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Sensing Power Transfer Between the Human Body
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Abstract—The power transferred between the human body and
the environment at any time and the work performed are impor-
tant quantities to be estimated when evaluating and optimizing the
physical interaction between the human body and the environment
in sports, physical labor, and rehabilitation. It is the objective of the
current paper to present a concept for estimating power transfer
between the human body and the environment during free motions
and using sensors at the interface, not requiring measurement sys-
tems in the environment, and to experimentally demonstrate this
principle. Mass and spring loads were moved by hand over a fixed
height difference via varying free movement trajectories. Kine-
matic and Kinetic quantities were measured in the handle between
the hand and the load. 3-D force and moments were measured
using a 6 DOF force/moment sensor module, 3-D movement was
measured using 3-D accelerometers and angular velocity sensors.
The orientation was estimated from the angular velocity, using the
initial orientation as a begin condition. The accelerometer signals
were expressed in global coordinates using this orientation infor-
mation. Velocity was estimated by integrating acceleration in global
coordinates, obtained by adding gravitational acceleration to the
accelerometer signals. Zero start and end velocities were used as
begin and end conditions. Power was calculated as the sum of the
inner products of velocity and force and of angular velocity and
moment, and work was estimated by integrating power over time.
The estimated performed work was compared to the potential en-
ergy difference corresponding to the change in height of the loads
and appeared to be accurate within 4% for varying movements
with net displacements and varying loads (mass and spring). The
principle of estimating power transfer demonstrated in this pa-
per can be used in future interfaces between the human body and
the environment instrumented with body-mounted miniature 3-D
force and acceleration sensors.

Index Terms—Ambulatory sensing, force sensing, inertial move-
ment sensing, power estimation, work estimation.

1. INTRODUCTION

HE PHYSICAL interaction between the human body and
the environment is important in many situations: In phys-
ical labor, interactions with the environment need to be per-
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formed within safe limits of body loading [1]-[3]. In rehabil-
itation, people need to relearn functional motor tasks [4]-[6]
and interact with mobility support devices like wheelchairs or
hand-cycling units [7], [8]. In sports, motor tasks are trained
to the ultimate, maximizing force and/or endurance and opti-
mizing coordination [9]-[11]. Robots become more and more
versatile, performing varying tasks in physical interaction with
the environment and with the human body, including training of
upper and lower extremity motor tasks [12]-[15]. All of these
examples involve the physical interaction between human body
and environment. In all of these cases, this dynamic interaction
is to be optimized or improved. For this purpose, it is essen-
tial to assess this interaction quantitatively in terms of force
and movement at the interface, power transfer and timing, work
performed, and effective dynamics of both bodies during the
performance of functional tasks, preferably in the actual daily
life settings. Such a quantitative assessment, possibly combined
with electrophysiological measurements of muscle activation
and biomechanical analysis, may result in a better functional
understanding of the neuromuscular system under healthy and
diseased conditions during realistic dynamic interactions en-
countered in daily life. It may add to new telemedicine ap-
proaches for continuous diagnosis and training of patients with
neuromuscular disorders [16].

Until now, the dynamic analysis of human body movements
has typically been performed by instrumenting the environ-
ment. Lumbar loading during lifting has been analyzed us-
ing force plates and optical 3-D movement analysis system in
combination with biomechanical models [3], [17], [18]. More
recently, a combination of electromyography (EMG), inertial
sensor measurements of body movements and biomechanical
modeling, was proposed for estimating lumbar loading, with-
out actually measuring the mechanical interaction with the load
or the ground [19]. Instrumented environments have also been
used in studies of human performance in sports [10], [11] and
physical rehabilitation training [7], [8], [13], [20], [21]. Only in
restricted movements, power transfer between the human body
and the environment has been estimated, for example, based on
measured crank moment and pedal frequency during cycling [§]
or using instrumented ergometers [11].

To our knowledge, power transfer and dynamic interaction
between the human body and the environment during arbitrary
free movements have not been assessed based on measurements
at the moving interface between the human body and the envi-
ronment. It seems very logical to do so when considering both
interacting bodies as an interconnection of energy-exchanging
subsystems [22]. The power transfer at any time instance can
be quantified by multiplying effort and flow variables in the
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concerned physical domain. In the case of mechanical interac-
tion between the human body and the environment, effort and
flow variables are force and velocity. Sensing of both quanti-
ties would require full 3-D measurements of interaction force
and velocity. The perpendicular component of the interaction
force between body and environment is commonly measured
in clinical research and applications using matrices of pressure
sensitive resistors [23]. However, this approach does not provide
full 3-D interaction force. Until now, no 3-D stress sensors have
become available that could be adequately used at the interface
between the human body and the environment, although several
methods have been proposed, applying either piezoelectric or
optical transduction methods [24], [25]. 3-D velocity can be ad-
equately estimated from inertial and magnetic sensors placed on
the human body. In recent years, many studies have developed
methods to derive orientation, velocity, and change of position
from such sensors [26]-[42]. Recently, we have proposed to
combine inertial and force sensing in the analysis of the ground
reaction forces during the stance and foot movements during the
swing phase of gait [40], [43], [44]. It should be noted, however,
that power transfer is not an issue under this condition, since no
power is transferred when walking over a rigid floor.

It is the objective of the current paper to present a concept
for estimating power transfer between the human body and the
environment during free motions, using sensors on the inter-
face, not requiring measurement systems in the environment,
and to experimentally demonstrate this principle. A preliminary
version of this work has been reported [45].

II. METHODS
A. Estimation of Power and Work

In the mechanical domain, power transfer P between two
bodies is given by

P=F.-+M-&. (1)

The first term represents the power transferred by displace-
ment, equal to the inner product of force F and velocity U
measured in the same coordinate system. The second term rep-
resents the power transferred by rotation, given by the inner
product of moment M and angular velocity &, also measured in
the same coordinate system.

Moment and force can be measured using a 6 DOF force
and moment sensor and angular velocity & using a 3-D rate
gyroscope. The essential difficulty is to estimate 3-D velocity
during free motions using merely body-mounted sensors. We
propose to estimate velocity from accelerometer measurements.

A 3-D accelerometer senses the difference between inertial
and gravitational acceleration (@ and g, respectively):

5, =ad—g. 2)

3-D velocity ¢’ can be obtained through integration of ac-
celeration @, which can be estimated from the accelerometer
signals S, by adding the gravitational acceleration g. Since §
is directed vertically and has a constant and known modulus
on a certain place on earth (approximately 9.81 m/s?), it can
be added when the inclination of the sensor coordinate system
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(the orientation relative to the vertical) is known. Luinge and
Veltink [33] have shown that inclination and accelerometer off-
set can be estimated from the 3-D accelerometer signals during
human movements using an adequate Kalman filter, the inertial
acceleration being modeled as a disturbance. The expected ac-
curacy of this estimation depends on the size of this disturbance
relative to the gravitational acceleration. When adding a 3-D
angular velocity sensor (rate gyroscope), the full 3-D orienta-
tion can be estimated more accurately, leaving only drift around
the vertical [34]. However, errors in the orientation estimation
are still correlated with errors in the estimates of velocity and
change of position, since the accelerometer as well as gyroscope
signals are used in both estimates. For this reason, it is best to
use gyroscope measurements only for orientation estimation and
accelerometer measurements only for subsequent estimation of
velocity and displacement [38], [46]. Due to the required inte-
gration, the orientation estimation obtained using gyroscopes is
only accurate if the initial orientation is known and indepen-
dent orientation information is available at regular periods of
time [38], [46]. It should be noted that a similar requirement
applies for estimating velocity and position from accelerometer
measurements. This approach has been successfully applied in
estimating orientation and relative positions combining inertial
measurements with regular updates from magnetic actuation
on the body [38] and for estimating foot movement during the
swing phase of gait, applying known initial and final conditions
during subsequent stance phases [43]. It is also the approach
taken in the current study, assuming power transfer is to be es-
timated during relatively short interactions between body and
environment, and initial and final conditions are given, e.g., ini-
tial and final velocities zero, and initial and final inclinations
known or measured independently.

Thus, orientation is obtained by integration of angular veloc-
ity, solving the following differential equation [47]:

R§ = R§®3 . 3)

With Rgf being the sensor orientation in global coordinates,
represented by a rotation matrix, expressing the sensor coor-
dinate frame Vg in the global coordinate frame Y. R(S; is
a matrix containing the time derivatives of all components of
RS, which can be integrated to find Rg as a function of time.
‘:’g.c is the angular velocity measured by the rate gyroscope
sensors, represented by a skew—symmetric matrix, expressing
the angular velocity of frame Wg with respect to U« in frame
\I/S:

. 0 —w, Wy
LDS,G = Wy 0 —Wy . (4)
—wy Wy 0

The global coordinate system Wg was defined to be identical
to the sensor coordinate system W at start time ¢, the z-axis
being vertical. This corresponds to the initial rotation matrix
Rg (to) being equal to the identity matrix, thus specifying the
initial orientation required for solving differential equation (3).
No assumption was made for the final orientation RS (. ).

Using the estimated orientation as a function of time, the
accelerometer signal 8, (¢) is expressed in global coordinates.
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Velocity is subsequently estimated by integrating acceleration
@® after adding §¢ to the accelerometer signal 5 (¢) (2):

act)=3%1t)+g° ()

77 (t) = 7% (ty) + / t ac(r)dr. (6)

to
This velocity estimate is corrected by applying information
about end velocity 7' (t,):
t—tp
te — 1o

T =T (1) + (@ (te) =T (te)). (D
In the current study, begin and end velocities ¥/ (¢y) and
7% (t.) were both equal to zero.
Finally, work performed can be estimated by integrating
power over time:

T
W (T) = /O P(t)dt. )

In order to calculate power according to (1), either velocity
¥(t), available in global coordinates, needs to be expressed in
sensor coordinates or force ﬁ(t) is to be expressed in global
coordinates using orientation estimates at any time ((3) and
(4)). Moment M (t) and angular velocity &(t) are both readily
available in sensor coordinates.

B. Experimental Methods

The feasibility of the proposed method of power and work
estimation for relatively short interactions between the human
body and a load was tested experimentally for mass and spring
loads. The experimental setup is depicted in Fig. 1. It consisted
of a handle, instrumented with a 3-D inertial and magnetic sen-
sor unit (MTx, Xsens Motion Technologies) rigidly and closely
connected to a 6 DOF force/moment sensor unit (ATI-Mini45-
SI-580-20, Schunk GmbH & Co. KG). The acceleration range
of the MTx sensor was 100 m/s’, the angular velocity range
was £1200°/s. The force sensing range of the ATI mini sensor
was +580 N in z- and y-directions and +1160 N in the axial
z-direction. The moment ranges were 20 Nm in all three di-
rections. The force/moment sensor unit was mounted between
handle and load, measuring the force and moment that both
bodies exerted on each other at the interface.

The mass load had a mass of 9.37 kg. It was repeatedly lifted
from the ground onto a 0.75 m high table, accounting for a po-
tential energy change of 68.9 J. The movements were varied,
allowing for minimal rotation of the mass during the transi-
tion (condition a), applying minimal moment to the handle and
allowing pendulum-like movements during the transfer (condi-
tion b), and transfer under tilted condition (condition c¢). The
horizontal displacement varied between 0.3 and 1.0 m.

The spring load was an extension spring (Tevema T39210)
with a spring constant of 87.9 N/m and a zero force length of
1.0 m. The lower end of the spring was attached to a vertical iron
construction beam 0.15 m from the ground, the other side to the
instrumented handle. The handle could be secured to either of
two hooks fastened to the construction beam at different heights
with respect to the ground: 1.85 and 2.34 m. The handle was
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(b)

Fig. 1. Experimental setup: instrumented handle loaded by (a) a mass or (b)
an extension spring.

repeatedly moved from the lower hook, extended, and secured to
the upper hook (condition d), accounting for a potential energy
difference of 10.1 J. Condition a was repeated 19 times and
conditions b—d were repeated 20 times.

III. RESULTS

Example results of the mass and spring movement trials are
shown in Fig. 2(a) and (b), respectively. The presented trials
were performed under conditions b and d. For each condition,
the sensor signals (acceleration, angular velocity, force, and
moment), reconstructed linear and rotational movements, trans-
lational, rotational, and total power and work performed are
presented. Under all conditions, the rms value of the rotational
power was negligible in comparison to the rms value of the
translational power (Table I).

The mean inclination was 0.06 £ 0.01 rd for condition a,
0.39 + 0.03 rd for condition b, and 0.33 £ 0.09 rd for condition
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Fig. 2. Example measurement results for (a) a mass movement trial under condition b (mimal moment applied to the handle) and (b) a spring movement trial
under condition d (extension of the spring from the lower to the upper hook). Shown are the measured signals @, &, F, and M, the derived kinematic signals
and 7 = (z,y, z), the calculated power transfer P, work W, and the trajectory of the mass or end-of-spring position. The trajectory plots depict the mass or
end-of-spring position every 100 ms by a filled circle and the applied force by a directed line element, of which the direction represents force direction and length
the size of the force. The x-components of the measured and derived kinematic signals are depicted by solid, y-components by long-dashed, and z-component by
short-dashed lines. The total power is depicted by a solid line, the rotational power by a long-dashed line, and the translational power by a short-dashed line. Since
the rotational power is nearly zero, the translational power almost coincides with the rotational power under both conditions.
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TABLE I
TRANSLATIONAL AND ROTATIONAL POWER EXERTED FOR THE MASS AND
SPRING MOVEMENTS
Movement RM.S RMS
Load condition translational rotational
power (W) power (W)
Mass a 405+43 0.1£0.0
b 554+7.1 1.1+£0.3
c 273+3.7 12+£03
Spring d 59+1.0 02+0.1
TABLE II

ESTIMATED WORK AND HEIGHT DIFFERENCE FOR MOVING A MASS ONTO A
TABLE AND LENGTHENING A SPRING

Load Movement Duration Estimated work Estimated height
condition (s) ) Error (%) (¥102m) Error (%)
Mass a 33£03 682+14 -1.1+21 758+£1.0 1.1+£14
b 35£02 674+30 -22+43 693+£27 -76+36
c 46+06 681+36 -1.1+53 779+23 39+3.1
Spring d 42+09 105+1.0 38+94 486+32 14+6.7

c. These mean inclinations were all significantly different from
each other (one-way ANOVA with post hoc multiple compar-
ison, a = 0.05), indicating that the movement conditions a to
¢ were indeed implemented with different rotations as planned.
The movement durations were significantly different between
condition ¢ and conditions a and b. The movement durations un-
der conditions a and b were not significantly different from each
other (one-way ANOVA with post hoc multiple comparison,
a = 0.05).

A summary of the estimated work and change of height for the
mass and spring loads is given in Table II. The work performed
was estimated on the basis of kinetic and kinematic sensor infor-
mation (1), (3)-(8). The change of height was estimated using
the kinematic sensors only (3)—(7). The error in the estimated
work was calculated by taking the difference with the actual
potential energy change derived from the independently mea-
sured height change. The error in the estimated height change
derived from kinematic sensor information was calculated by
comparison with the actual height change. We answered the
question whether there were differences in accuracy between
the estimates of performed work and height change (columns 5
and 7 of Table II) by testing the hypothesis that both estimates
resulted in the same percentage error (t = test, & = 0.05). This
hypothesis was rejected for movement conditions a, b, and ¢
(mass load) but not for condition d (spring load). For the mass
movements, the percentage error of estimated work was not sig-
nificantly different between the three movement conditions a, b,
and c, while the percentage error of the estimated height change
was significantly different between all three conditions (one-
way ANOVA with post hoc multiple comparison, o = 0.05).

IV. DISCUSSION

We have demonstrated the proposed concept of sensing power
transfer for relatively short free movements using kinematic
and kinetic sensors on a handle between the human body and
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the environment. The estimated performed work was accurate
within 4% for varying movements with net displacements and
varying loads (mass and spring).

In the tested loads, the height change could be estimated both
from kinematic information and the work performed, since the
loads were conservative. It should be noted that in many po-
tential applications of power sensing, the loads are unknown
or may have dissipative components, which may not allow for
estimation of height or length change from performed work.
In these cases, displacement is to be estimated from the kine-
matic sensor information only, and performed work can only be
estimated by integrating estimated power transfer.

We have to consider that the estimation accuracy for displace-
ment as well as power transfer and performed work may depend
strongly on the complexity and duration of the movements. In
our experiments, the error in the estimated work did not dif-
fer significantly between movement conditions a—c despite the
fact that these movement conditions corresponded to different
movement types (condition a: minimal rotation, b: pendulum-
like movements, c: tilted mass), associated with different mean
inclinations and different durations of the movements. The error
in the estimate of the height change, in contrast, was significantly
different between the three movement conditions. This may be
due to the fact that estimation of the scalar quantity power
by the nonlinear inner product operation (1) is only sensitive
to errors of the velocity component in the direction of force,
while the complete error in the vector quantity velocity influ-
ences the estimation of position change, of which subsequently
only the z-component is used as the estimate of height change.
Especially, under condition b, relatively long movement trajec-
tories were realized with constantly changing orientation. This
induces larger errors in the estimation of position change than
under conditions a and ¢, which corresponded to considerably
shorter movement trajectories and minimal or noncontinuous
change of orientation.

The movements evaluated in our experiments all had a rel-
atively short duration of several seconds (see Table II). The
error in estimated work and height change is expected to in-
crease for longer lasting movements, due to integration errors.
Fortunately, human interactions with the environment are in
many cases relatively short or have a cyclical nature. A priori
information about the movement can be taken into account to
improve the estimates of displacement and power transfer. In
the current study, we have used initial and final zero velocity
(6), (7) and initial orientation (3). If final orientation would be
used as an additional constraint, the orientation and position
estimates would further improve. However, the application of
additional constraints restricts the applicability to more specific
cases and errors are made if the constraints are not satisfied in
actual movements.

The errors of the performed work and height changes were
relatively low despite the relatively large range of the force
sensors used: the ATI mini sensors had a range of 580 N
in z- and y- directions and £1160 N in the axial z-direction,
while the forces required to move the 9.37 kg mass load were
below 200 N and for the spring even below 50 N [Fig. 2(a)
and (b)]. The sensed force, and therefore estimated power and
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work, could have been more accurate if force sensors were used
with a smaller range in the order of the expected forces: in
the current study, the offset force before and after the mass
movement trials (unloaded handle) differed 4.5 + 1.6 N for
condition a, 2.3 £+ 1.6 N for condition b, and 0.5 &= 0.5 N for
condition c. Larger relative errors in the force exerted in the
spring movements as compared to the mass movements may be
the reason for the larger percentage error in the estimated work
for the spring (movement condition d) than for mass movements,
while the movement duration under condition d was comparable
to condition c.

For the performed movements, the rotational power trans-
fer was considerably smaller than the translational power (see
Table I) and can, therefore, be neglected. When measuring at
the interface between body and environment, the translational
power transfer is always expected to be dominant. Even when
generating torques, for example, by the hand, the effort is trans-
ferred to the environment by interface forces. Such sensing sys-
tems at the body surface consequently do not need to incorporate
3-D moment sensing. 3-D angular velocity sensing is, however,
desirable, since it can improve the orientation estimation, which
is an essential prerequisite for accurate estimation of acceler-
ation. Estimation of acceleration requires accurate subtraction
of gravitational acceleration from the accelerometer signals (5).
For this purpose, the orientation of gravitational acceleration in
sensor coordinates need to be known accurately at any time. It
should be noted that the angular velocity may not need to be
sensed on many places dispersed over the contact area of a hand
or foot but merely at a single position, assuming that the angular
velocity is approximately the same for the whole contact area.

The experimental setup used in the current study does not ap-
ply kinematic and kinetic sensors at the interface between body
and environment, since it was merely meant to demonstrate the
principle of power transfer sensing during free motions. How-
ever, kinematic and kinetic sensing at the surface of the body
is potentially feasible when using matrices of miniature sensing
systems of 3-D force and acceleration, spread over the contact
area of body and load [48]. Power is transferred in most cases
via the hands or feet but also sometimes via the trunk, pelvis,
and thighs. It should be noted that for the purpose of estimating
power transfer to the environment, only those body areas need
to be measured that experience nonzero interaction forces and
have a nonzero velocity in global coordinates. If the body moves
with respect to an environment that moves at a constant speed,
for example during cycling, the global coordinate system may
of course be chosen fixed to that environment.

Apart from using measured force, moment, velocity, and an-
gular velocity for the estimation of power transfer between body
and environment (1), these quantities also provide information
about the dynamic characteristics of the load as well as of the
human body. The dynamics is in fact defined as the relation
between both effort and flow variables, respectively, force and
velocity. In general, it will not be possible to identify the dy-
namics of both bodies in their complete working range, since
they are physically coupled during the interaction and, therefore,
have a joint dynamics. Consequently, the joint movements and
interaction forces have to satisfy the dynamics of each of both
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bodies and both bodies will not be persistently excited in their
full individual working ranges, which is a prerequisite for ade-
quate identification. Still, the relation between interaction force
and movement can result in useful characterization of the dy-
namics of one or both bodies. For example, the relation between
interaction force and movement can indicate whether either or
both of the bodies mainly appear to be of inertial, elastic, or
dissipative nature in the range of use. If any of these natures is
dominant, the approximate apparent mass, stiffness, or damping
can also be derived.

In addition to the analysis of mechanical performance in er-
gonomics and sports, the ability of the human neuromuscular
system to adapt to the large variety of loads encountered in daily
life may be assessed from the measured interaction forces and
movements. Under healthy condition, humans can adapt their
reflexive motor control flexibly and optimally to such varying
loads, but patients with central neural disorders like stroke are
not able to do so [49].
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