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Abstract—The authors describe a cooperative controller that
combines the knee joint actuation of an externally powered
lower limb exoskeleton with the torque and power contribution
from the electrically stimulated quadriceps muscle group. The
efficacy of combining these efforts is experimentally validated
with a series of weighted leg lift maneuvers. Measurements
from these experiments indicate that the control approach
effectively combines the respective efforts of the motor and
muscle, such that good control performance is achieved, with
substantial torque and energy contributions from both the
biological and non-biological actuators.

I. INTRODUCTION

A number of interventions have been developed to
facilitate legged mobility in paraplegics. Passive approaches
for legged mobility assistance include leg braces, knee-ankle-
foot-orthoses (KAFOs), and reciprocating-gait-orthoses
(RGOs). In an effort to improve upon these approaches,
researchers have used sources of power to facilitate legged
locomotion. Such sources of power can generally be
categorized as either metabolic or external. Specifically, a
number of researchers have investigated the use of functional
electrical stimulation (FES) to artificially control leg muscle
contraction, thereby utilizing the metabolic power supply of
the paraplegic subject to facilitate legged locomotion. Some
of the research efforts in this regard include [1-3]. Note that,
in addition to providing power for locomotion, FES-aided
gait has also been shown to provide a number of associated
physiological benefits, some of which include increased
muscle strength, increased bone density, decreased spasticity,
and improved cardiovascular health [4-6]. Despite this, FES-
based systems entail a number of challenges; most notably,
(1) in the absence of adequate sensory information muscles
are difficult to control, and (2) the rapid muscle fatigue
promote by the synchronous recruitment of muscle fibers
occurred in FES.

Rather than utilize the metabolic power source provided
by stimulated muscle, other researchers have developed
lower limb exoskeletons, which utilize external power (e.g., a
battery pack) to provide a source of motive power to facilitate
legged locomotion. Some of the efforts in this regard include
[7-15]. This approach avoids the controllability and fatigue
issues associated with FES, but such approaches do not offer
the physiological benefits associated with FES, and also
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forego the convenience of leveraging the metabolic power
supply.

In this paper the authors combine the use of an externally
powered lower limb exoskeleton with FES, such that the
resulting system maintains a high degree of controllability
and circumvents control problems associated with muscle
fatigue; while also leveraging the availability of the
metabolic power and presumably providing physiological
benefits associated with FES. The proposed approach is
somewhat similar to a hybrid FES approach as developed and
described by others, see for example [16-20], but unlike
previously described hybrid approach known by the authors,
this paper combines FES with a fully externally powered
lower limb exoskeleton. The authors describe the control
approach developed to coordinate the cooperation between
the stimulated muscle and the exoskeleton motors. The
cooperative controller was implemented in an experiment in
which the quadriceps of a paraplegic individual were
controlled in conjunction with an existing lower limb
exoskeleton as described in [13-15]. Specifically, the
cooperative controller coordinated the electrical stimulation
of the right and left quadriceps muscle groups in conjunction
with the respective knee motor of the exoskeleton, in order to
provide coordinated control of the respective knee joint. The
efficacy of the cooperative controller in combining muscle
and motor efforts is demonstrated as described in the results
section of the paper.

II. LOWER LIMB EXOSKELETON PROTOTYPE

The Vanderbilt exoskeleton [13-15] is a fully powered
lower limb orthosis, designed to allow a paraplegic user to
stand and walk. The 12 kg (26.5 1b) device has five links and
four articulations. The device is electrically actuated and it is
powered by a 29.6 V lithium polymer battery that is
contained in the hip piece of the unit. All the actuation and
power transmission is in the thigh links as well as the
electronics required for control. The exoskeleton is designed
to be used with standard forearm crutches (or a walker) and a
standard ankle foot orthoses (AFO).

III. COOPERATIVE CONTROLLER DESIGN

The essence of the control design is to use as much
muscle effort as possible, and then “fill in” the remaining
required joint torque with the externally powered joint
actuator. As described in prior publications, in the absence of
FES, the (externally powered) joint-level exoskeleton
controllers, incorporate a proportional derivative (PD) control
structure (see [14]). Assuming a constant stimulation
frequency sufficient to provide a fused contraction, the
nominal amplitude of muscle effort (i.e., strength of
contraction) can be modulated in an FES controller by
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controlling the amount of current (i.e., amplitude) and/or
pulse width of the stimulation waveform. Since the effect of
modulating these two variables is essentially the same, the
stimulation pulse width was held constant in this work, such
that the muscle effort was regulated by modulating the
stimulation amplitude.

In controlling muscle stimulation, one would ideally have
a model of the muscle, describing the dynamic relationship
between stimulation input and muscle torque output. Since
the control approach does not attempt precise control of the
muscle, and since the muscle is known to be characterized by
a highly time-varying component, the control approach used
here assumes a simplified description of muscle stimulation
dynamics, characterized simply by a time delay and gain, and
incorporates an adaptive control approach to effectively
estimate these parameters. As such, the cooperative controller
incorporates a gradient-based adaptive component that
estimates the gain and phase characteristics of the muscle,
and uses these estimates to adjust the relative magnitude and
timing of the muscle stimulation; relative to the torque
commands issued to the electric motor. A schematic of the
cooperative controller is shown in Fig. 1.
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Figure 1. Block diagram of the motor controller supplemented with
cooperative, adaptive control of FES.

Since, as previously mentioned, the control objective is to
use as much muscle torque as possible, we can alternatively
characterize the objective as minimizing the magnitude of
actuator torque effort. Thus, the controller is derived by first
establishing the cost functional
Tm?
where T,, is the joint actuator torque which is the quantity to
be minimized. The gain and phase of the muscle dynamics
are characterized by Kg and t respectively. Assuming the
cost functional is a differentiable function of these
characteristics, we can characterize the gradient of the cost
functional as

] p—
0(KS ’[)

Refemng to the system structure shown in Fig. 1, we can
write
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where T is the torque provided by the muscle, T, the net
torque at the knee joint, and Ty the joint torque disturbance

caused by any external loading. In Fig. 1, ¢; and c, are
conversion factors from current to torque and stimulation
level to torque respectively. Taking the partial derivatives of
Tm, as defined on the right of (3), with respect to the
parameters (K, T) we obtain:
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By replacing the previous result in (2) we find the appropriate
rate of change of Ky and t as a function of measurable
variables:
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which is an adaptation control gain that influences the rate of
adaptation.

IV. EXPERIMENTAL IMPLEMENTATION

The previously described control approach was
implemented on a paraplegic subject wearing the previously
described lower limb exoskeleton. These experiments were
conducted using electrical stimulation of the quadriceps
muscle, therefore only the knee joint utilized cooperative
control, and only when requiring a torque in knee extension
(i.e., the quadriceps cannot provide a knee flexion torque).
The subject was a T10 ASIA A (i.e., complete) paraplegic
male, was 36 years old, 9 years post injury, 1.85 m (6 ft 1 in)
tall, and weighed 73 kg (160 1b). All experiments were
conducted at the Shepherd Center in Atlanta GA USA, a
hospital specializing in spinal cord injury. All experiments
required the presence of a physical therapist, as per the
experimental protocol approved by the Vanderbilt
Institutional Review Board.

A. Electrical stimulation

Electrical stimulation was provided by a custom module
that plugs into the main exoskeleton control board. As
implemented, the same microcontroller that controls the joint
actuator also controls the electrical stimulator. The stimulator
provides a biphasic square-wave stimulation waveform. In
the experiment described here, the stimulation frequency was
set to a constant 50 Hz, and the pulse width set to 200 ps. As
previously described, the stimulation amplitude was set by
the structure of the adaptive controller. Note that, for safety
purposes the stimulation amplitude was saturated at 120 mA.
A pair of surface electrodes was placed on each of the right
and left quadriceps. The stimulation leads were run
proximally, through the waistband of the subject’s pants,
where they connected with mating leads from the previously
described stimulator.

B. Experimental setup

A series of trajectory-controlled leg lifts were used to
assess the efficacy of the cooperative controller to adapt to
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appropriate gain and phase parameters, and to provide
cooperative control under loading conditions. The adaptation
gain y. was set to 0.001 N/mA, and the control loop was
implemented at a sampling rate of 1 kHz. The PD control
gains at the knee joint were set to K, = 62 Nm/deg and K4 =
1.87 Nms/deg, which are appropriate gains for trajectory
tracking. For this assessment, the experiments were
implemented on the left leg. During the trials, the subject
performed a series of seated leg lifts while wearing a 2.75 kg
(6 1b) ankle weight. The knee joint was commanded to move
in a sinusoidal trajectory from a flexion angle of 50 deg, to a
flexion angle of 15 deg (where 0 deg would be a fully
extended knee). The sinusoidal trajectory had a 1 Hz period,
with a 5 s pause between each successive leg lift. For
comparison purposes during the experiments, the cooperative
controller with FES assistance was alternated each cycle with
control by the exoskeleton only (i.e., no FES applied).

V. RESULTS

The subject performing the weighted leg lift experiments
is shown in Fig. 2, while Fig. 3 and Fig. 4 show
corresponding data from the experiments.

Figure 2. Experimental setup for cooperative control of weighted leg lifts.

Knee Tracking Knee Tracking

Reference | |
Observed [— — — — — — o 55— — 7T

Reference |
Observed [— — — = — — -

Time (s)
FES Gain

Time (s)
FES Delay

Ks (mA/deg)

|
e i e e e
1 1 1 1 1
(] 100 200 300 400 500 600
Time (s)

Time (s)

Figure 3. Knee joint tracking (top) and gain and phase parameter adaptation
(bottom) during a series of weighted leg lifts with FES.
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Figure 4. Top row: Series of 42 overlaid knee extension trajectories during
leg lifts without FES, along with corresponding knee motor torque. Middle
row: Series of 42 overlaid knee extension trajectories during leg lifts with
FES, along with corresponding knee motor torque. Bottom row: Average
trajectory tracking and average motor torque during a series of leg lifts,
each bracketed by a standard deviation.

The top row in Fig. 3 shows ten seconds of the knee angle
tracking during cooperative control at the beginning (left) and
the end (right) of a ten-minute leg lift experiment. The
bottom row shows the moving estimate of both the gain and
phase characteristics of the muscle model. The convergence
in parameter estimates, in addition to the effective tracking
and (subsequently described) torque sharing, indicates the
efficacy of the adaptation scheme.

Fig. 4 shows the overlaid knee joint trajectories and
torques during the series of leg lifts. Specifically, the top row
in Fig. 4 shows the overlaid trajectories from 42 leg lifts
without FES, along with the exoskeleton motor torque
required to achieve these trajectories. The middle row in Fig.
4 shows the overlaid trajectories from 42 leg lifts with FES,
along with the exoskeleton motor torque required to achieve
these trajectories. Finally, the bottom row in Fig. 4 shows the
average of the overlaid trajectories and torques, along with a
plus and minus one standard deviation for each case. As
indicated in the bottom left plot, the trajectory tracking is
essentially the same in both cases, although somewhat better
with FES than without. The bottom right plot shows the
average torque required by the exoskeleton knee motors for
both cases, with and without FES. The average motor torque
required without FES was approximately 25 N-m, while the
average motor torque required with FES was approximately
13 N'm.

By computing the energy delivered by the knee motor
(i.e., by computing power and integrating over the duration of
the trajectory), one finds that on average, the knee motor
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provided 9.9 J of mechanical energy per movement without
FES, and 4.4 J of mechanical energy per movement with
FES. By implication, the stimulated quadriceps group
provided approximately 12 N-m of average torque during the
movement, and approximately 5.4 J of mechanical energy per
knee extension. Thus, approximately half of the torque was
on average provided by the stimulated quadriceps, and
approximately 55% of the energy for movement was
provided by the metabolic power supply when using the
cooperative control approach. A summary of these results is
presented in Table 1. The table also shows the energy
reduction when using the FES cooperative controller.

TABLE 1. SUMMARY OF RESULTS FOR COOPERATIVE CONTROL LEG LIFT

EXPERIMENTS.
2 5 o — B To‘ > § . 5 @
& £ 23 | $E | EES| EEE
= = > = £ 9 B S = =
= & > & £E | 258 |88
g | < S| 2HE |2k
With FES 42 13.0N'm | 0.48s 44]
- 55.9%
Without
FES 42 251 N'm | 048s 9.91]

VI. CONCLUSION

This paper proposes an adaptive cooperative controller
that coordinates electrical stimulation of muscle with a
powered exoskeleton. The efficacy of the controller was
evaluated in an experiment on a T10 complete paraplegic, in
which the controller was used at the knee joint of the
powered exoskeleton in conjunction with stimulation of the
quadriceps muscle group in order to perform weighted leg
lifts. The control approach provided consistent tracking
control, while 55% of the energy for movement was provided
by the metabolic power supply through the contribution of
the stimulated quadriceps.
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