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Abstract

The energy expenditure in human arm has been of great interests for seeking optimal human arm trajecto-
ries. This paper presents a new way for calculating metabolic energy consumption of human arm motions.
The purpose is to reveal the relationship between the energy consumption and the trajectory of arm mo-
tion, and further, the acceleration and arm orientation contributions. Human arm motion in horizontal
plane is investigated by virtue of Qualisys motion capture system. The motion data is post-processed
by a biomechanical model to obtain the metabolic expenditure. Results on the arm motion kinematics,
dynamics and metabolic energy consumption, are included.
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1 Introduction

Anthropomorphic robotic arms can be used for ser-
vice tasks. While the motion of the robotic arm can
be controlled with different methods, trajectories that
enable human-like energy efficient arm movement are
desirable. The principles of human arm motion, to
this end, can be adopted in the control of anthropo-
morphic robotic arms. Upon basic definition, a human
arm has seven dof (degrees-of-freedom), with three in
the shoulder, two in the elbow, and two in the wrist.
The human arm has one redundant dof, which enables
its infinite possible trajectories for an intending mo-
tion. For instance, when a person needs to pick up an
apple, the arm unintentionally chooses one trajectory
from a huge amount. The arm can have different orien-
tations with the hand fixed at one point. However, for
any given pair of end points, the trajectories that a hu-
man chooses are highly predictable (Flash and Hogan,
1985), (Atkeson and Hollerbach, 1985), even though we
choose the particular trajectories unintentionally.

doi:10.4173/mic.2017.1.2

Over years, researchers have studied the mechanism
of unintentional chosen trajectories of human arm. The
kinematic analysis cannot perfectly explain the plan-
ning mechanism of human arms, because the activa-
tion of the individual muscles generating forces cannot
be specified. One effective approach to investigating
the planning mechanism is to examine the mechani-
cal and physiological properties of a muscle, and to
investigate the behavior of individual muscles in hu-
man arm trajectories (Kashima et al., 2002), (Fagg
et al., 2002), (Georgopoulos et al., 1986). Different op-
timization criteria based on the minimum energy were
proposed (Alexander, 1997), (Buchanan and Shreeve,
1996), (Lan, 1997). A minimum energy cost hypoth-
esis for human arm trajectories was presented and
tested (Alexander, 1997). An approach for predicting
metabolic cost in the planar human arm motion was
proposed to predict energy optimal trajectories (Zhou
et al., 2011).

Past observations on multi-joint human arm trajec-
tories obtained from restricted horizontal planar move-
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ments measured with apparatus have shown that hu-
man point to point arm motion trajectories are essen-
tially straight with bell-shaped velocity profiles (Abend
et al., 1982), (Morasso, 1981). Many scholars have
made great efforts to explain observed trajectories as
solutions to optimization problems. Optimization cri-
teria have been proposed including minimum jerk the-
ory (Flash and Hogan, 1985), minimum travel cost
theory (Rosenbaum et al., 1995), minimum isometric
torque derivative (Kashima and Isurugi, 1998), and av-
eraged specific power (Secco et al., 2005).

We have investigated unrestrained human arm tra-
jectories between point targets using Qualisys motion
capture system. Our studies focus on the energy con-
sumption in real human arm motions. Subjects were
instructed to perform planar movements between sev-
eral pairs of points. In this paper, a method to cap-
ture and process human arm motion data is presented,
through which, kinematic and dynamic properties are
obtained. By virtue of Anybody software, energy con-
sumption during arm motion is deduced. Upon above
results, the energy behavior of human arm motion is
analyzed, the relationship between metabolic energy
consumption and trajectory, hand acceleration as well
as arm orientation is deduced.

2 Methodology

As shown in Fig. 1, the system for the experiments
consists of Qualisys Motion Capture System, Qual-
isys Track Manager, and AnyBody Modeling System
software. Qualisys Motion Capture System consists of
eight cameras surrounding the subject to reconstruct
the motion in the computer. Qualisys Track Manager
is a post processing software to build model on the ba-
sis of capture data. AnyBody Modeling System is a
kind of biomechanical analysis system.
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Figure 1: Experimental system for human arm motion
capture and analysis
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2.1 Experimental Procedure

A human subject is seated in front of an experimental
table, the height of which is adjusted to just below his
shoulder joints. Six points are predefined on a planar
board, as indicated in Fig. 2. The planar board is the
same as used by Abend et al. (Abend et al., 1982). The
coordinate system of this workspace is shown in Fig. 2.
X-axis, which is perpendicular to the line connecting
the subject’s both shoulders, is located on his shoulder.
The origin is defined at point S; on the board.

Figure 2: Experimental board with coordinate system
and 6 points performed as targets to be
reached by human subjects with forefinger-

tip

Subjects move the forefinger with marker from one
point to another at normal speed, while keeping the
arm horizontal at the subjects’ shoulder level, such that
the movements are confined to elbow and shoulder ro-
tations in a horizontal plane. Three types of paths are
to be followed by human subjects, the straight, curved,
and S-shaped paths. No specific instructions are given
with regard to accuracy of the movement, except the
general shape of the path. Arm movement for each
path is repeated 10 times to get sufficient data for fur-
ther analysis.

2.2 Marker Arrangement

The choice of marker location has shown great variabil-
ity, especially on the upper arm. The marker arrange-
ment depends on both accuracy and visibility. The
main concern is to avoid excessive errors due to skin
movement under the markers, and to keep the markers
in view at all times (Anglin and Wyss, 2000), (Kon-
taxis et al., 2009). As indicated in Fig. 2, one marker
is set on the forefinger-tip to be recognized as an end
point of hand, the hand is identified by one marker on
the forefinger basic styloid process, the wrist is identi-
fied by one marker on each styloid process, the elbow is
marked both at the lateral and medial epicondyle, the
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trunk is identified by two markers on each shoulder,
two markers on up body, and one on back neck.
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Figure 3: Marker arrangement on a human subject.
Totally, 11 markers are used, with 7 mark-
ers on the right arm, 3 markers on the trunk,
and 1 marker on the left shoulder, opposite
to its counterpart at the right shoulder

2.3 Motion Capture System

The arm motion is recorded by Qualisys Motion Cap-
ture system. Retro-reflective markers are placed on
the subject. The system tracks the markers’ positions,
while arm is moving. Marker data is displayed in real-
time on the monitor. By connecting a video camera, it
is possible to present synchronized video image along
with the acquired data. QTM, Qualisys proprietary
tracking software, is designed to work seamlessly with
any model of Qualisys camera, ensuring fast and pre-
cise data collection. The system enables users to per-
form capture of data in real-time, with minimal latency
(QTM, 2008).

2.4 Post-processing System

The AnyBody Modeling system is used as the post-
processing system. It is a software system for ana-
lyzing the mechanics of the live human body working
in consistent with its environment.The environment is
defined in terms of external forces and boundary con-
ditions, and the user may impose any kind of posture
or motion for the human body - either from scratch or
from a set recorded motion data. AnyBody calculates
the mechanical properties for the body-environment

system. With the markers data from Qualisys, an arm
model is constructed in AnyBody modeling system,
through which the kinematic and dynamic properties
of human arm motion can be achieved.

2.5 Human Arm Parameters

A human arm (Fig. 2) with two moveable joints is mod-
eled. Parameters are measured or estimated from data
taken from a published book (Winter, 1990) and given
in Table 1.

2.6 Paths for arm motion

Total five cases refer to different pairs of points are
shown in Fig. 4. In Case A, three paths including a
straight path, a curved path, and a S-shaped path are
defined, as direction indicated by the arrows from point
S1 to point S;. In other cases, two paths of finger
route are shown respectively in Fig. 4(b)- 4(e), indicate
a straight and a curved path separately, as directions
indicated by the arrows.

3 Results

The captured human arm trajectories are calculated
and compared in this section.

3.1 Dependence of Energy Consumption
on Trajectory

A typical example for kinematic and energy properties
of three paths in Case A is shown in Fig. 5. The line
style of each profile is in accordance with that of the
trajectory in Fig. 4(a). Since the arm movements are
confined in horizontal plane, the potential energy of the
arm remains unchanged. The movements require only
work to accelerate and decelerate arm segments. The
calculations of energy consumption during the move-
ments are significantly simplified in terms of neglecting
potential energy change.

In order to avoid calculating muscle metabolism by
dealing with complex formulas as in (Woledge et al.,
1985), (Winters and Stark, 1985), (Ma and Zahalak,
1991), the arm kinetic energy is calculated by means
of AnyBody Modeling System, as shown in Fig. 5(f).
Based on the kinetic energy profile, muscle metabolism
can be calculated by means of method depicted in
Fig. 6.

The variation of an arm kinetic energy with respect
to time is shown in Fig. 6. From time ¢t = 0 to
t = t1, the muscles in the arm do positive work as the
arm kinetic energy is increasing, therefore the muscle
metabolism in this period is Ky. From time t = t;
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Table 1: Parameters of a human arm.

Description Parameters Value  Unit
Mass of upper arm mq 2.0 kg *
Mass of lower arm ma 1.5 kg
Moment of inertia I 0.016 kg-m?
Moment of inertia I 0.011  kg-m?
Length of upper arm 1 0.30 m *
Length of lower arm lo 0.32 m
Distance from center of mass to shoulder joint center le1 0.15 m o
Distance from center of mass to elbow joint center leo 0.12 m

* Data from (Winter, 1990)
* Measured data
o Estimated data from (Winter, 1990)
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Figure 4: Five cases of human arm motion

to t = t9, the arm kinetic energy is decreasing, which
requires the muscles to do negative work. The mus-
cle metabolism in this period is K5. And so forth, the
muscle metabolism in periods t = t5 to t = t3 and
t =1t3 tot =ty is K3 and K, respectively. The total
muscle metabolism during an arm movement is given

by
(1)

where E is total muscle metabolism as the energy con-
sumption.

In general, the muscle metabolism can be calculated
by

E:K1+K2+K3+K4

2n 2n
E=Y K=Y |Ji—Ji_ (2)
=1 i=1

where J; and J;_1 are the peak values of a kinetic en-
ergy curve, n denotes the amount of kinetic energy
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peaks.

Table 2 shows the calculated energy consumption in
terms of muscle metabolism along those paths as shown
in Fig. 4. The minimal metabolic energy cost occurs in
the straight trajectory in most of the cases except Case
C. Tt is general knowledge that the shorter distance be-
tween two points requires less energy consumption than
longer one, as proved by the data in Table 2. However
in Case C, it is violated as the shorter trajectory re-
quired a bit more energy, there must be some other
aspects that influence the energy consumption that we
will discuss later.

As shown in Fig. 4, the distance between point Ss
and Sg is less than the distance between point Ss and
S5, and more or less the same as the distance be-
tween point Sy and Sg, the metabolic energy costs for
each straight trajectory are 2.33J, 0.64J, and 1.78J
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Figure 5: Kinematic and energy variations of three trajectories in Case A: (a) forefinger-tip velocity, (b)
forefinger-tip acceleration, (c¢) elbow angular velocity, (d) elbow joint angle, (e) shoulder joint an-

gle, (f) arm kinetic energy.

respectively. It is obvious that the distance between
two points cannot determine the metabolic energy con-
sumption as the shorter distance requires more energy
between S3 and Sg. The results show strong depen-
dence of energy consumption on arm trajectory.

3.2 The Acceleration Contribution

Three trajectories for arm movements generated by
subjects are shown in Fig. 5. The metabolic energy
consumptions for the straight, curved, and S-shaped
trajectory in Case A are 0.73.J, 3.74J, and 1.39J re-
spectively. In Case A, the curved trajectory requires
much more energy than the other two. It is the most
energy consumed trajectory among all the paths as
shown in Table 2. Through comparing the forefinger-
tip velocity profile (Fig. 5(a)), the forefinger-tip accel-
eration profile (Fig. 5(b)) and the arm kinetic energy
profile (Fig. 5(f)), the acceleration profile of the curved

trajectory(in gray color) has a much higher peak than
the other two, and its velocity profile is also a bit
higher. As the figures indicate, acceleration has a great
contribution to arm kinetic energy, which conducts to
metabolic energy cost subsequently.

Arm movements of two trajectories for Case B are
compared in Fig. 7. The curved trajectory (dash line)
has a higher peak than the straight one (Fig. 7(b)),
leads to higher kinetic energy (Fig. 7(f)), hence requires
more energy consumed in the muscles (which are 1.33.J
and 0.64.J separately as in Table 2).

The peaks of forefinger-tip acceleration for curved
trajectory (dash line) along Case A and Case B are
7.4m/s% (Fig. 5(b)) and 3.9m/s? (Fig. 7(b)) respec-
tively. Note that their metabolic energy costs are 3.74J
and 1.33J, it is distinctly that acceleration has a pos-
itive correlation with the metabolic energy consump-
tion.
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Figure 7: Measured kinematic and energy property profiles of two trajectories in Case A: (a) forefinger-tip
velocity, (b) forefinger-tip acceleration, (¢) elbow angular velocity, (d) elbow joint angle, (e) shoulder

joint angle, (f) arm kinetic energy profiles.

3.3 Arm Orientation

Comparisons of elbow and shoulder joint angles and
kinetic energy for movements along two trajectories in
Case C, Case D, and Case E are shown in Fig. 8 to
Fig. 10. As depicted in Fig. 4, Case B and Case E
are started from the same point S, to different end
points, S5 and Sg separately. The elbow and shoulder
angle for each path (Fig. 7(d),(e) and Fig. 10(a),(b))
show different arm orientations of subjects during the
movements. Through comparing the metabolic energy
consumption for Case B and Case F in Table 2, it turns
out that Case F consumes more energy than Case B,
which indicates the arm orientation has certain influ-
ence on energy consumption.

As written above, the shorter trajectory required a
bit more energy than longer one in Case C. There must
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be some other aspects interacting with trajectory to
influence the metabolic energy consumption. Compar-
isons of all the cases’ elbow and shoulder joint angle
to energy property show us that the arm orientation
is a big factor in influencing the energy consumption,
especially in Case C. There is a big peak in the plot
of shoulder joint angle of Case A (the gray dash line in
Fig. 5(e)), also big peaks in the plots of elbow joint an-
gle of Case B, Case D, and Case E (the gray solid line
in Fig. 7(d), 9(a), and 10(a) respectively). However,
there is no peak in the elbow and shoulder joint angles
(Fig. 8(a),(b)). It requires more metabolic energy cost
for the arm to pass through the joint angle peak.
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Figure 8: Measured elbow, shoulder joint angles and en

ergy property profiles of two trajectories in Case C: (a)

elbow joint angle plots, (b) shoulder joint angle plots, (b) arm kinetic energy profiles.
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Figure 9: Measured elbow, shoulder joint angles and energy property profiles of two trajectories in Case D: (a)
elbow joint angle plots, (b) shoulder joint angle plots, (b) arm kinetic energy profiles.

4 Discussion

The experiments and results presented in this paper
reveal the influences of the trajectory of arm motion,
acceleration, and arm orientation on the metabolic en-
ergy consumption in human arm planar movements.
The energy consumption has a great dependence on
trajectory. However, this does not always mean the
longer trajectory will consume more energy than the
shorter one. Trajectory should be the first major fac-
tor in governing the energy consumption but not the
only one. The ways that human brain conducting arm
movements can be regarded as control strategies, such
as minimum jerk theory, minimum travel cost theory,
averaged specific power theory and so on. The fact
that arm trajectories are seldom performed twice in

exactly the same way can be used to argue that differ-
ent strategies are used each time a movement is gener-
ated (Flash and Hogan, 1985). However, among these
strategies, there should be one playing a major role in
conducting movements, which might be the minimum
metabolic energy cost theory (Alexander, 1997).

The experiments demonstrate the relationship be-
tween hand acceleration and metabolic energy cost.
Hand acceleration is such a non-obvious factor that we
should take advantage of data analyzing software to
access the profile. The result emerges clearly from the
data that acceleration has a positive correlation with
the metabolic energy consumption.

It is noticed that arm orientation has certain im-
pact on arm metabolic energy consumption. It requires
more metabolic energy for the arm to pass through

17
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Figure 10:

Measured elbow, shoulder joint angles and energy property profiles of two trajectories in Case E:

(a) elbow joint angle plots, (b) shoulder joint angle plots, (b) arm kinetic energy profiles.
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Figure 6: Method of calculating the muscle metabolism
upon the arm kinetic energy profile.

the joint angle peak. Whether the elbow and shoulder
joints have an angle peak, depends on the orientation
that arm has chosen.

While the experiments were conducted in planar
movement case only, solid conclusions are not made
yet. To fully understand the characteristic of the
human arm motions, more experiments should be
conducted on more general and complex cases in
ADL(Activities of Daily Living).
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Table 2: Metabolic energy consumption for different

paths
Case Path Energy consumption
1 0.73J
A 2 3.714J
3 1.39J
1 0.64J
B 2 1.33J
1 2.33J
C 2 2.03J
1 1.14J
D 2 1.45J
1 1.78J
E 2 2.26J

5 Conclusions

In this paper, human arm motion in planar movements
were studied by using Qualisys motion capture system.
The motion data was analyzed and compared between
each other. The kinematic and dynamic properties of
human arm were obtained. The study indicates the re-
lationship between the metabolic energy consumption
and the trajectory of arm motion, and further, the ac-
celeration and arm orientation contributions. Optimal
trajectory with minimum metabolic energy consump-
tion is identified. The optimal trajectory can find its
application in robotic arm design where energy con-
sumption is critical. More experiments are planned to
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study spatial arm motion and motion with specific load
in hand.
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