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Mechanical manipulators are described through mathematical models based on the
formalisms of the classical physics. The kinematic and dynamic models allow the study
of the phenomena involved, but are complex to tackle at a design stage. As a conse-
quence, present day robotic structures have poor performances when compared with the
human arm. In fact, joint-driven manipulators are not efficient due to the high actua-
tor requirements imposed by the transients of the operational tasks. Muscle-actuated
arms are superior because the anatomic levers adapt the manipulating exigencies to the
driving actuators. The kinematic analysis of these systems highlights its main proper-
ties and constitutes a step towards the design of new mechanical biological-like robotic
structures.
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1. INTRODUCTION

The low performances of robotic manipulators, when compared with
the human arm, motivated the development of new mechanical struc-
tures. Research in this area lead to the design of direct drive robots [1],
the study of lightweight flexible manipulators [2] and the development
of mathematical and computer models of the kinematic and dynamic
phenomena [3-8]. Nevertheless, clear guidelines towards the imple-
mentation of optimal manipulating structures are still lacking. Joint-
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driven manipulators, with standard actuators, are not well adapted to
the transients imposed by the robotic applications. In this perspective,
alternative structures having muscle-like actuators and appropriate
mechanical levers, allow more efficient robotic manipulators. This paper
analyses the properties of the kinematic biomechanical-like arms and is
organized as follows. Section two addresses the kinesiological aspects of
the human arm. Based on these considerations, section three formulates
the corresponding geometrical and mathematical models. Section four
shows the performances of muscle-actuated manipulators. Finally,
section five outlines the main conclusions.

2. BIOMECHANICS OF THE HUMAN ARM

Robotic manipulators are described through the kinematic and dynam-
ic models. These models relate positions, velocities, accelerations and
forces/torques on the operational {p,p,p,I'} and joint {q,q,q, T}
spaces. However, standard modeling techniques, based on the laws of
Euclidean geometry and classical mechanics, conduce to intricate
formulae, which are difficult to study. Due to this reason, there are,
not yet, systematic and clear algorithms towards the design of optimal
structures. In fact, joint-actuated manipulators, driven by standard
actuators, may not be well adapted to the transients imposed by the
operational tasks [9,10]. Therefore, alternative solutions based on
muscle-like actuators [11—14], allow more efficient manipulating struc-
tures. Having these ideas in mind, in this section we address the kinesio-
logical aspects of the human arm in order to design a geometrical
model that reflects its main characteristics.

Extensive studies [15—26] have been carried out on this subject, still
there are not definite conclusions. Therefore, in order to simplify mat-
ters, only the motion in the sagittal plane will be considered. Moreover, a
simple observation reveals that, at the biomechanical level, the human
arm is driven by two main articulations: the shoulder and the elbow
[27, 28]. Consequently, the study of these articulations is the subject of
the next two sub-sections. As muscles are unidirectional actuators,
articulations are driven by pairs of antagonist muscles that are activated,
alternatively, during flexion and extension. In this perspective, both the
shoulder and elbow structures reflect this characteristic.
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2.1. The Shoulder Articulation

The shoulder actuation involves a multitude of muscles that are dis-
tributed through the sternoclavicular, acromioclavicular and gleno-
humeral structures (Figs. 1 and 2).

Figure 3 shows the force system and the main muscles involved
during the flexion.
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FIGURE 1 Muscles of the shoulder girdle (acromioclavicular and sternoclavicular
articulations).
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FIGURE 2 Muscles of the shoulder joint (glenohumeral articulation).
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FIGURE 3 Forces that occur at the shoulder joint during the flexion in the sagittal
plane.

trapezius _
posterior

deltoid

subclavius teres

pectoralis AN major
major S ()
pectoralis latissimus (/

minor dorsi

FIGURE 4 Forces that occur at the shoulder joint during the extension in the sagittal
plane.

For the extension, the forces and muscles involved are depicted on
Figure 4.

2.2. The Elbow Articulation

The elbow reveals a much more simple structure than the shoulder. For
the movement of the elbow in the sagittal plane, the main muscles
involved are the biceps brachii and the triceps brachii while, to a smaller
significance, we can mention the brachialis and the anconeus (Fig. 5).
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Anterior view Posterior view
FIGURE 5 Muscles of the elbow joint.

brachialis

FIGURE 6 Forces that occur at the elbow joint during the flexion and extension in the
sagittal plane.

Figure 6 shows the force system for the flexion (biceps brachii
activated) and the extension (triceps brachii activated).

3. A GEOMETRIC MODEL OF THE HUMAN ARM

Based on the analysis of the main biological phenomena involved in
the human arm, in this section we develop a geometric model for the
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mathematical investigation of the characteristics of a muscle-actuated
arm. The two articulation structures, of the shoulder and elbow, are
studied in the following sub-sections.

3.1. The Shoulder Structure

Figure 7 shows a simplified geometrical model of this mechanism in
the sagittal plane. The anterior and posterior deltoids drive the shoul-
der joint and have insertions both on the humerus and the pulley
structure. Here, the pulley accounts for the scapulae, the clavicle, the
sternum and the trunk, and has an independent motion (gg,-fiexion
or ggx-extension) of the arm movement (g,). In this sense, the relative
position of the arm and the pulley is controlled by the pair of deltoids,
while the absolute position of the pulley is controlled by muscles such
as the serratus anterior, the trapezius, the rhomboids, etc. For this
structure we can derive the expressions of the range of motion, lengths
(z15), velocities (Z,;), accelerations (Z;;), and forces (F;;) both for ante-
rior (i = 1) and the posterior (i = 2) deltoids.
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FIGURE7 Geometrical model of the human arm in the sagittal plane for the shoulder
and the elbow structures.
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In this model, the kinematic control scheme, that is, the relationship
between ¢, and gy, or ¢gy, is assumed to obey the equations:

05287 — 0.5y —2w/3<q < —7/2
) 02787 —qu —n/2<q < —7/6
901=19 03617 — 0.5, —7/6<q; < /6 (la)
04117 — 08¢y 7w/6<q <4xn/9

10837 — 0.5¢, —2n/3 < q < —7/2
_ ) 08337 — qy —w/2<q1 < —7/6
2= 09177 — 0.5, —n/6 < q1 < /6
0.757 + 0.5q; w/6 < q <4n/9

(1b)

These equations represent a compromise for the minimization of the
requirements posed to the pulley and arm actuators, respectively. More-
over, for the flexion and extension there are different situations for the
interaction of the pulley and the muscles. For the flexion we have two
distinct cases:

— Case A.l1. The anterior deltoid is wound around the pulley

— Case A.2. The anterior deltoid is acting freely (i.e., is not wound
around the pulley)
For the extension we have a single case:

— Case B. The posterior deltoid is wound around the pulley through-
out the total range of motion

From the geometric model, these cases correspond to the following
expressions:

Case A.1. The anterior deltoid is wound around the pulley

—_2n/3 < q1 < —n/18 (2a)

Va2 — 2
5 = h(qon — sin~! —-d—d-i) + Vd? — h? (2b)
211 = hgy (2c)

Zn = hgy (2d)
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Case A.2. The anterior deltoid is acting freely

/18 < q1 < 4w/9 (3a)
z11 = Vd? + k2 — 2dhCy (3b)
. dhSo1 .
n = = do (3¢)
Zn

. dh [ [ 23,Co1 — dhS3, \ . .
n= - [( Rl 3 01)4(2)1 +SOI‘101] (3d)

Z11 zu

Case B. The posterior deltoid is wound around the pulley throughout the
total range of motion

—2n/3 < q <4n/9 (4a)

7 _ 52
Z1p = h(21r — 402 — sen““f—i——é—) +Vd?: —n (4b)

d
212 = —hqq, (4c)
212 = —hgp, (4d)

where h and d are geometrical parameters.

3.2. The Elbow Structure

The movement of the elbow in the sagittal plane (g;) requires also
several muscles. For the geometrical model depicted in Figure 7 we
can also derive the expressions for range of motion, lengths (z5;), ve-
locities (Z»;), accelerations (Z»;), and forces (F;) for the biceps brachii
(i = 1) and triceps brachii (i = 2):

0<gp<nm (5a)

23 =\ B + B2+ 2hb,C (5b)
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TABLE1 Inverse kinematics
g2 = cos” {(p? +p2 — 2 — B)/2h L], q1 = tan~!(py/p1) — tan"' LSy /(h + L Cy)]

Q| _1/1bs [ hCi hSi ] [P]]
[512] [hiS2 —hC —hCn IS —hSn||p;

. - 2 .
1l [lzCu LS ] [pl] VIS [1112C2 B ] [qf ]
[4‘2] /hhS; -hC, LS || P +1/h5S, -B  —hhG ||,

. hb:S, .
2y = — - 2‘12 (5¢)
22
.. L1b; S2\2, .
Zy = _*L—I{CZ"‘llbi(“g*) Q%"‘quz} (5d)
22; 2§

were b; is a parameter. Equation (5¢), for the velocities of the elbow
muscles, reveals that the (degrading) factor S;!, which affects the in-
verse kinematic transformation (Tab. I) of joint-actuated robots, is
now compensated.

We also conclude that the shoulder and elbow structures have differ-
ent anatomic levers that adapt the operational exigencies to the muscle
requirements. In fact, the elbow levers seem more efficient because they
compensate muscle velocities near the singular points g, = {0, + =}.
Therefore, either the geometric model of the shoulder is incomplete,
and the kinesiological structure has built-in further compensation
schemes, or the shoulder is an articulation that poses requirements to
the muscles that are superior of those imposed to the elbow actuators.
A sounder conclusion about this aspect needs further investigation at
the biological level and, at this time, is still not available. Neverthe-
less, we conclude that, whatever be the case, the shoulder structure is
far more complex than the elbow structure, which is in accordance
with the previous study of Section 2.

4. KINEMATIC PERFORMANCE
OF MUSCLE-ACTUATED ARMS

In this section we analyze the kinematics performances of muscle-
actuated arms. We must note that we are not modeling the muscle
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properties but, in fact, we are proceeding in the opposite way. By
other words, we describe the task requirements and the manipulator
structure and we study its effect on the actuators. In this perspective,
we assume that natural evolution should lead to muscles having pro-
perties well matched to the requirements.

In the experiments we “stimulate” the system through simple trajec-
tories in the operational space and we compare the actuator kinematic
variables for the joint-driven and muscle-driven robotics structures. In
order to test the biomechanical model we decided to move the arm
according with two different linear trajectories in the operational space,
51:(0.01,0)— (0.01,0.3) and s,:(0.3,0)—(0.3,0.3), where (x1,y1)
and (x», y,) are the coordinates of the initial and final points of each
trajectory. Therefore, the s, trajectory starts near the singular point
(0,0) while s, is less demanding because is far away from singularities.
Moreover, the trajectories have identical time evolution:

§(1) = S sin(wr) (6a)

(1) = 21 ~ cos(uwr)] (6b)
s(t) = 2 [t ~ w™senwr) (6c)
D=/(x1 —x2* + (01— y2)? (6d)
w=2nT (6¢)

where T is the total time of the movement. For T = 1 and the numeri-
cal parameters of Table II Figure 8 compares the time evolution of

{9:(9),4:,(1),4()} and {z:a(t), Zn (1), Za (1)} (to simplify, only the re-
quirements to the flexion actuators are depicted ) for s; and s.

TABLE II Parameters of the muscle actuated manipulator

L=03m,,=03m,d=0.126m, #=0.043m, b, = 0.034m, b, = —0.02m
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FIGURE 8 Time evolution of positions, velocities and accelerations at the joints and
muscles for trajectories: (a) s1; (b) so.
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As expected, the results reveal that:

— The joint velocities and accelerations, ¢,(¢), §;(¢), (i = 1,2), attain
higher levels for s; than for s,.

— The displacements of the shoulder and elbow muscles, z;,(f) and
251(?), are very limited for both trajectories, being amplified by the
anatomic levers in order to produce the displacement { p,(?), px(#)}
in the operational space.

— The velocity of the elbow muscle, Z,,(¢), is not sensitive to the sin-
gularity near s; and gives similar values for s.

— The velocity of the shoulder muscle, z,,(¢), is sensitive to the change
$1 to s5.

— The accelerations of the shoulder and elbow muscle, z,(¢) and
2,1(¢), are sensitive to the type of trajectory.

These observations reveal that a robot is by excellence a “transient
machine” and not a “‘steady-state machine”. Therefore, usual joint actu-
ators, which are developments of standard driving machines that are
designed for steady-state applications, are not well adapted to robotic
applications. From a biological point of view, manipulators must have
anatomic levers that adapt the operational space tasks to the muscle
driving requirements. Furthermore, these biological-like actuators
should have characteristics of low linear displacements, low velocities
and high accelerations.

5. CONCLUSIONS

The paper presented the analysis of biomechanical manipulators in the
sagittal plane. Motivated by the kinesiological aspects of the human
arm we demonstrate that biomechanical structures have better perfor-
mances than standard mechanical manipulators. In fact, joint-actuated
robotic structures are non-optimal because they have to support the
direct impact of the operational requirements, while muscle-actuated
arms are superior because they have anatomic levers and actuators more
adapted to the transients required by the operational tasks. Therefore,
these results are a step towards the design of a new generation of better
manipulators structures and a new generation of linear muscle-like, low
displacement high acceleration, actuators.
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