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Abstract

The goal of this study was to quantify shoulder, elbow and wrist dynamic and static
torques in the elbow flexion-extension movements. The movements were supervised and
produced by using an industrial robot manipulator that was capable of imposing a pro-
grammed arc trajectory at various velocities in the sagittal plane of the seated human subject.
The muscles of the right arm being measured, were kept passive at all times of the experiment,
to allow smooth guidance of the arm along a desired path.

These programmed trajectories allowed a very good motion repeatability, which is not pos-
sible in normal unconstrained movements. All four velocity and acceleration profiles were
taken into account and applied to matrices describing the different dynamic components in
the upper extremity motion. A range of velocities which correspond to everyday movements
was tested.

The results reveal that the gravitational torque contributions have a prominent effect on the
arm dynamics at low elbow velocities (§ ~ 0.25 rad/s). At these speeds the velocity and accele-
ration dependent terms can justifiably be discarded. However, at higher motion velocities
(¢ = 1 rad/s) the inertial and Coriolis-centrifugal contributions become non-negligible. Their
effect is furthermore increased with speed and accompanied accelerations.
© 2003 Elsevier B.V. All rights reserved.
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Nomenclature

B(g)  moment of inertia matrix

C(g,4) Coriolis matrix

G(q)  gravity vector

F, horizontal force component

E vertical force component

Fy dissipative coefficient matrix

F, elastic coefficient matrix

F, viscous coefficient matrix

I; arm segment inertia

JT(g) Jacobian matrix transpose

M, torque around x axis (perpendicular to the motion plane)
a; segment length

b coefficients of the inertial matrix B(g)

cij coefficients of the Coriolis-centrifugal matrix C(q, q)
v; robot end effector velocity

h vector of end effector forces and moments

l; segment center of gravity (COG) location

Ihand hand center of gravity location
Ihangie  Totating handle center of gravity location

m; segment mass

Mg, forearm mass

My, lower orthosis part mass
Mya upper arm mass

Myo upper orthosis part mass

Mpanda  hand mass
Mpangie Mass of rotating handle

q joint angle vector

q joint velocity vector

q joint acceleration vector

T inertial joint torque vector

Thi inertial torque contribution in joint i

Tc Coriolis-centrifugal joint torque vector

Tei Coriolis-centrifugal torque contribution in joint i
TG gravity torque vector

Tgi gravity torque contribution in joint i

Tp passive moment vector

(u) voluntary muscle torque
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1. Introduction

In movements of the human body there are many factors contributing to dynamic
behavior of limbs which could be divided into two categories: (1) Firstly there are the
static contributions which are present at all times such as the gravitational contri-
butions and those arising from the specific biomechanical properties of the muscles,
tendons, ligaments, and skin comprising a body segment. The latter are usually re-
ferred to as joint passive moments [1,2] and are only a function of joint angles. (2)
On the other hand the dynamic contributions are in effect only when motion is in
progress. The acceleration is linked to inertial contributions, while the Coriolis-
centrifugal effects and viscosity relate to the joint speed of motion. Viscosity, like
passive moments is an internal property of all joints in the human body whose effects
are proportional to the angular speed of motion in a particular joint [3,4].

There has been a number of studies attempting to quantify the dynamic effects in
human body motion, which were mostly concentrated on trajectories of the whole
human body. Some studies have dealt with human locomotion [5], whereas in many
other studies the dynamic effects in human rising was observed [6,7]. In the latter two
studies the subject was asked to rise from a chair at various speeds at which the dy-
namic contributions were scrutinized, whereas the study of Pai et al. analyzed the dy-
namic effects of different body weight during the body rising action [8]. The dynamic
effect that body motion has on the upper extremity was not studied to such an extent.
Hollerbach and Flash studied the generation of various joint dynamic torques using
the inverse dynamics Newton—Euler formulation in an experiment involving arm
movements in the horizontal plane while holding a simple passive two degree of free-
dom manipulandum [9].

In the upper extremity dynamic studies there has been much work concentrated
on studying angles and angular velocities, especially in the elbow and shoulder joints.
The studies of Suzuki et al. and Lan have concentrated on normal reaching move-
ments [10,11], whereas the study of Morasso studied a wide spectrum of every-day
movements [12]. From all these measurements it is clearly evident that the arm joint
angular velocity profiles are bell shaped. In fact the study of Zhang et al. [15] proved
that the joint angle vs. time profiles, derived from point to point reaching movements
can be directly scalable among different subjects independent of the motion speed.
From this finding it can be deduced that the same applies also for the bell shaped
velocity profiles. On the basis of the equilibrium point trajectory hypothesis, Flash
derived a method for determining the magnitude of force exerted in the arm during
reaching movements in the horizontal plane [13]. Similar conclusions and experi-
mental methods can also be observed in the later work of Guomi and Kawato [14].

The study shown here is instigating the dynamic effects in the human shoulder,
elbow and wrist joints in angle trajectories where the elbow is displaced through a
wide range of its motion. Due to the experimental setup, where the arm is physically
linked to the robot through a handle, and the robot follows the default trapezoidal
velocity kinematic trajectory, the arm is also exposed to a trapezoidal joint velocity
profile. Trajectories with multiple points are programmed into the robot controller in
advance, meaning that the same arm trajectory can be replicated as many times as
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desired. This technique with all the conditions being well defined is distinguishing
this work from other studies in the field.

To get various dynamic situations during the measurement, the elbow of one sub-
ject was moved at four different speeds while following the same arc trajectories.
During these actions the inertial and Coriolis-centrifugal dynamic contri-
butions were observed and at the same time compared with the static gravity contri-
butions.

2. Methods
2.1. Mathematical modelling

In this experimental work the human arm was described as a three degree of free-
dom kinematic and dynamic structure (Fig. 1).

The segment lengths are denoted with a;, their centers of gravity (COG) with /;
while ¢; indicates the positive angle directions with respect to the zero position
(dashed line). The segment masses and inertias are presented with the m; and [; vari-
ables. The COG locations /; are expressed as a distal distance from the joint marked
with the same index. As in every other manipulator system, the dynamic behavior, as
a relationship between applied driving torques t(u), environment forces 4 and joint
motion trajectories ¢, ¢, g of mechanical joints can be described as [16]:

B(q)§ + C(q,9)q + G(q) + Fog + Feq + Fysgn(g) = t(u) = J " (q)h. (1)

Here ¢, ¢ and ¢ represent the joint angle, angular velocity and angular acceleration
vectors, which are functions of time, but were for simplicity reasons denoted with ¢
instead of ¢(¢). They can be expressed as column vectors with indices 1, 2 and 3
referring to the shoulder, elbow and wrist respectively:

Fig. 1. Geometric definitions for the assumed human arm structure, consisting of three segments.
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T
9=[la @ @],

i=[a & @], 2)
q= [(11 9> CI3] .

The moments of inertia are represented as a (3x3) B(q) matrix. The diagonal ele-
ments of the matrix represent the moment of inertia at joint i axis, while the other
two joints are fixed, whereas the non-diagonal ones account for the acceleration
effect of joint i on joint j. For a 3-DOF planar manipulator the inertial matrix
elements were derived as follows:

b by bis
B(q) = | bu bn by, (3)
by bxn  bi

by=5L+hL+L+E5m+(a+B)m+ (@ +ad+ B)ms
+ 2a,(lomy + aymsz)cy 4 213m3(azes + aica3),

bp=5L+5L+ lgmz + (a% + l%)m3 + ai(lmy + ayms)cs
+ 2axl3mscs + arlsmscas,

biy = I + l3ms + axlsmycs + ay lymseas,

by=5L+5L+ lgmz + (a% + l%)m3 + ai(lmy + ayms)cs
+ 2ayl3mzes + aylzmseas,

by =6+ L+ Bmy + (a3 + B)ms + 2ayl3m3c3,

by = Iy + 3ms + arlymscs,

by = Iy + I3ms + aylymses + aylsmsens,

by =15+ l§m3 + axl3mses,

bz =1 + l§m3.

Multiplying this matrix with the joint accelerations g yields a vector of inertial
contributions in all three joints 13 = B(q)4:

TB:[Tbl Th2 Tb3]T~ (5)

The second matrix, C(q,q) is identifying the centrifugal effects in its diagonal co-
efficients, while non-diagonal ones account for the Coriolis effect induced on joint i
by the velocity of joint j. For the given configuration the elements were specified as

i1 Cr2 Ci3
Clg,q) = | e cn o |, (6)

C31 C3» C33
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cn = — {ai[(lamy + axms)sy + I3mssr3)ga + lsms(axss + a1523)g3 },

cip = 0.5{=2a,[(loms + axm3)s, + l3m3s23] (g1 + g2) — 213m3(azs3 + a1523)4g3},

ci3 = — lyms(axsy + ais)qin,

Cr = ay [(lzmz + a2m3)32 + l3m3S23]ql - a213m3S3q'3,
cn = — axl3mssigs,

c = — ayl3mss3qins,

ey = Iyms[(azs; + a1523)q1 + 425393,
e = arlzmass (g1 + ¢a),

C33:0

(7)

which after applying the velocity vector ¢ defines the joint torque dynamic contri-

butions ¢ = C(q,§)g:

c=[ta T2 T4l (8)

The gravitational contribution is expressed with a three element column vector.
Every element of the 7g vector represents the moment generated at the joint i axis
as a result of the segment gravity:

Glg) =10 T2 T, 9)
where

T = go{[limy + ai(my + m3)]er + (lamy + aymy)eny + limacin},

T = go[(lama + axm3)ciz + lsmscins), (10)

Tg3 = golzmscins.

In these equations the following abbreviations were used: ¢; = cos(q;),
Clp = COS((,]] + qz), Cip3 = COS((,]] + q> + Q3) and N sin(ql), S12 = sin(q1 + qZ),
s123 = sin(q + g2 + ¢3). While the individual segment lengths a; were determined be-
fore a particular measurement from IR markers used by a 3D positioning system, the
masses m;, transversal segment inertial values around the COGs I; and COG loca-
tions /;, were obtained from the literature [17]. The gravitational acceleration g
was taken to be 9.81 m/s?. The values used are given in Table 1.

The connection between the human hand and the robot handle (see Section 2) cre-
ates a closed chain kinematic linkage. Thus, the end effector connection is described
as a three dimensional vector with its horizontal and vertical forces (£}, F}) and the
moment around the axis perpendicular to the plane of motion (M) (2):

h=[F. F M,]". (11)

It should be noted that 4 is also a function of time. These forces have to be trans-
formed to the joint space with the Jacobian matrix JT(g) as seen in Eq. (1).

The viscous contribution of the system is expressed with the term F.g. F;, isa 3% 3
diagonal matrix of viscosity coefficients. Fysgn(g) indicates the dissipative torques
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Table 1
The values of parameters m;, /; and /; as estimated from the literature [17] and segment lengths a; as
measured during the experiment

m [kg] 2.09
m» [ke] 1.25
ms [ke] 0.75
Iy [m] 0.19
I, [m] 0.12
I [m] 0.08
I, [kgm?] 0.005
L [kgm?] 0.001
I; [kgm?] 0.006
ms [ke] 0.75
ar [m] 0.32
a [m] 0.25
as [m] 0.09

with Fy being a 3 x 3 diagonal matrix. In the literature this product is usually denoted
as the static friction torque [16]. Finally, the passive elastic torque contributions in a
particular joint are expressed with the product F,q,where F, is a 3 x 3 diagonal matrix
with the elements expressing the elasticity coefficients of every single joint.

The next observation concerns the term 7(u) in Eq. (1). The joint muscle activity
is expressed in terms of the active contribution t(u), which is in general, a function
of muscle activation u. Because the subject was instructed, before the experiment, to
induce no voluntary muscle action, an assumption was made:

7(u) = 0. (12)

To verify if this was justified, the EMG of a typical elbow flexion-extension was
recorded prior to the large batch of experiments, to access the difference between ac-
tive contribution of the person and inactivity. The surface electrodes were placed on
the four major flexion and extension muscles by a skilled professional (i.e. biceps
long and short head, triceps and brachioradialis). It was evident that no EMG activity
in those muscles contributing to the movement was present. Due to lack of space this
is not shown in this presentation.

2.2. Measurement

In the current experiment a positionally controlled antrophomorphic 6-DOF in-
dustrial robot (Yaskawa® MOTOMAN sk6) was used for imposing a linear move-
ment trajectory into the human arm in the sagittal plane (Fig. 2). A bicycle-like
circular, rubber coated aluminium handle was mounted on top of the sensor in such
a way, that rotation around the y axis was freely allowed. The next element in the
system was a bus passenger seat, equipped with additional straps as evident from
Fig. 2. The plane of motion was perpendicular to the ground and fully aligned with
the sagittal plane of the subject. The subject was asked to keep his muscles relaxed at
all times, while resting the arm on the handle.



304 T. Kodek, M. Munih | Simulation Modelling Practice and Theory 11 (2003) 297-311

(a)
PC 4
robot -
[ |
|
robot motion o
Lk plane —
|
Jil
Optotrak™ |
I
= rotational 1
] handle i
., I
“ straps arm motion
plane
backrest
(b) Optotrak™ PC

cable

headrest ’@ @ @} / .

-
....
-

end-point

Fig. 2. Experimental setup from above (a) and a side view (b).

The handle was held gently, while still allowing the arm to stay in good contact
during the movement. Due to the free handle rotation, the hand dynamic parameters
were properly adjusted by considering the mass and all geometric dimensions of the
handle which were accurately measured before the experiment. The handle mass
Mpandle Was then added to the one of the hand my,,q, to yield a new third segment
mass m3, while the COG locations /i and In,,g Were also considered in obtaining
a new location /5:
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M3 = Mhand + Mhandle,
. lhandmhand + lhandlemhandle (13)

[
Mhandle T Mhand

In all measurements the elbow angle was moved linearly through a large portion
of its motion range, while the shoulder was fixed at approximately —68°. The wrist
was allowed to move freely, since the deviation from the neutral position (g3 = 0)
was found to be very small. All together four sets of measurements at various robot
end effector velocities were made (v; = 0.375 m/s, v, = 0.25 m/s, v; = 0.125 m/s and
vqy = 0.1 m/s) resulting in elbow angular velocities of approximately |¢,;| ~ 1 rad/s,
|g22| = 0.65 rad/s, |ga;] = 0.3 rad/s and |§a4| =~ 0.25 rad/s respectively.

The shoulder angle was kept constant by programming an appropriate arc trajec-
tory for the subject, using no additional fixation mechanisms (Fig. 3).

The 3D tracking system Optotrak® was used to record precisely the movements of
the arm during the experiment. The IR markers were attached to the skin above the
rotation points of the three arm joints in consideration, to the handle and also to
robot manipulator joints to allow for later verification and complete reconstruction
of the measurement. The marker data was sampled at a frequency of 50 Hz, which is
enough for recording human joint movements that that are well within 10 Hz. All
data processing was performed off-line using Matlab®. To remove the noise contri-
bution, the Optotrak® sensor data was low-pass filtered at 8 Hz using a sixth order
Butterworth filter provided by the Matlab® Signal Processing toolbox.

One healthy right-handed male who never suffered from any kind of neuromuscu-
lar disease was tested in the process (mass 77 kg, age 25) after an institutional ap-
proval. He was asked to sit in a chair, lightly grip the robot attached handle with
his right arm and not exert any voluntary muscle action. Before the experiment at

N, AN

Fig. 3. The programmed elbow trajectory.



306 T. Kodek, M. Munih | Simulation Modelling Practice and Theory 11 (2003) 297-311

least two preliminary tests movements were made to assure that the programmed tra-
jectory was appropriate and that the subject was comfortable. Every trial was per-
formed under the same environmental conditions. After all these conditions were
met, every one of the four different velocity trajectories was measured twice in
a row. The measurement process was started with the lowest programmed speed
in the first trial and later increased for every subsequent trial.

3. Results

First the repeatability of all three angle, velocity and acceleration trajectories
for a typical elbow movement was analyzed. The repeatability issue indicates the
capability of the apparatus and human arm to recreate the same trajectory at differ-
ent times, under equal environmental conditions. For this reason six equal move-
ment trials were recorded at the slowest trajectory with a constant elbow angular
velocity of: |g31| & 0.25 rad/s (Fig. 4).

The angle standard deviations lie within £0.05 rad for the shoulder, £0.1 rad for
the elbow and +0.2 rad for the wrist joint. When programming this trajectory it was

Angle trajectory repeatability

T

' shoulder
= elbow
t= ' wrist

qldeg]

Gorl R, )

p ¥ R AR AL SN R S S 0 P vAF Y0 00 A A
(') ‘:': 1'0 1'5
ts]

Fig. 4. Average angle trajectories with their maximum and minimum standard deviations in six consecu-
tive same trajectory movements, where the elbow was displaced at the lowest angular velocity (g3 | = 0.25
rad/s).
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desired to keep the shoulder and wrist angles as constant as possible. But positioning
the arm fully equally at every trial was very difficult, which lead to some deviations
that could be observed. The robot speed for all arm velocities was well within the
operational robot speed range meaning that a similar conclusion can be deduced for
all three remaining higher angular velocities (|¢22| &~ 0.3 rad/s, || =~ 0.65 rad/s,
|G24] = 1 rad/s).

The kinematic data obtained from the four different-speed elbow joint trajectories
need to be observed. The velocities were obtained by applying a simple first order
difference equation to the low-pass filtered angle data, whereas accelerations were
produced with the same procedure implemented on velocity trajectories (Fig. 5).

These data were used to determine particular dynamic components that contrib-
ute to human arm motion (Fig. 6). Because of a different scaling it should be noted
that in both plots (Figs. 5 and 6) every row corresponds to a different velocity,
the slowest being presented in the first row. With the increase of velocity the accel-
eration dependent inertial contribution B(g)g and the velocity dependent Coriolis-
centrifugal contribution C(g,§)g start to have a significant influence on the total
joint torques (Fig. 6).

Please note that only the dynamic components change with speed, while the static
gravity contribution is not a function of velocities and accelerations and therefore
remains relatively constant with respect to a given angle. At low speeds the dynamic

q([rad/s]

OF

q([rad/s]

q[rad/s]

q[rad/s]

Fig. 5. Angle, velocity and acceleration profiles in all four trials when the maximum elbow angular veloc-
ities were |ga1| &~ 0.25 rad/s (a), |ga| ~ 0.3 rad/s (b), |¢2s| ~ 0.65 rad/s (¢) and |gx| ~ 1 rad/s (d) for the
shoulder (thick solid), elbow (thin solid) and wrist (thin dashed) respectively.
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Tc[Nm]
T [Nm]

-0.06

Tg[Nm]
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t[s] t[s] t[s]

Fig. 6. The inertial, Coriolis and gravity contributions at |g| ~ 0.25 rad/s (a), |gx| =~ 0.3 rad/s (b),
|g23| ~ 0.65 rad/s (c) and |ga4| ~ 1 rad/s (d) for the shoulder (thick solid), elbow (thin solid) and wrist (thin
dashed) respectively.

contribution to motion is nearly negligible and is noticeable only at times of motion
direction alterations. This effect becomes larger and can also be observed elsewhere
with an increase in speed (Fig. 6).

4. Discussion and conclusion

In this paper, different dynamic and static contributions to human arm dynam-
ics are investigated and quantified. Because the computed values of the inertial,
Coriolis-centrifugal and gravity contributions directly depend on the obtained kine-
matic data, the repeatability of different trial angle readings is very important and
had to be verified (Fig. 4). The velocity profiles generated with the robot manipulator
were trapezoidal, which is in contrast with every-day action, bell-shaped velocity tra-
jectories [10-12,15] (Fig. 5). After obtaining angular velocities and accelerations of
particular joints all the kinematic data were applied to Egs. (4), (7) and (10) respec-
tively. As an outcome, the contributions of the two dynamic and one static term are
shown separately (Fig. 6).

In this study only trajectories of the elbow joint were inspected. In ideal condi-
tions the shoulder and wrist should not have any dynamic contributions to motion
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but since the velocities and accelerations were non-zero (Fig. 5) this also implies non-
zero dynamic contributions. The reason for using the robot manipulator for per-
forming the described motions was that trajectories could be precisely recreated at
any time while also allowing for a later complete recreation of the experiment. Nev-
ertheless, the angle trajectories show a slightly smoother flexion-extension transition
at higher velocities, which can be attributed to an increased error in positioning of
the robot at higher speeds. Considering the fact that the robot movement velocities
were well below the maximum possible values, the robot dynamic effects can be
neglected.

It needs to be pointed out that the two dynamic contributions, which were the
subject of this study (Fig. 6), are not the only dynamic components contributing
to upper extremity motion. The viscosity torques F,g from Eq. (1) also have a speed
dependent effect on total torques and were not investigated in detail. The identifi-
cation of F,g exceeds the scope of this presentation and remains the topic for further
investigations. The same applies for the sum of elastic and dissipative contributions
F.q + Fysgn(g), which have a considerable angle dependent effect. The viscosity and
elastic contributions to motion in the upper extremity were pointed out in some
other studies [1-3,18,21].

At low velocities the dynamic contributions to motion (Fig. 6(a)) are almost zero.
As found, practically all studies (e.g. [1,2]) dealing with low velocity segment motions
discard the dynamic contributions resulting in a substantial model simplification.
Applying this fact ant the fact that there are no active muscle contributions t in
the inverse dynamics upper extremity model presented in Eq. (1) leads to a very sim-
ple model representation:

G(q) + Fog + Fysgn(q) = —J " (q)h. (14)

This means that the arm dynamics at low velocities is only influenced by the sum
of gravitational effects G(g) and passive moments which include elastic muscle and
tissue contributions (F.q) and velocity dependent dissipative effects to motion
(Fysgn(q)). Deducing from Fig. 6 we think it could be said that such joint velocities
should not exceed 0.3 rad/s. At higher speeds the dynamic effects become consider-
able and are in proportion with the increase in angular velocities and accelerations.
The inertial contribution vectors (Fig. 6—column 1) show the highest values at
points of movement direction alterations whereas the Coriolis-centrifugal contribu-
tions (Fig. 5—column 2) play a much more significant role in the elbow joint than in
the adjacent joints. This arises from the elbow angular velocities ¢ (Fig. 5—column
2) being much larger than the velocities of other two joints.

Because the computation of the inertial and Coriolis-centrifugal contributions are
directly dependent on the derived velocities and accelerations, the method used for
this derivation plays a significant role. The differentiation method utilized here is
straightforward, using a low-pass Butterworth filter with an 8§ Hz bandwidth fre-
quency and a first order numerical derivative. It also needs to be emphasized that
the bandwidth frequency significantly influences the results, especially the accelera-
tion computations. The bandwidth was chosen after examining the amplitude spec-
trum of the angle, velocity and acceleration profiles.
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The maximal elbow velocity trajectory |g»4| &~ 1 rad/s from this study is compa-
rable to everyday normal arm movements such as eating or reaching [10-14]. Ac-
cording to the results presented in Fig. 6 the contribution of dynamic terms B(g)g
and C(q,¢)q, in the fast movements is already considerable but still far smaller in
comparison with the static gravity contribution. Although the velocity profiles in this
study are not bell-shaped the computed contributions still give a reliable insight into
torques during every-day actions.

Owing to the fact that the planar model structure is mathematically far less com-
plex to describe than any other alternative, some studies suggest that the motor con-
trol system in the human brain actually uses a simplified version of such a model in
determining the inverse dynamics problem [19]. In the model used in this study, the
segments are presumed to be rigid, while the joints include pure rotation without
any translation, which by itself is already a source of error. Apart from that, the
shoulder complex also includes two translational degrees of freedom. The study of
Veeger et al. [20] shows that the flexion-extension rotational center translation of
the glenohumeral joint was within just 4 mm of the geometric center, making our
presumption reasonably justified.

A very important issue that we have to be aware of are also antrophometric para-
meters from the literature [17] (Table 1) used for calculating the B(g), C(g,q) and
G(g) matrices. Masses (m;), inertial moments (Z;) and COGs (/;) were obtained by
means of regressive equations based on body mass and height. Discrepancies in
the estimation of these parameters directly influence coefficients of matrices B(g),
C(g,q) and G(q) as derived in Egs. (4), (7) and (10). From these equations it can
be observed that erroneous estimates of the antrophometric parameters (m;, /;, I;) di-
rectly affect the results. However the COG (/;) quadratically influences the inertial
moments (Eq. (4)) just like the segment length g;. Since the segment lengths were di-
rectly measured they can be considered a much more reliable quantity and are pre-
sumably not a major error source. It is quite impossible to estimate exactly the errors
due to wrong parameter estimates from a literature study [17] which analyzed a
population of 100 young male subjects. A further analysis dealing with the impact
of parameter estimation errors on calculated torques could result in higher accuracy
in the future.
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