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possible when the effects of gravity were attenuated. Gait recovery
in neurologically impaired humans has also been shown using
the same paradigms [4]. Good outcomes, as measured by walking
speed, distance walked per time (6 minute walk test), and improved
cardiac response have been shown in BWSTT trials in persons with
stroke [5].

While outcomes with BWSTT are generally favorable, the
approach is labor-intensive and may require more than one
therapist per patient during gait recovery sessions [6]. At about
the time of the turn of this century an alternative approach was
advanced. In lieu of using multiple physical therapists and to
limit the physical demands on those therapists robotic devices
were developed that would essentially perform the physical work
provided by the therapists [7]. In addition to reducing the number
of therapists required for each training session, an associated factor
favoring this approach was that more uniform therapy could be
provided by using robotic assisted training, and results more easily
quantified. That is, the robotic devices could be programmed in
theory to provide a desirable amount of assistance a priori, and that
gait recovery outcomes would also be more predictable.

Figure 1.
Adults with neurological injury (e.g. stroke, spinal cord injury)
report that recovery of walking is a primary goal [1]. While many
recover at least the ability to perform short distance, household
level walking, community level ambulation at even moderate
walking speeds is beyond the ability of most of these individual
[2]. While the brain is involved in several aspects of gait initiation,
termination, responding to environmental perturbations much of
walking is controlled and monitored in the spinal cord, specifically
in the central pattern generators (CPG). This was demonstrated
nearly one half century ago, where early studies of spinal cord
injured quadrupeds demonstrated reciprocal locomotion patterns
in the absence of direct signals from the brain. Early studies of
spinal cord injured cat [3] demonstrated that gait recovery was

Unfortunately, the real world observed outcomes with robotic
assisted gait training have not met the aforementioned expectations
[6]. The robotic design(s) and the motor learning paradigms used
have each contributed to the sub-optimal results seen to date. Early
robotic assisted gait training devices did not have back-drivability
as a key design element. The exoskeleton generally used (e.g
Lokomat) would take the patient through the walking cycle with
pre-determined kinematic patterns at the lower extremity joints
(Figure 1). Presumably the device user would ingrain this pattern
then continue to walk in a similar matter when not constrained by
the robotic assisted device. Yet this approach is not supported by
the motor learning literature, and has not led to improved walking
for the most part [6]. In direct comparisons where factors were
matched except for the use/non-use of robotic assisted devices in
tread mill training those patients who did not get robotic assistance
had higher walking speeds and improved cardiac training as
compared to cohorts that received robotic assisted therapy.
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Current robotic-assisted devices have substantial shortcomings.
One factor that curbs desirable outcomes with these devices is the
relatively slow walking speeds that can be used during therapy
sessions with the devices. A further, and likely more important
design limitation, is the number and placement of actuators used.
Early devices had actuators were placed at the bilateral hips
and bilateral knees, to provide assistance as needed. This trend
continues, with no robotic-assisted devices (at the time this goes
to press) effectively addressing shortcomings in either plantar
flexion or dorsiflexion for device users. This is unfortunate for two
key reasons. First, ankle plantar flexion power [7] is substantially
higher than hip extensors or hip adductors [9] (Figure 2). While
not shown, hip abductors and hip flexors produces even less power
during level adult walking [9]. Further, the more distal muscles
specifically the plantar flexors and dorsiflexors are typically more
impaired than more proximally located muscles after CNS injury
such as stroke. To date, the “solution” has been to apply a device at
the ankle which keeps it essentially in a neutral posture throughout
the gait cycle (See Figure 1). Clearly the recovery of effective ankle
motion (plus force and power) is not possible via this approach.

However, placing a similarly-sized actuator at the ankle joint
is a daunting engineering problem. Here the swinging mass of
the actuator plus foot must be controlled such that swing phase
kinematics is acceptable. To date the “solution” has been to fix that
ankle through a very limited joint range (holding it in a relatively
neutral position) and ignore recovery of ankle motion as part of gait
training sessions. Most rehabilitation specialists believe that robotic
assisted movement recovery will be a part of the therapy landscape
in short order [10]. However, the currently available devices need
to overcome, at minimum, the design flaws listed above. Improved
walking by our patients and improved rehabilitation outcomes
overall hang in the balance.
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