo-
lute joint. The joint provides the necessary rotational constraint for the rotation
of the phalange through the viscoelastic rotational coupling. A detailed bond
graph for the rotational coupling has been shown in Fig. 4. Angular velocity of
the revolute joint at the virtual phalange, observed with respect to the inertial
frame {0} and expressed in the body frame {1}, can be related as:

1v
0 ωv = 0

1vR
T 0

0ωv, (10)

where 0
0ωvis the angular velocity of the virtual phalange, observed and expressed

in the frame {0}, 1v
0 ωv consists of three mutually orthogonal components in the

x, y, and z directions in the body frame {1v}. The corresponding moments
are developed in these directions by the associated rotational stiffness elements
C : K−1

rx , C : K−1
ry , C : K−1

rz and rotational damping elements R : Rrx, R :
Rry, R : Rrz of the rotational couplings that oppose the relative motion at the
joint. The components of the torque developed at the rotational coupling can be
written as:

1vτxv = Krxθxv +Rrxθ̇xv,

1vτyv = Kryθyv +Rry θ̇yv,

1vτzv = Krzθzv +Rrz θ̇zv,

(11)

1τv =
{

1vτxv + 1vτyv + 1vτzv
}
,

0τv = 0
1vR

{
1vτxv + 1vτyv + 1vτzv

}
,

(12)
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where 1vτxv, 1vτyv and 1vτzv represent the components of the torque in the x,
y, and z directions expressed in the frame {1v}, and θ̇xv, θ̇yv, and θ̇zv are the
components of the angular velocity in the x, y, and z directions, respectively,
and 0

1vR represents the rotational transformation matrix from the frame {1v}
to the inertial frame {0}. The time rate of change of the rotation matrix is
expressed as:

0
1vṘ =

[
0
0ωv×

]
0

1vR. (13)

The initial orientation of the virtual phalange determines the initial value of 0
1vR

with respect to the inertial frame {0}.
Similarly, the system equations for the rotational couplings at the real pha-

lange are derived as:

0τ r = 0
1R
{

1τx + 1τy + 1τz
}
, (14)

where 1τx, 1τy and 1τz represent the components of the torque in the x, y, and
z directions, respectively, expressed in the frame {1}, and 0

1R represents the
rotational transformation matrix from the frame {1} to the inertial frame {0}.
The time rate of change of the rotation matrix is expressed as:

0
1Ṙ =

[
0
0ωr×

]
0
1R. (15)

The initial orientation of the real phalange determines the initial value of 0
1R

with respect to the inertial frame {0}.

3.1.5. Virtual muscle-tendon controller (MTC) and muscle-tendon units
(MTU). The CNS activates the dynamics of the muscle-tendon unit by sending
the control signals through the network of nerves to the corresponding muscle
tendon for the required actuation of the phalange [2, 16]. Accordingly, the mus-
cle tendon generates the required force to bring the phalange into motion. The
CNS is emulated for controlling the motion of the real phalange. The control
scheme for obtaining the movement of the real phalange system so as to track
the desired trajectory observed from the virtual system is elaborated in detail in
Subsec. 2.1. The control scheme is explained here in detail from a bond graph
perspective.

The translational velocities of the COM of the virtual and the real phalanges
are represented by 0

0ṙCv and 0
0ṙCr , respectively, as observed and expressed in

the inertial frame, 0
0ωv and 0

0ωr represent the angular velocities of the COM
of the virtual and real phalanges, respectively, as observed and expressed in the
inertial frame. The translational velocities 0

0ṙPv and 0
0ṙP at the tendon insertion
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locations, for virtual and real phalanges, respectively, are related to the corre-
sponding angular velocities of the phalanges using kinematic relationships as:

0
0ṙPv = 0

0ṙCv −
[
0
CvrPv×

]
0
0ωv,

0
0ṙP = 0

0ṙCr −
[
0
CrrP×

]
0
0ωr,

(16)

where
[

0
Cv
rPv×

]
and

[
0
Cr
rP×

]
are the moduli of the respective modulated multi-

bond transformers and are skew-symmetric matrices obtained from position vec-
tors 0

Cv
rPv =

{
0
Cv
xPv

0
Cv
yPv

0
Cv
zPv
}T and 0

Cr
rP =

{
0
Cr
xP

0
Cr
yP

0
Cr
zP
}T , re-

spectively. The difference between the two velocities 0
0ṙPv and 0

0ṙP at the corre-
sponding virtual and real phalange is compared in a direction along the length
of the muscle tendon, as the MTU is considered a one-dimensional element. The
error velocity ε̇(t) is determined by the MTU controller, and a corresponding
force FCF is generated as:

ε̇(t) =
{

0
Pv r̂Hv

}T 0
0ṙPv −

{
0
P r̂H

}T 0
0ṙP , (17)

FCF = KP ε+RDε̇+ FPT , (18)

where 0
P r̂H is the unit vector describing the direction along which the force

is applied to the real phalange at the tendon insertion location P on the real
phalange, and 0

Pv r̂Hv is the corresponding unit vector in the virtual system.
As the force is needed to be applied along the line of the tendon, a straight-
line connection is considered between the muscle-tendon insertion P and the
originating location H, as shown in Fig. 1. Here, FCF is the force determined
by the MTC proportional to the error through the elements KP and the error
derivative through the elements RD connected to it, as described in Fig. 4, and
FPT is the pre-tension force applied to the MTU by the MTC in order to maintain
the muscle tendon in a taut state. The force FCF activates the dynamics of the
MTU through the point mass δm. Based on the muscle activation, the MTU
determines the forces as:

FSE = KSEqSE , (19)

FDE = FSE − FPE − FCE , (20)

q̇SE = ṡδm −
FDE
RDE

−
{

0
P r̂H

}T 0
0ṙP , (21)

where q̇SE is the flow obtained in the series-elastic element of the MTU, which
upon integration yields the deformation in it as qSE . The MTC applies the
muscle activation force only if the condition qSE > 0 is satisfied, i.e., the muscle
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is able to apply force during tension only when the muscle is being pulled. When
qSE ≤ 0, the force applied by the MTU to the real phalange is zero. This means
there is no transmission of force by the MTU when in a slackened or unstretched
condition.

Forces FPE , FSE and FDE are the forces developed in the PE element, series-
elastic element, and damping element of the MTU, respectively. The force FCE
from the active contractile element is taken as zero here, as only passive actuation
is considered, and ṡδm is the speed of the point mass along the length of the
tendon. The series-elastic element stretches out and generates the force FSE
that is applied at the insertion location of the tendon unit on the real phalange,
along with the pre-tension force FPT , resulting in a force FM .

The same procedure is followed for obtaining system equations for all the
MTUs. The forces generated by all the MTUs based on their extension patterns
are determined and summed up to obtain the rate of change of linear momentum
and angular momentum of the real phalange as:

d

dt

{
0pr
}

= 0F t +
4∑
i=1

FMi, (22)

d

dt

{
0
Crpr

}
= 0τ r −

[
0
CrrO11×

]T 0F t −
4∑
i=1

[
0
CrrOPi×

]T 0FMi, (23)

where 0F t is the force due to translational coupling, 0τ r is the torque applied by
the rotational coupling, 0FMi is the force applied by the MTUs at the tendon
insertion locations, with i varying from 1 to 4, as four MTUs are considered for
describing the model.

The model is simulated for some general motions of flexion-extension, adduction-
abduction, and circumduction. Simulation results for the three cases are dis-
cussed in the succeeding section.

4. Simulation and discussion

4.1. Initial conditions and simulation parameters

The bond graph model of the muscle-tendon actuation system for the pha-
lange, for three-dimensional motion, is simulated. General motions such as flexion-
extension, adduction-abduction, and circumduction are considered here to study
the behavior of the real system for given trajectories. Simulation code is written
from the bond graph model itself using MATLAB.

The phalange is considered as a cylindrical body with uniform density through-
out its length, just as an example to demonstrate the conceptual model of the
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system dynamics. However, the model presented can be used for any geometri-
cal shape. The location of the center of mass of the phalange, and the inertia
tensor about its center of mass, expressed in the body frame, are important for
the analysis of the system. The physical parameters of the virtual and real pha-
lange are adapted as the length lv = lr = 40 mm and radius of the phalange
rv = rr = 5 mm [18–21]. The radius is taken at the plane of minimal shaft cross-
section well away from the head and base enlargements of the phalange. The
density of the bone varies non-uniformly across the body. It ranges from 0.1–
1.85 g/cc from trabecular to cortical bone [22, 23]. The mass of the phalange
mv = mr = 5.5 g is determined by using the density of the bone as 1.75 g/cc.
The inertial properties are listed in Table 1.

Table 1. Inertial properties of the phalanges.

Phalange Direction Moment of inertia Moment of inertia [kg ·m2]

Virtual and real
phalange

X Ixx =
m

2

(
l2 + 3r2

)
Ixxr = Ixxv = 7.6771× 10−7

Y Iyy =
m

2

(
r2
)

Iyyr = Iyyv = 6.8750× 10−8

Z Izz =
m

2

(
l2 + 3r2

)
Izzr = Izzv = 7.6771× 10−7

Stiffness and damping elements in the system govern the translational and ro-
tational couplings at the joint. The joint properties of the translational and
rotational stiffness and their corresponding damping parameters are listed in
Table 2. The properties of the elements of Hill’s muscle model are adapted as
KSE = 160 kN/m [24]; RDE , the damping characteristic value is considered
as 1 N · s/m. We assume a linear relationship for the viscous damping element
between the force and the strain rate across the PE element, as exact character-
istics are not available. We have simulated the system using various parametric
values of RDE . The characteristics of the PE element KPE is specified as non-
linear, as depicted in (1). The parameters for imposing the desired trajectory
for the motion are taken as: Kd = 1× 103 N/m and Rd = 5 N · s/m. The gains
of the virtual MTC corresponding to its error and error derivative elements KP

and KD are taken as 6.7 × 103 N/m and 20 N · s/m for flexion-extension and
adduction-abduction motion, respectively. The corresponding gains of the MTC
for the circumduction motion are taken as 50 N/m and 5 N · s/m, respectively.

Providing the desired trajectory is the task of the CNS, the role of such
a trajectory is emulated next. The trajectories applied to the system are smooth
and jerk-free to behave as natural phalange. This is also desirable from nature’s
perspective to prevent injury [25]. The controlled trajectory profiles are applied
at the tip of the virtual phalange to impart desired motion. Initially, a pre-
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tension is applied through the MTC to all the MTUs of the real phalange. The
system is then kept under the state of pre-tension for 10 s in flexion-extension
and adduction-abduction motion to attain equilibrium. After that, an angular
trajectory profile is imposed on the virtual phalange for flexion-extension or
adduction-abduction motion for the next 10 s. There is a dwell of 20 s, after
which it is brought back finally to its initial posture in the next 10 s. The
results for the flexion-extension and adduction-abduction motion are discussed
in Subsecs. 4.2.1 and 4.2.2, respectively. The circumduction motion trajectory is
explained separately in Subsec. 4.2.3.

Equation (24) represents the generalized basis on which desired trajectory
is formulated for the desired motion. The virtual phalange starts moving from
an initial position θd(ti) = 0 up to θd(tf ) = θdf . As the phalange is considered
a rigid body, with the change in the x-coordinate, the y-coordinate of the tip
also changes. To prevent transients at the start and finish of the motion and to
provide a smooth trajectory, the velocity θ̇d(t), acceleration θ̈d(t), and jerk

...
θ d(t)

components are zero at the starting and ending time of the desired motion. The
generalized trajectory profile for the motion is taken as:

θd(t) = 0, t ≤ 0,

θd(t) = a0 + a1t+ a2t
2 + a3t

3 + a4t
4 + a5t

5 + a6t
6 + a7t

7, 0 ≤ t ≤ tf ,

θd(t) = θdf , t > tf ,

(24)

where a0, a1, ..., a7 are coefficients of the polynomial and are obtained by applying
the boundary conditions at the initial and final positions.

At t = t0,

θd(t0) = 0, θ̇d(t0) = 0, θ̈d(t0) = 0,
...
θ d(t0) = 0.

At t = tf ,

θd(tf ) = θdf , θ̇d(tf ) = 0, θ̈d(tf ) = 0,
...
θ d(tf ) = 0.

The desired trajectory profile is applied to rotate the phalange about the iner-
tial Z0-axis for flexion-extension motion, and the trajectory profile for the adduc-
tion-abduction motion is applied about the inertial X0-axis.

The proposed model simulated for three different cases of motion: flexion-
extension, adduction-abduction, and circumduction is discussed in detail below.

4.2. Simulation results

4.2.1. Case I: Flexion-extension motion. Moving the real phalange in a fle-
xion-extension motion is studied first. The flexion-extension motion is considered
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Fig. 5. Flexion-extension motion of the rea phalange about the Z0-axis in radial view.

as the rotation of the phalange about the inertial Z0-axis (joint axis in this
case), as shown in Fig. 5.

Initially, the MTUs of the real phalange are subjected to a pre-tension of
0.005 N to attain a taut state. After that, the desired motion is imposed on the
virtual phalange in flexion-extension motion by rotating it about the axis Z0.
The tip of the virtual phalange O12v is commanded to move by an angle of πc

6
counterclockwise, from its initial upright position 0

0rO12v as {0, 0.040, 0}T m,
and then brought back to the initial posture following the trajectory profile. The
desired trajectory polynomial for the motion of the tip of the virtual phalange
is given by (25):

θ̇d(t) = 0, t ≤ 10s;

θ̇d(t) = 0.0001t6 − 0.0048t5 + 0.1155t4 − 1.6127t3 + 13.1947t2

− 58.6431t+ 109.4321, 10s < t ≤ 20s;

θ̇d(t) = 0, 20s < t ≤ 40s;

θ̇d(t) = 105(0.0015t3 − 0.0396t2 + 0.5864t− 3.7143), 40s < t ≤ 50s;

θ̇d(t) = 0, t > 50s.

(25)

This moves the phalange in flexion-extension motion in the inertial X0-Y0

plane. The rotation is permitted only about the Z0-axis and the rotation about
the other two mutually perpendicular axes X0 and Y0 constrained by the rota-
tional couplings. Various joint properties considered for the phalange are given
in Table 2.

The values of rotational stiffnessKrx andKry of 100 N ·m/rad with matching
damping to offer dynamic resistance to the movement are taken in the model to
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Table 2. Joint properties of translational and rotational couplings.

Phalange Direction Translational stiffness [N/m]
and damping [N · s/m]

Rotational stiffness [Nm/rad]
and damping [N ·m · s/rad]

Virtual and real
phalange

X Ktx = 105, Rtx = 5 Krx = 100, Rrx = 10

Y Kty = 105, Rty = 5 Kry = 100, Rry = 10

Z Ktz = 105, Rtz = 5 Krz = 0, Rrz = 0

provide constraints in the respective directions. This implies that the application
of a moment of 10 N ·m would cause an angular deformation of one-tenth of
a radian at the joint. These rotational stiffnesses do not perfectly constrain the
phalange but permit a very small angular motion about these axes on the basis,
as mentioned above. Figure 6 shows the desired trajectory profile for the enforced
motion based on Eq. (25). Figure 7 shows the posture of the virtual and real
phalange during flexion-extension motion. Figure 8 shows the coordinates of the
COM of the virtual and real phalanges over the time interval in the inertial
frame. It is observed that the COM of the real phalange tracks the COM of the
virtual phalange during the motion.

Fig. 6. Desired joint angle trajectory during flexion-extension motion about the Z0-axis.

Fig. 7. Postures of the virtual and real phalanges during flexion-extension motion.
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Fig. 8. Position of COM of virtual and real phalange during flexion-extension motion.

Based on the control strategy, the MTUs show a coordinated pattern of
stretching out and relaxation. Figure 9 shows the variation of the controller
force, extension patterns, and the forces generated corresponding to Hill’s series-
elastic elements (SE) of the MTUs. Figure 10 shows the pattern of the extensions
and forces generated in Hill’s PE elements of the MTUs. It is observed that the
SE elements of the MTUs attain the equilibrium state under pre-tension quickly.
While the PE elements of the MTUs take a longer time of about 6 s to attain
the same, as these are strain-dependent non-linear elements with higher stiffness
corresponding to higher strains.

Fig. 9. MTC forces (a) and (d), extensions of Hill’s SE elements (b) and (e), forces applied
to the real phalange by muscle-tendon units through the Hill’s SE elements (c) and (f) during

flexion-extension motion.

During flexion motion, the extension patterns of qSE1, qPE1 and qSE2, qPE2

are such that they relax the MTU 1 and MTU 2, respectively, from the initial
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Fig. 10. Extensions of Hill’s PE elements (a) and (c), forces generated by Hill’s PE elements (b)
and (d) during flexion-extension motion.

equilibrium state. Whereas the extension patterns of qSE3, qPE3 and qSE4, qPE4

are such that they extend the MTU 3 and MTU 4, respectively, beyond the
initial equilibrium state. The resulting moments at the joint due to this pattern
of extensions in the MTUs move the real phalange in flexion until the desired
rotation angle is achieved in 10 s. After that, there is a dwell period of 20 s and
the phalange remains in this state of equilibrium. Corresponding to this period,
there is no change in the force in the MTUs, as shown in Figs. 9b, 9e and 10b, 10d,
as there is no change in the extension patterns of the elements of the MTUs.

After that, the virtual phalange is commanded to move in the reverse di-
rection, i.e., in extension to reach the initial posture in 10 s, as shown in the
desired trajectory profile. It is observed here that during this part of the motion,
the MTUs show a reversing of extension and force patterns to reach the initial
posture, as expected. Following, it is desired to keep the phalange in this ini-
tial posture for 10 s to attain a steady state. There is no change in the extensions
of the MTUs, and correspondingly there is no change in the momentum during
the steady-state.

It is also observed in Figs. 9a, 9c and 9d, 9f that the muscle-tendon forces ap-
plied at the insertion locations on the real phalange track the controller forces
imposed for the muscle activation by the MTCs. The excursion of the free ends
of the MTUs can be obtained from the extension patterns of the PE elements of
the MTUs in Fig. 10. The simulation results successfully demonstrate the control
of the real phalange to achieve the flexion-extension motion as commanded by
the virtual phalange, through the muscle-tendon actuation.

4.2.2. Case II: Adduction-abduction motion. In this motion, the phalange
is rotated in adduction-abduction. The adduction-abduction is considered as the
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rotation of the phalange about the X0-axis (joint axis in this case), as shown in
Fig. 11.

Fig. 11. Adduction-abduction motion of the real phalange about the X0-axis in volar view.

The desired profile is applied to the virtual phalange for adduction-abduction
motion. The tip of the virtual phalange O12v is commanded to move by an angle
of π

c

6 radians clockwise about the X0-axis, from its initial upright position 0
0rO12v

as {0, 0.040, 0}T m, and then brought back to its initial posture following
the desired trajectory profile. This moves the phalange in adduction-abduction
motion in the Y0-Z0 plane. The rotation is permitted only about the X0-axis and
the rotations about the other two mutually perpendicular Y0- and Z0-axes are
constrained. The translational stiffness and damping coefficients are the same
as those given in Table 2. The values of rotational joint stiffnesses Kry and
Krz of 100 N ·m/rad are taken in the model to provide constraints about the
respective directions. This implies that the application of a moment of 10 N ·m
would cause an angular deformation of one-tenth of a radian at the joint. The
corresponding matching rotational damping of couplings Rry and Rrz is taken
as 10 N ·m · s/rad. The desired trajectory polynomial for the motion of the tip
of the virtual phalange in adduction-abduction is given by (26):

θ̇d(t) = 0, t ≤ 10s;

θ̇d(t) = −0.0001t6 + 0.0048t5 − 0.1155t4 + 1.6127t3 − 13.1947t2

+ 58.6431t− 109.4321, 10s < t ≤ 20s;

θ̇d(t) = 0, 20s < t ≤ 40s;

θ̇d(t) = 105(−0.0015t3 + 0.0396t2 − 0.5864t+ 3.7143), 40s < t ≤ 50s;

θ̇d(t) = 0, t > 50s.

(26)
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Figure 12 shows the desired trajectory profile for the adduction-abduction
motion based on (26). Figure 13 shows the postures of the virtual and real
phalanges during adduction-abduction motion. Figure 14 shows the coordinates
of the COM of the virtual and real phalanges over the time interval 0 ≤ t ≤ 60 s.

Fig. 12. Desired joint angle trajectory during adduction-abduction motion about the X0-axis.

Fig. 13. Postures of the virtual and real phalanges during adduction-abduction motion.

Fig. 14. Position of COM of virtual and real phalange during adduction-abduction motion.

Corresponding to the desired motion of the virtual phalange, the MTCs pro-
vide the necessary activation forces to the MTUs. Accordingly, the MTUs as-
sociated with the real phalange apply the corresponding forces at the tendon
insertion locations to the desired motion. The extension patterns of qSE1, qPE1

and qSE3, qPE3 are such that they relax the MTU 1 and MTU 3, respectively,
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from the equilibrium state during the adduction part of the motion. Whereas the
extension patterns of qSE2, qPE2 and qSE4, qPE4 are such that they extend
the MTU 2 and MTU 4, respectively. This pattern of extension in the MTUs
generates a resulting moment about the joint axis of the real phalange to move
it in adduction motion. After that, there is a dwell of 20 s, and then the pha-
lange is commanded to rotate in the reverse direction for abduction motion. The
extension and force patterns of the MTUs depict the reversal of motion.

Figures 15 and 16 show the variations of the extensions and forces generated
by Hill’s SE elements and PE elements of the MTUs, respectively.

Fig. 15. MTC forces (a) and (d), extensions of Hill’s SE elements (b) and (e), forces applied to
the real phalange by MTUs through Hill’s SE elements (c) and (f) during adduction-abduction

motion.

Fig. 16. Extensions of Hill’s PE elements (a) and (c), forces generated by Hill’s PE elements (b)
and (d) during adduction-abduction motion.
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4.2.3. Case III: Circumduction motion. Circumduction is a motion in which
the phalange is rotated in a conical movement, as performed by a link in a ball
and socket joint. This motion is modeled by considering a spherical type of joint
connection at the phalange end. The phalange is relaxed to rotate about the
X0 and Z0 axes while constraining the rotation about the Y0-axis to prevent
the rotation about the longitudinal axis of the phalange. The joint is held at
its position by a translational coupling. The translational stiffness and damping
coefficients are the same as those given in Table 2. The rotational stiffness Kry

is considered as 100 N ·m/rad and rotational damping Rry as 10 N ·m · s/rad.
An initial pre-tension of 0.005 N is applied by the MTUs for maintaining the

taut state for a period of 10 s. After that, the phalange is rotated in a conical
pattern with a base radius of 10 mm in the inertial frame. Figure 17 shows the
desired trajectory angle for the circumduction motion based on (27):

Sfd = 0, t ≤ 10s,

Sfd =
{
−r sin θcθ̇c 0 − r cos θcθ̇c

}T
; t > 10s,

(27)

where r is the base radius of the cone, θc is the rotation angle of the phalange,
N is the angular speed of the desired motion in rpm (revolutions per minute),
and θ̇c is the angular frequency of rotation given by (28):

θ̇c =
2πN

60
. (28)

Fig. 17. Desired joint angle trajectory during circumduction motion.

Figure 18 shows the posture of circumduction in three-dimensional space and
in distal view, and Fig. 19 shows the position of the coordinates of the COM of
the virtual and real phalange over time.

The MTUs show a variation in the pattern of muscle-tendon extensions as the
position of the phalange changes with the motion in circumduction, as depicted
in Figs. 20 and 21.

There is a coordinated pattern of extension and force generation among the
muscle tendons. Accordingly, the forces are applied to the real phalange by dif-
ferent MTUs. The extension patterns of qSE1, qSE3 and qPE1, qPE3, depicted in
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Fig. 18. Postures of the virtual and real phalanges during circumduction motion in three-
dimensional space and in distal view.

Fig. 19. Position of COM of virtual and real phalange during circumduction motion.

Fig. 20. MTC forces (a) and (d), extensions of Hill’s SE elements (b) and (e), forces applied
to the real phalange by MTUs through Hill’s SE elements (c) and (f) during circumduction

motion.
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Fig. 21. Extensions of Hill’s PE elements (a) and (c), forces generated by Hill’s PE elements
(b) and (d) during circumduction motion.

Figs. 20b, 20e and 21a, 21c, respectively, show the coordinated movement be-
tween the MTU 1 and 3. Similarly, there is coordinated movement between the
MTU 2 and 4. This coordinated actuation of MTUs moves the real phalange in
a pattern to track the conical path as commanded by the virtual phalange.

The simulation results successfully demonstrate the control of the real pha-
lange to achieve the desired trajectory profiles through the muscle tendon.

5. Conclusion

A bond graph model for the musculoskeletal actuation of the phalange was
developed systematically for the flexion-extension, adduction-abduction, and cir-
cumduction motion. The role of the CNS was emulated using the concept of a vir-
tual phalange for the actuation of the real phalange through muscle tendons. The
desired trajectory was imposed on the virtual phalange based on the intended
motion. The inputs for the real phalange motion were taken from the virtual
system. Pre-tension of muscle tendons is an essential requirement in the natural
musculoskeletal system of the human body. It maintains the muscle-tendons in
a taut condition. There is no transmission of force by the muscle tendons in the
slackened state as they perform their function only under tension. The role of
pre-tension was also incorporated in the developed muscle-tendon actuation sys-
tem.

The real phalange tracks the desired virtual phalange trajectory by taking the
input from the virtual MTCs in the form of muscle activation force. Based on this
muscle activation force, corresponding extension patterns of the MTUs were de-
veloped. These extensions generated forces that were applied at the correspond-
ing tendon insertion locations on the real phalange to bring the real phalange
into motion. The MTUs were modeled as Hill’s four-element muscle model. The
model was simulated for flexion-extension, adduction-abduction, and circumduc-
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tion motion, which are the common forms of motion for phalanges. Nevertheless,
the described method can be applied to any limb motion in general.

So far, most of the research conducted on musculoskeletal behavior was on
certain static postures and little was done to predict the dynamics of the sys-
tem. In this work, predicting and analyzing the extensions and force patterns
generated by the muscle-tendon structure considering dynamics was explored.
To understand the dynamics of joint actuation through the muscle tendons, cer-
tain issues were needed to be addressed: the number of muscle tendons involved,
the coordinated pattern of extensions among the associated muscle tendons, the
force patterns to be applied by the MTUs, and the pre-tension. All these issues,
which were required to be explored from the control point of view through the
CNS, were addressed in this work.
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