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Abstract This paper presents the kinematics and dynamics of a musculoskeletal
model inspired by humans/animals where the bones (links) are actuated by
muscles (linear actuators). Starting from a single-link musculoskeletal structure,
the kinematics were addressed to link the joint and muscle variables. From the
kinematic constraints, dynamics of the structure were also presented. Later the 3D
model of a two-link structure was constructed in ROCOS software to simulate the
effect of gravity and environment (floor). In the simulations, the constraints were
correctly defined as snapshots show the bones and muscle are intact before and
after contact with environment.

Keywords Biarticular � Monoarticular � Musculoskeletal � Closed-chain �
Redundant

2.1 Introduction

Conventional robotic designs utilize joint actuation using rotational actuators,
geared or other transmission mechanism to achieve angular motion that moves
arm-like structures [1, 2]. These designs have shown vast applications in industrial
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robotic arms used in manufacturing such as in spray painting and assembly for
cars, as well as mobile/legged robotics in various fields, such as space exploration
[3] and concrete pipe inspection [4]. In recent times, robotic structures have also
been inspired by the musculoskeletal arrangements of humans/animals. In short,
the muscles actuate the motion of the bones/skeleton by extending or contracting,
causing joint movement of the arms/legs. Another interesting property of
musculoskeletal robotics is the redundant actuation of the muscles which results in
improved shape and magnitude of the force ellipsoid of the end effector, for
example musculoskeletal biarticular actuation as compared to monoarticular
actuation [5].

In terms of muscle actuation, researchers venture into the use of different
actuators for implementation. For the four-legged robot HyQ [6], pneumatic
cylinders were used in their leg design for flexion motion. Biwi, the wire driven
robot arm [7] uses six motors to pull/extend six cables to represent the six muscles
from shoulder to elbow. Infinity norm approach was used to distribute forces from
the end effector to the six muscles (motors). Another design uses rotational motors
with planetary gears to represent redundant actuation of the muscles on the joints
[8] and utilize biarticular muscle torque.

2.2 Kinematics of a Musculoskeletal Structure

The musculoskeletal structure in this paper refers to the representation of a muscle
with a linear extension/contraction. Consider a single link planar musculoskeletal
robotic structure as shown in Fig. 2.1.

The single link (bone) structure is composed of a muscle, rotational joint, and
bones. The motion desired is on the bones connected to h1, but derived from the
extension/contraction of muscle. The angle between the base and muscle, h2 also
changes with h1. However focus is on h1 because it is the position where most
joint actuators are placed in conventional robotics. The kinematics linking rota-
tional angle h1 and muscle length l1 can be derived from trigonometry (2.1).

l1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ða1 þ a2Þ2 þ ða3 sin h1Þ2
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ða1 þ a3 cos h1Þ2 þ ða3 sin h1Þ2
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2
1 þ 2a1a3 cos h1 þ a2

3

q

ð2:1Þ

The kinematics is essential to determine the angle from the muscle length and
vice versa. This means that a linear actuator equipped with a linear position
encoder representing the muscle does not require a joint position encoder to
measure the joint angle. A further differentiation of the length with respect to joint
angle would result in the Jacobian linking the muscle and joint velocities.
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2.3 Dynamics of a Musculoskeletal Structure

A generalized equations of motion of an open-link robotic mechanism can be
defined as in (2.2) where s is the generalized force/torque vector, M is the mass
matrix, C is the Centrifugal/Coriolis term and G is the gravity term which could be
obtained by any dynamic modeling technique (i.e. Lagrange–Euler, Newton–
Euler).

s ¼ MðhÞ€hþ Cðh; _hÞ€hþ GðhÞ ð2:2Þ

The structure in Fig. 2.1 is not an open-link robot, because there exist a closed-
kinematic loop/chain between the muscle and the bone. Thus for a closed-link
structure, its dynamics are governed by (2.3) and (2.4):

sþ JT
c k ¼ MðhÞ€hþ Cðh; _hÞ€hþ GðhÞ ð2:3Þ

Jc
€hþ _Jc

_h ¼ 0 ð2:4Þ

Jc is the Jacobian of the constraint equation (closed kinematics) while k is the
Lagrange multiplier. The term JT

c k represents the constraint (internal) forces of
the muscle loop. As an example, the constraint equations of Fig. 2.1 are depicted
as K1 and K2 as shown.

a1 þ a3 cos h1 � l1 cos h2 ¼ K1 ¼ 0 ð2:5Þ

a3 sin h1 � l1 sin h2 ¼ K2 ¼ 0 ð2:6Þ

By differentiating the constraint equations with respect to the motion variables
of the structure (h1, h2 and l1), the following constraint Jacobian (Jc) can be
obtained.

Fig. 2.1 Musculoskeletal
single link structure
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¼ �a3 sin h1 l1 sinðh2Þ � cos h2

a3 cos h1 �l1 cosðh2Þ � sin h2

� �

ð2:7Þ

The dynamics of the structure stated in (2.3) and (2.4) can also be constructed in
matrix form as shown in (2.8).

M �JT
c

�Jc 0

� �

€h
k

� �

¼ s� C _h
_Jc

_h

� �

ð2:8Þ

From the equations of motion of closed-kinematics musculoskeletal structure
shown in (2.8), the movement of the structure can be simulated/visualized. Note
that the Lagrange multiplier k also changes with time, along with the generalized
accelerations. For simulation of closed-kinematic structure with environmental
effects (i.e. floor), the term JTFe can be added to (2.3). The term represents the
reaction forces of the structure when in contact with the floor.

2.4 Simulation

From the single-link structure shown, two other structures were considered for
simulation. This is shown in Fig. 2.2. The simulation software used is the Robot
Control Software (ROCOS) developed by Yasutaka Fujimoto at Yokohama
National University [9]. Note that the increase in the number of linear actuators
incurs redundancy in the biarticular two-link structure. Kinematic equations
derived for the biarticular muscle using trigonometry (l3) shows that the shoulder
(h1) and elbow joint angles (h2) are both present in the muscle equation (2.9).

l3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2
31 þ a2

32 þ a2
1 þ 2a31a1 cos h1 þ 2a32a1 cos h2 þ 2al31al32 cosðh1 þ h2Þ

q

ð2:9Þ

Some of the initial conditions that need to be pre-defined are the link parameters
such as mass and length. Other important parameters include the connection length
and angles between the muscles and the links (bones). These muscle lengths and
joint angles at initial condition must be correctly defined using the muscle-joint
kinematics.

Both structures were simulated with the effect of gravity and without any
control to demonstrate it falling with gravity (Fig. 2.3). In these conditions, the
structure (links and muscle) falls to the floor while the base is static. This shows
that the closed-link pre-defined initial conditions (lengths and angles) were set
correctly.
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2.5 Discussion

At first, the musculoskeletal structure proposed was explained in terms of its
kinematic properties. The muscle kinematics relate muscle length and joint angles
for motion. Then, the closed-kinematic structure incur a different dynamics

Fig. 2.2 a Monoarticular two-link structure. b Biarticular two-link structure. c Rocos model of
(a) and d Rocos model of (b)

Fig. 2.3 Monoarticular (a–c) and biarticular (d–f) structure falling with gravity
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representation due to the muscles forming a closed loop within the structure
inducing constraint equations and Jacobian. In the simulations, two structures were
modeled, one structure with monoarticular (single-joint actuation) muscles and
one structure with biarticular (two-joint actuation) muscle. The simulation tests
show the success in modeling in ROCOS software because the structures fall with
gravity to the floor. The intention of the simulations is to verify the correct defi-
nitions of constraints in both monoarticular and biarticular structure and not to
compare performance results between the two. Thus the results in this paper are
only the snapshots of the models with gravity and environmental effects.

2.6 Conclusion

A new musculoskeletal robotic structure incurs new kinematic and dynamic
properties. To model the structure, kinematic relations induces constraints that
must be included in the dynamics. A correct definition of kinematic properties
would result in successful motion in dynamics simulation software. The success in
modeling in software would induce further work which includes application of
muscle position and force control on the musculoskeletal structure to explore the
advantages of redundant actuation.
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