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Abstract— Biomechanical energy harvesting can provide an
attractive alternative for powering portable electronics, such as
laptops and mobile communication devices. This unique type
of energy is particularly advantageous to those who do not
have direct access to the utility grid for extended periods of
time. This paper presents an innovative biomechanical energy
harvesting system based on the regenerative braking concept
applied to the human natural motion. To determine the optimal
braking profile, previous studies used an offline procedure based
on constant external load to determine the optimal braking
profile. The new concept of this paper continuously optimizes the
maximum amount of energy that can be extracted during human
motion while minimizing the subject’s effort (metabolic rate).
This is achieved by an energy harvesting system equipped with
a programmable braking profile and a unique power extraction
algorithm, which adaptively changes the braking profile to obtain
the optimal ratio of energy to effort. These are facilitated by
a brushless dc generator that is connected to boost converter.
A digital current-programmed control of the boost converter
enables an adaptive torque variation according to biofeedback
(the measure of effort) and electrical feedback. This paper focuses
on the human knee joint as the energy source, since most of this
joint’s work during level walking is negative (muscles are acting
as brakes). Since this paper is preliminary and more oriented
to the novel concept of adaptive profile and optimal power
extraction, the operation of the energy harvester is demonstrated
on a full-scale laboratory prototype based on a walking emulator.
Initial experiments on human subjects have been initiated and
are also reported. The results exhibit ultimate power extraction
capabilities as well as adaptation to the walking pattern.

Index Terms— Biomechanics,
control.

energy harvesting, optimal

I. INTRODUCTION
ITH the increasing use of portable -electronics,
Wthere is a growing demand for portable, preferably
renewable, sources of power. An emerging technology is
biomechanical energy harvesting [1]-[8]. This technology uses
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TABLE I
TYPICAL ACTIVITY OF DIFFERENT JOINTS PER SINGLE STEP

Joint Work  Power  Max. Negative Negative
7] [W] Torque Power [%] Power [W]
[Nm]
Heel 1-5 2-10 50 1-5
strike
Ankle 334 66.8 140 28.3 19
Knee 18.2 36.4 40 92 335
Hip 18.96 38 40-80 19 7.2
Elbow  1.07 2.1 1-2 37 0.8
Shoulder 1.1 2.2 1-2 61 1.3

human natural motion, e.g., walking, to generate energy. The
motivation of this approach stems from the fact that the
average energy density of food is 35-100 times higher than
batteries. Moreover, during a day of activity, a person uses
~10.7 MJ [3] of energy. To store this amount of energy using
batteries, a bank of ~20 kg is required. Harvesting small
amounts of this energy, without affecting the motion, can
power or recharge portable devices. As a consequence, the
weight of batteries may be reduced, and extended operational
time between utility grid charges is achieved. Potential usage
of such technology is aimed for travelers and hikers, who cover
extended distances with limited supply, assistance in disaster
areas, and military.

During a single step of a human subject, the muscles
perform both positive work to generate forward motion and
negative work to absorb residual kinetic energy and control the
motion [9]-[11]. Similar to the concept of regenerative braking
in electric vehicles [1], to perform the required negative work,
the kinetic energy can be converted into usable energy using an
electric generator. Otherwise, the energy is dissipated entirely
as heat within the body by pure muscle effort [12]. In this
context, the knee joint stands out of all the other body joints
(Table I) with the highest negative work of 33.5 J per step for
both knees for 80-kg subject walking on a plane surface at a
normal speed (~1 Hz) [3].

The common terminology to quantify the efficiency of
harvesting is by the cost of harvesting (COH) [1], which is
defined as the ratio between the difference in the metabolic
energy of walking with the device when harvesting and when
disengaged mechanically (A metabolic energy) and the differ-
ence of extracted electrical energy with and without harvesting
(A electrical energy)

COH — Ametabolic energy

ey

Aelectrical energy
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Fig. 1. Block diagram description of the interaction between a human
subject and the electromechanical harvester. The harvester is managed by a
microcontroller unit which receives control information from both the human
and the harvester.

The goal of efficient harvesting is to reduce the COH as
much as possible, i.e., to increase the metabolic efficiency of
the human walking. This is done by optimizing the portion
of harvested electrical energy from negative muscle work.
Naturally, if the extracted energy exceeds the amount of neg-
ative work available, the motion is disrupted, and the subject
has to perform extra (positive) work to maintain balance.
Therefore, at all conditions, the braking torque applied to the
joint must be smaller than the joint muscle natural torque (i.e.,
torque perform by the knee during walking with no device).
Furthermore, matching the braking torque to the natural joint
torque does not yield the best results [3]. In this case, all the
human motion is controlled by the device, while the muscles
are not active, which is not feasible for able-bodied humans
(i.e., without disability). The subject of applied torque profile
that yields the best COH results is still an open subject in
the biomechanical community and is beyond the scope of
this paper.

Previous studies on biomechanical harvesters have reported
power output range of up to ~8 W [1], [3]-[8], [13]-[19].
Therefore, systems were designed to achieve maximum energy
at a given level of effort. A true regenerative system that
extracts and stores the energy as well as optimizes the COH
has not been reported hitherto.

The objective of this paper is to introduce a biomechan-
ical energy harvesting system that minimizes the walking
effort (COH) of a human subject by applying a regenerative
braking operation without interference to the subject’s motion.
As a result of the regenerative braking action, usable electrical
energy is gained that can further save on weight to be carried.
This is achieved by a minimization algorithm that controls the
harvesting system and adjusts the torques profile to achieve
the lowest COH at a given set of conditions. This is required
since the optimal braking torque that will produce the lowest
COH varies from one subject to another, type of surface,
motion pace, and more [20]. The preliminary work, originally
presented in [21], has been expanded in this paper by in-depth
theoretical analysis and initial experiments on human subjects
by a custom-made knee brace setup.

The closed-loop harvesting system is conceptually shown
in Fig. 1. It consists of a generator to convert motion into elec-
tricity, a boost converter that operates in a current-programmed
mode to achieve the desired torque pattern, while extracting
energy, and a storage unit (battery plus charger). An additional
feedback loop is added to track the optimal COH point.

The performance of the tracking system, to-date, is examined
using a walking emulator, and the information of the COH
is synthesized into the system. It should be noted that all
experiments on human subjects were approved by the
Ben-Gurion University of the Negev Human Research
Institutional Review Board and were carried out on a mon-
itored treadmill, having all participants’ written consent. The
results of energy harvesting with human subjects are currently
demonstrated, as prescribed by the commission, without active
(closed loop) tracking procedure.

II. KNEE JOINT AS A POWER SOURCE

In human walking, the knee joint performs a periodic motion
where a single step is defined as a period. Fig. 2 shows a
typical knee-joint activity during a period, for the values of
[Fig. 2 (top to bottom)]: 1) angle (zero represents a straight
leg position); 2) velocity; 3) torque; and 4) power [3]. The
period is separated into four sections according to flexion
and extension of the knee (J1-J4). As can be observed from
Fig. 2, by calculating the instantaneous product of the applied
torque on the joint and the velocity, the areas of negative work
can be identified, and these are marked as K1, K3, and K4.
As a result, the knee joint can be considered as a
low-frequency pulsating power source with relatively low
angular speed (<5 rad/s).

Direct measurement of the knee-joint torque is not feasible,
and methods for estimating the knee net muscle torque require
equipment that is complex and hard to fit on the knee.
Therefore, an alternative approach based on the information
of the joint angle and the rotation velocity is taken to
identify the regions J1-J4. The joint rotation velocity can
be extracted by taking the derivative of the angle. In this
way, only one sensor of the joint angle is required. This
approach is based on the observation that each section of
negative work ends at zero velocity and different joint angles
for each section [20]. Using this information, an algorithm
that identifies the particular portion of the step has been
developed.

An algorithm for identification of J1-J4 is realized by
detecting the zero crossing instance of the velocity curve (e.g.,
transition from negative slope to a positive one), and capturing
the angle value at this instance. The maximum angle value of
all zero crossing points would correspond to the beginning of
section J4. Since the angle value of J4 is significantly higher
than in the other sections, the identification of J4 is simplified
and is obtained by comparison against the angle median value
rather than a maximum search. Once J4 is identified, the other
sections are easily obtained by the zero crossing detection,
given a periodic walking pattern.

Since the walking profile may vary, a refinement of the
detection procedure is facilitated by an adaptive algorithm
in which the system is learning the walking profile of the
subject. This adaptive process is explained in more detail by
the flowchart of Fig. 3. At system boot, a straight leg and a
starting point at J1 section are assumed as well as an initial
joint angle median. In the first periods (several walking steps),
the system does not perform harvesting and is dedicated for
learning the walking pattern of the subject. The process of
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Fig. 2. Physical parameters for a knee joint for one rotation cycle. Top to bottom: angle, velocity, torque, and power. The knee movement can be divided
into four characteristic segments J1-J4, portrayed on top. Areas with negative work are marked as K1, K3, and K4.
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Fig. 3. Adaptive algorithm to obtain the knee-joint position through time.

joint angle median refinement is iterative and is updated every
period. It can also be seen from Fig. 2 that only a portion of the
sections J1, J3, and J4 have negative work. Therefore, to avoid

inducing torque on the subject at false location, once a region
that contains negative work is detected (e.g., J4), the system
monitors the rectified generator voltage (which is proportional
to the rotation speed in a synchronous brushless machine)
and triggers the harvesting command when it has reached
a programmable threshold, relative to the maximum voltage.
This ratio has been selected from experimental joint data
mining by a trial and error procedure which has been found
suitable to accommodate the power stage practical limits while
maintaining smooth walking pattern. The angle median and
the voltage threshold values are updated every period with the
detection of J4.

III. HARVESTING SYSTEM

The electromechanical system used in this paper consists
of a walking emulator (that will be replaced by a knee brace
for experiments on human subjects’), configured to emulate
knee motion and assembled, such that the knee motion drives
a gear train through a unidirectional clutch, transmitting only
knee flexion motion to a brushless dc (BLdc) generator [22].
A simplified block diagram of the electrical harvesting system
is shown in Fig. 4.

The three-phase BLdc generator is followed by a rectifier.
The rectifier is constructed by a three-phase bridge topology
that can facilitate either passive or synchronous rectification.
The passive mode comprises a classic three-phase diode
bridge. The main advantage of this rectification type is its
simplicity, i.e., it does not require active control or sensors for
operation.

Synchronous mode rectification utilizes a three-phase
transistor bridge configuration. Therefore, the transistors are
commutated according to the states of Hall effect sensors,
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Fig. 4. Block diagram of the hardware for the energy harvester.

embedded in the BLdc generator. The latter is generally
preferred if the generator is rated for low voltages, where
the diodes’ voltage drop becomes a dominant loss contributor.
To reduce the losses during synchronous rectification, the
Hall effect sensors are powered only during active harvesting
periods.

To enforce a desired braking profile on the BLdc generator,
an average current-controlled boost converter is employed.
This is enabled by the linear relationship between the BLdc
generator current and the induced resistive torque [22], [23].
A current sourcing behavior is vital, since the generator output
voltage and the required resistive torque are not directly
linked, as shown in Fig. 2. The boost converter output is
linked to a capacitive energy bank to filter the low-frequency
discontinuous current caused by the human walking profile,
and to provide dc voltage with acceptable ripple for the
power consumer. To demonstrate the practical utilization of
the harvested energy, an off-shelf Li-ion battery charger is
used as a generic load.

In the context of this paper, it is important to demonstrate
the capabilities of the harvesting system to extract all the avail-
able power from negative work (within the limits that prevent
convenient walking profile as described earlier), regardless of
the load state or the instantaneous consumption of device
specific load. Since a specific load-oriented voltage control
loop has not been realized, and to prevent overvoltage when
unloaded, a dumping resistor with autonomous control is used.
By doing so, any generic load (battery charger in this case)
can be connected without any need to change or redesign
the system. Furthermore, the system is self-contained as the
output, linked by the boost’s diode to the generator, serves as
the power source for the controller and peripherals.

The power harvesting system is digitally controlled. The
system operation concept is described by the flowchart
in Fig. 5. The controller operates in one of two modes:
1) wake-up and 2) free-run. In the wake-up mode, the system
does not actively harvest energy, and the BLdc generator
voltage breaches the rectifier diodes and charges the output
energy bank with minimal amount of energy. This energy is
used to power up the microcontroller. In the first three walking
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Fig. 5. Average current mode boost with generic braking profile.

steps, the microcontroller works in low-power mode while
learning the subject walking profile.

The free-run stage has two modes of operation: 1) harvest-
ing; and 2) no-harvesting. The no-harvesting mode is similar
to wake-up phase, the power stage is set in sleep mode, and
the microcontroller is programmed to wake up every 8.25 ms
and sample the knee-joint angle to keep track on the key
parameters (angles, speed, and knee position in step period)
while looking for the areas of negative work. The difference
between the wake-up phase and the no-harvesting mode is the
communication with external systems (e.g., metabolic cart),
where the system periodically monitors the data on the amount
of harvested energy and checks if new user metabolic rate data
are available.

Once a negative work area has been detected, the system
shifts to harvest mode. Here, all system resources are activated,
the generator’s Hall effect sensors are turned ON, and the
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rectifier operation is set for synchronous switching. Average
current-programmed mode operation forces the boost average
inductor current to follow a specified braking profile (REFk;)
that is constructed, in this paper, from two arrays named base
(BASEk;) and delta (DELTAk;), for each negative working
area (K;) (Fig. 6).

The base array contains an initial generic current profile that
allows energy to be harvested from a subject without affecting
user’s natural motion. This array is loaded to the reference
profile during system boot

REFg, (n) = BASEx, (n) 2)

where n is the array cell index and i is the index of the
Kth section.

To allow online adjustment of the braking profile, i.e.,
shaping the current pattern, the current reference to the boost
controller (REFg;) is constructed by the summation of the
reference and the delta arrays and can be expressed as

REFk, (n) = REFk, (n) £ DELTAk;, (n). 3)

As opposed to the base array which is fixed, the delta
array can be updated on-the-fly. As a result, a flexible current
reference of any shape and magnitude may be applied on
the subject for evaluation and further optimization of the
harvesting. It should be noted, however, that to-date, the issue
of the optimal harvesting profile is still an open issue in the
biomechanical community. Therefore, the emphasis in this
paper has been on shifting the generic base profile, rather than
realizing various braking profiles.

Following the current profile, the harvested energy is trans-
ferred to an energy bank (capacitor C). The sizing of C is
obtained, such that when unloaded, an entire step of maximum
harvested energy (Ejp,,,,) can be stored while remaining within
a predefined voltage swing { Viin, Vmax } by

C= 2Einmax/(Vr121ax - Vnzlin)' @

The designed boost converter has a practical voltage gain
limitation of approximately 7-8; therefore, the upper voltage
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bound of the energy bank sets the converter minimum oper-
ating voltage. Since the region detection procedure already
monitors the generator voltage (for harvesting on negative
work regions), the minimum operating voltage serves as the
minimum threshold to trigger harvesting.

Since the information of the input voltage and the current
is readily available and is required for the COH minimization
routine, the controller calculates the amount of harvested
energy over a single step as follows:

Eingy = D Vin(n) lin(n) AT (5)

where AT is the time between samples, and Vi, and I,
are the input voltage and the current to the boost converter,
respectively.

IV. OrPTIMAL COH TRACKING ALGORITHM

In theory, harvesting small amount of available negative
energy should reduce the metabolic rate, in comparison with a
case of carrying the harvesting device but not harvesting [12].
On the other hand, harvesting more than available negative
energy would increase the metabolic rate. Furthermore, even
in the case that exactly all the negative energy is harvested,
then the metabolic rate would increase [3]. In such case, the
device will perform all the joint control, and the human must
not resist the forced action, i.e., not apply his knee muscles at
all. Therefore, a reasonable conjecture is that there exists some
level of support (harvesting during negative phase) that will be
optimal. However, this optimal level has not been established
yet by the biomedical community.

Following these arguments, a conjecture made in this paper
is that a global minimum exists for the COH function of (1),
and the object of the algorithm is to converge into this target
point. The COH minimum location or value may vary from
one harvesting profile to another, but it always exists. There
might be a case that a braking pattern yields higher extracted
energy than another (lower COH); however, this issue is still
an open subject and is beyond the scope of this paper.

To facilitate easier realization of the COH tracking
algorithm, and without losing generality, this paper expands
the COH function of (1), so that (A metabolic energy) and
(A electrical energy) relate between the difference of a
present (j) and previous (j — 1) obtained measurement (instead
of active and inactive harvesters). Equation (1) can now be
rewritten as

(metabolic energy); — (metabolic energy);_i

COH, = ©)

(electrical energy); — (electrical energy);—i |

By doing so, the well-known maximum power point
tracking algorithms can be adopted and implemented with
readily available information. The algorithm that is selected to
track the optimal COH is a modification of the hill-climbing
concept [24]. Therefore, in case that the COH result is nega-
tive, the harvested energy is smaller than the optimal one, and
the reference current profile is increased. On the other hand,
when the COH is positive, the harvested energy is higher than
the optimal amount and the reference is decreased (Fig. 7).
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REFk; (5) can then be adjusted according to
REFK[’]' = REFK‘.’]',] — sign(COHj) X DELTA[(i. (7)

V. EXPERIMENTAL RESULTS

To test the harvesting system and the optimal COH tracking
algorithm in an isolated environment, a knee-movement emu-
lator has been constructed. A photograph of the experimental
setup is shown in Fig. 8. Fig. 9 shows a schematic block
diagram of the system. The knee emulator has been custom
constructed to integrate the exact specifications of the real
knee brace and generator, and is driven using an off-shelf
servo motor (Emerson Control Techniques). To increase the
resolution and match the output torque of the human knee,
a 10:1 gear train is added to the emulator motor before the
mechanical hardware of the harvester. Knee-joint angles that
correspond to human walking pattern were then programmed
into the servo motor controller using a lookup table, factorized
according to the gear train.

The experimental data of the emulator controller and the
power stage have been viewed and recorded by the oscillo-
scope and the MATLAB. Since the device is not tested on
human subjects, the metabolic rate data have been synthesized
by the MATLAB script, where the metabolic energy curve was

TABLE II
PARAMETERS OF BLdc GENERATOR [25]

Nominal voltage 18V
No load speed 6710 rpm
No load current 294 mA
Nominal speed 5250 rpm
Nominal torque  96.9 mNm
Nominal current 3.54 A
Terminal resistance phase to phase  0.413 Ohm
Terminal inductance phase to phase  0.322 mH
Torque constant  25.1 mNm/A
Speed constant 380 rpm/V
Rotor inertia 135 gem?2

created as a parabola function of averaged electrical harvested
energy (Eip, ). The microcontroller transmits (through serial
communication) to the PC the value of Ej,,, and receives back
the appropriate metabolic energy.

The key parameters of the BLdc generator used in the
experimental setup (MAXON EC-45 flat) have been sum-
marized in Table II [25]. Additional key components of
the system were: 1) microcontroller: PIC24FJ32GA102 [26];
2) auxiliary power supply: LTC3115-1; 3) energy bank: 12-mF
capacitor (limited using a discharge resistor within the limits
of 18-28 V); and 4) lithium-ion cell charger: LT3650-4.2.
The off-shelf battery charger has been modified to draw the
available amount of energy from the energy bank. This way
the battery is charged continuously in semisteady state as the
charging current fluctuates slightly according to energy bank
voltage. Charging operation interrupted only when the energy
bank voltage drops below the set minimum limit (Viip).
The boost input current measured with a resolution
of 8 mA (AT), which gives the system a virtual mechanical
resistance (i.e., braking) profile resolution of 16.6 mNm on
the subject joint. The profile update is synchronized with the
boost switching frequency (50 kHz) allowing a braking profile
time step resolution as low as 20 us (AT).

Figs. 10 and 11 show the operation of the harvesting system
by employing a constant torque (constant current) braking
profile. The results show that the experimental system follows
a given constant current reference profile, while harvesting
from pulsating source. The energy bank voltage stays between
the set limits, while the battery is charged continuously
with current slightly fluctuating according to the energy bank
voltage. Results of the optimal COH tracking algorithm as a
function of algorithm iterations are shown in Fig. 12, which
shows that the optimal COH point has been obtained within
few iterations of the tracking algorithm. The system efficiency
is shown in Fig. 13 as a function of the harvested power.

VI. VERIFICATION ON HUMAN SUBJECTS

To further verify the operation of the biomechanical energy
harvester and its compliance to human subjects, a full-
scale laboratory setup has been constructed, as shown in
Fig. 14. The setup consists of a customized knee brace, on
which the BLdc generator and the gear train are mounted to
(measured weight—1.5 kg), a computer-controlled treadmill
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(T2100 treadmill, General Electric Healthcare, USA), and an
indirect calorimeter (Quark cpet, COSMED, Milano, Italy) to
calculate the metabolic rate [27] for obtaining the COH. The
harvester’s electronic hardware has been wired to the generator
and located by the work bench to allow in situ measurements,
while the experiment is conducted. The knee brace has been
designed by a professional orthotist to enable free joint motion
and comfortably remain in place for prolonged use.

The experiment measured harvesting in four intensity
levels—0%, 15%, 30%, and 50% of the theoretical maximum
negative work. For each measurement, a participant walked for
12 min with the treadmill set to a speed of 4.68 km/h with no
gradient, then rested for at least 5 min. The 12 min were cho-
sen to allow for the participant to reach stable aerobic levels

- Heart-rate

\L__I feedback

5N

Fig. 13.  Snapshot during experiment on a human subject, showing the
laboratory setup.

and provide stable and consistent metabolic readings [1], [13].
The participants provided their full and informed consent by
signing an informed consent form approved by the Ben-Gurion
University of the Negev Human Research Institutional
Review Board.
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Fig. 14. Experimental waveforms from a human subject walking on the
treadmill. (a) Angle and identified J region. (b) Harvest current (defined
versus measured). (c) Input and output voltages of the power stage.

system efficiency with synchronous rectifier

90

©
o2

—

[0
[&2)

o)
~

Efficiency [%]
® ™
=)

~
o)
\\

~
[«2)

/

74‘}.6 1.8 2

2.2 24 2.6 2.8 3
Harvested Power [W]

Fig. 15. System efficiency (does not include mechanical system and battery
charger efficiencies) as a function of extracted power.

Fig. 15 shows the experimental waveforms of the walking
pattern. The measured knee angle is in good agreement with
the theoretical waveforms from Fig. 2, and the relevant regions
(J1-J4) are correctly identified. In addition, the given and
measured harvesting current profiles are presented, which
demonstrate the capability of the power stage to produce the
demanded torque for the experiment. Power consumption can
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Fig. 16. Results of initial experiments on human subjects as a function

of percentage of harvested power out of theoretical harvestable power.
(a) Power generated from both legs. (b) Change in metabolic rate in relation
to 0% harvesting. (c) COH with the minimum marked ~30%.

be observed on the storage capacitor, from external loading,
used to measure the produced power.

Further results of initial experiments for several subjects are
shown next. Fig. 16(a) reveals consistent increase in output
power as the harvesting profile is increased. Fig. 16(b) reveals
a measurable decrease in metabolic rate when harvesting
at 30% leading to a negative COH [Fig. 16(c)] for two subjects
and a clear minimum for all three. The noted offset in the
COH results from Subject 3 originates from mismatch between
the experimental knee brace and the subject’s leg. The results
of the initial experiments have reconfirmed the operation of
the harvester for profile learning and variable torque profile.
COH optimization experiments have yet to be conducted on
human subjects. It is noted that the effect of the added weight
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from the knee brace is not of consideration in this setup, since
the results are in relation to walking with the brace without
harvesting. The full set of results on these experiments is
beyond the scope of this paper and will be the subject of
further research.

VII. CONCLUSION AND DISCUSSION

An energy harvesting system with optimal energy harvest-
ing tracking algorithm has been presented. The experiments
showed that the power harvester features adequate dynamic
response with zero steady-state error. The optimal COH track-
ing algorithm has been demonstrated to successfully detect the
negative work areas and harvest the optimal amount of energy.

The concept of regenerative braking, commonly used in
electric or hybrid vehicles, has been adapted in this paper
to channel part of the negative energy invested by a human
subject during walking, into electricity. Ultimately, this has
been proven to reduce the metabolic effort of the subject
during walking.

In contrary to vehicle braking, where the braking action
is triggered by the user (by pressing the brake pedal),
a biomechanical harvester must be capable of detecting the
regions of negative work and applying the proper torque on
the system, such that the energy is extracted and, at the same
time, without interference to the natural motion. To this end,
an adaptive algorithm that learns the walking pattern and
estimates the harvesting profile has been developed.

The braking-harvesting action is facilitated in this paper
by the torque applied on the knee joint. This is realized by
a current-controlled boost converter that acts as a program-
mable load to a generator. In this context, a current sourcing
behavior is essential for proper operation, since the torque
of a synchronous machine is directly linked to its terminals’
current.

To generalize the harvester solution onto any subject,
walking profile, or duration, an optimal energy harvesting
procedure has been developed. Based on a biofeedback from
the user, the controller continuously optimizes the negative
work detection procedure and the harvesting profile, such
that the per-period COH is minimized. The results of the
experiment upon a test subject demonstrate the feasibility to
optimize the level of harvesting and find the minimum COH.
Results further show that the metabolic energy can be reduced
by the harvesting operation. This is also in agreement with
recent publication that tested several different levels of external
resistors to find the best COH [8].

This paper focused on the metabolic cost for generating the
energy, yet it is obvious that for such a device to be successful,
the mass of the device should be considered too. In [28],
an approach is presented to determine what kind of portable
power source should be considered (i.e., harvester or battery)
based on the effort required by the user in each solution. That
is, when both solutions provide the same amount of energy, the
user would prefer a solution that requires less effort (metabolic
cost). The effort for using the energy harvester is calculated
as the summation of efforts for both carrying the device
and the cost of generating the energy, whereas in the case
of batteries, the metabolic cost for carrying a battery mass.
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The findings in [28] show that a device with low mass
(few hundred grams) with low COH (less than 1) could provide
a good alternative to carrying batteries even if they produce
low electrical energy (~4 W). A future aim in this paper is
to improve the weight/power specifications of the harvester
which currently stand at 1 kg/15 W. This will be carried out
by reducing the weight of the brace.

The converter configuration, the control, and the track-
ing algorithm establish an infrastructure for future advanced
research of braking torque shapes on the optimal amount of
harvested energy and its effect on human subjects. Although
demonstrated on a knee-joint harvesting device with metabolic
rate as the human state parameter, the proposed approach can
be applied to other joints and different human state parameters
with some adjustments.
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