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Abstract

Background: Robotics is emerging as a promising tool for functional training of human movement.
Much of the research in this area over the last decade has focused on upper extremity orthotic
devices. Some recent commercial designs proposed for the lower extremity are powered and
expensive — hence, these could have limited affordability by most clinics. In this paper, we present
a novel un-motorized bilateral exoskeleton that can be used to assist in treadmill training of motor-
impaired patients, such as with motor-incomplete spinal cord injury. The exoskeleton is designed
such that the human leg will have a desirable swing motion, once it is strapped to the exoskeleton.
Since this exoskeleton is un-motorized, it can potentially be produced cheaply and could reduce
the physical demand on therapists during treadmill training.

Results: A swing-assist bilateral exoskeleton was designed and fabricated at the University of
Delaware having the following salient features: (i) The design uses torsional springs at the hip and
the knee joints to assist the swing motion. The springs get charged by the treadmill during stance
phase of the leg and provide propulsion forces to the leg during swing. (ii) The design of the
exoskeleton uses simple dynamic models of sagittal plane walking, which are used to optimize the
parameters of the springs so that the foot can clear the ground and have a desirable forward
motion during walking. The bilateral exoskeleton was tested on a healthy subject during treadmill
walking for a range of walking speeds between 1.0 mph and 4.0 mph. Joint encoders and interface
force-torque sensors mounted on the exoskeleton were used to evaluate the effectiveness of the
exoskeleton in terms of the hip and knee joint torques applied by the human during treadmill
walking.

Conclusion: We compared two different cases. In case |, we estimated the torque applied by the
human joints when walking with the device using the joint kinematic data and interface force-torque
sensors. In case 2, we calculated the required torque to perform a similar gait only using the
kinematic data collected from joint motion sensors. On analysis, we found that at 2.0 mph, the
device was effective in reducing the maximum hip torque requirement and the knee joint torque
during the beginning of the swing. These behaviors were retained as the treadmill speed was
changed between |—4 mph. These results were remarkable considering the simplicity of the
dynamic model, model uncertainty, non-ideal spring behavior, and friction in the joints. We believe
that the results can be further improved in the future. Nevertheless, this promises to provide a
useful and effective methodolgy for design of un-motorized exoskeletons to assist and train swing
of motor-impaired patients.
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Background

The incidence of spinal cord injury (SCI)in the United
States is approximately 11,000 per year, with a prevalence
of nearly 250,000 [1]. Damage to the spinal cord often
impacts walking functions. Approximately, 52% of this
population has motor incomplete lesions [1], therefore,
the potential to regain functional ambulation. Rehabilita-
tion targets restoring these functions. Currently, therapist
assisted body-weight supported treadmill training
(BWSTT) is used for such patient groups. In this training,
a patient walks on a motorized treadmill with a harness
that partially unloads the weight of the trunk from the
supporting leg, while therapists help the patient in mov-
ing the legs and trunk manually [2-4]. Clinical trials with
BWSTT in iSCI patients show that it is safe and results in
improvements in walking[5,6]. Despite these benefits,
clinical practice of BWSTT is limited because a number of
therapists are required to manually facilitate the step
training [3,7]. The duration of such a training is often lim-
ited by the rapist fatigue.

MIME, ARM and MIT-MANUS represent early advances in
robotic devices for use in upper extremity training and
rehabilitation [8-10]. These devices, and a majority of
newer rehabilitation machines for the upper extremity,
are powered. A second group of upper extremity machines
is un-motorized or passive. This group consists of gravity
balancing orthoses, which are designed for people with
limited strength [11-14]. These un-motorized machines
provide benefits similar to motorized machines, in a
restricted way, but do not require sophisticated electronics
or power sources to run the machine. As a result, they can
be more affordable and possibly require less oversight by
trained engineering personnel in future.

Lower extremity machines are emerging in recent years for
gait training, but they are still not common in rehabilita-
tion clinics. The design of lower extremity machines is
more involved compared to those for the upper extremity
because issues of posture, balance, and limb movement
need to be simulatneously addressed within the design.
Lokomat is a motorized bilateral exoskeleton for hip and
knee joints, designed for spinal cord injury patients to be
used on a treadmill [15]. Mechanized Gait Trainer (MGT)
is a single degree-of-freedom powered machine that drives
a foot using a crank and rocker system (Hesse and Uhlen-
brock, 2000). An active leg exoskeleton (ALEX) was
recently developed at the University of Delaware by the
author's group which was shown to successfully alter the
gait of a healthy and stroke subjects walking on a tread-
mill [16,17].

Using Lokomat with body weight support, Hornby et al
[18] and others have shown that significant improve-
ments can be achieved in walking of patients with chronic

http://www.jneuroengrehab.com/content/6/1/24

and sub-acute SCI. However, the cost of such a device runs
in several hundreds of thousands US $, which make these
prohibitive for many rehabilitation facilities and unaf-
fordable by hospitals in under-developed countries. To
increase the accessibility and success of BWSTT, costs of
the therapy should be minimized.

Gottschall and Kram [19] suggested simple, non-motor-
ized, devices which can apply forces to assist the limb
swing and propel the leg foward during walking. They
applied forces using rubber bands at the foot or pelvis by
a spring-loaded pulley system. Even though their swing-
assist devices need further developments, their results sug-
gest that simple devices can assist those with reduced vol-
untary force production, such as subjects with iSCI. The
non-motorized lower extremity gravity balancing orthosis
(GBO), that eliminates or reduces the effects of gravity on
the joints, have been used for training studies on chronic
stroke patient and yielded favorable results by the author's
group [20-22].

However, the design of GBO is fundamentally different
from the design philosophy of the swing-assist exoskele-
ton presented in this paper, as the latter is motivated from
providing propulsive forces to the leg during walking. We
believe that the design presented in this paper is unique
since it presents a simple un-motorized bilateral exoskel-
eton for swing assistance. In order to scientifically design
the orthosis, we use the dynamics of walking to predict
and optimize the motion of a leg, once it is strapped into
an orthosis. The model of the swing leg provides a frame-
work for optimization of the parameters of the exoskele-
ton, which are torsion springs at the hip and the knee
joint.

The organization of the paper is as follows: In Section, we
describe the dynamics of the human leg during swing and
provide a framework for optimizing the parameters of the
exoskeleton to obtain a feasible gait. In Section, we dis-
cuss the physical design of the exoskeleton and its inter-
face with a human subject during treadmill walking. The
analysis of the data collected during treadmill walking
and their interpretations are also discussed. These are fol-
lowed by conclusions of the work.

Methods
Sagittal Plane Model of Human Walking

Figure 1 shows the model of a human leg moving on a
treadmill in the sagittal plane(X-Y plane). The Leg is mod-
eled as having two links - thigh, shank and two joints -
hip and knee. The foot is considered as a point mass at the
end of shank segment (i.e., at ankle joint). The swing
assistance device consists of two torsion springs — one at
the hip joint and the other at the knee joint. The stiffness
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Model schematic. Model of a human leg in the sagittal plane
with hip moving as an inverted pendulum.

constants ¢;, ¢, and the equilibrium configurations 0:,,
928(7 of these springs are considered to be design parame-

ters.

The system dynamics depends on the following quanti-
ties: m,, m, — masses of the thigh and shank (leg + device);

L,, L, - lengths of thigh and shank segments; L. , L, -

cp’ Cy
location of the center of mass of the thigh and shank (leg
+ device) measured from their respective joints; I, I, -

inertia of thigh and shank (leg + device) about their center
of mass. Please note that '(leg+ device)' indicates the
equivalent quantity based on human leg and device
parameters. Simulation results section shows how the
equivalent parameters are calculated based on anthropo-
metric data and device mass assumptions.

In our study, we have used two different models for the
hip motion: (i) hip is inertially fixed, (ii) hip has only ver-
tical motion, i.e,, it is assumed to remain fixed in the hor-
izontal direction. While more complex models could have
been made to describe the human hip motion, we believe
that pendular motion of the hip in the sagittal plane may
be a reasonable first model. A spinal cord injury patient,
by himself or herself, has very little residual motion left in
the limbs and the sagittal plane motion will be the pre-
dominant motion during their treadmill training. In this
paper, we only describe the second model, where the hip
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has only vertical motion (represented by red lines in Fig-
ure 1). We believe that this model is more realistic to cap-
ture the movement on a treadmill.

In this model, we assume that the foot of the stance leg
remains in contact with the treadmill and moves along
with it until the swing leg makes contact with the tread-
mill again. We also assume that the knee in the stance leg
remains locked. With these assumptions, using the kine-
matic model of the stance leg, we compute the up and
down motion of the hip. This motion is then used in the
dynamics of the swing leg.

Hip Motion

If the treadmill moves at a constant speed v, the position
of the contact point of the stance leg with the treadmill, Yy
at time ¢, is given as

Y =Yp, TV,

where y, is the position of the contact point at the start
of the stance phase. Let x, be the position of treadmill in
the e, direction. Using kinematics, we write the vertical

position of the hip as

(1) = x =Ly + L) = (4, = 1)’
yu(t) =0 (assumption).
Hip angle during stance phase 6, is given as

—yh
Xt—Xh
Equations of Motion
Swing leg dynamics can be written using the Lagrange
equations.

i=1,2.

where 7; denotes the external torque applied at the joints.
The Lagrange function given in the above equation is
defined as

L=KE.-PE,

Where

1 .0 1 2 ) 1 2
KE. = Emll‘lcm + Ella)l +Em21‘25m +5[20)2
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1 1
P.E =-mg(ryy, €,)+ 501(91 - 91eq)2 —m,y8(Tyey - €4) + 552(92 - 92eq)2
Diem = [xh + Lcl cos(@l)]ex + [yh + Lcl Sin(el)]ey
Togn =[x + Ly cos(0;) + L, cos(6; +65)]e, +[yy, + Lysin(6;) + L, sin(6; +0,)]e,

In the above equation, e, and éy are unit vectors along

X and Y axes.

Note that while finding the device parameters from simu-
lations we assume that the external torque 7; applied is
zero and based on the above dynamics we find 6(t).
Whereas while analyzing the experimental results, based
on the encoders data we know 6,(t). We use this informa-
tion to calculate the external torque z;, more specifically
the human applied component. In the later case, external
torque 7; can be treated as a summation of device interface
torques 7z (which is known as it is recorded by Force-
Torque (F/T) sensors) and the human applied torque 7,
Based on the dynamic equations we can estimate human
applied torque 7,.

Knee Lock and Unlock

In human walking, the knee joint does not allow the
shank to move past &, = 0. This locking of the joint is an
instantaneous knee impact event. We account for the knee
locking and unlocking during our simulations. Once the
knee locks, the number of dynamic equations in (5)
changes from 2 tol. During the phase of locking, as typi-
cally done during modeling of impact, the angles are con-
sidered to be continuous while the rates have an
instantaneous jump. The new joint rate for the hip is com-
puted by angular momentum conservation about the hip
joint.

H jog = mylyy cos(601) — 4L, + mlLf,é{ + lléf +my[y(Ly + L, )cos(0;) — xp(Ly + L, ) sin(6,)]
+my (L + LLZ)[(L1 +Lo 67)+ L, 05 ] +1,(07 +65)

H{ 1o = ML [y}, cos(6;) = %, sin(6,)] + mL20;" + 10

In the above equations '+' indicates quantities after impact
and '-' indicates before impact. Hy, j,, denotes the angular

momentum of the leg about the hip joint, L. denotes the

location of center of mass of the whole leg (assuming it is
straight, which it is after impact (knee locking)) from the
hip joint, m denotes the mass of the whole leg (m, +m,), I

denotes the moment of inertia of the whole leg about its
center of mass. Equating the angular momentum before

and after impact, we obtain 6;" from the knowledge of 6,

6,, 6; and 6, . Please note that @ in Eq. (7) and 6 in the
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above equations refer to the same quantity. After locking,
the thigh and shank segments rotate about the hip joint as
a single link. Knee unlocks when the equation for reaction
torque at knee joint is not positive. Reaction torque is pos-
itive when knee is locked and does not exist(becomes
zero) when the knee unlocks. Hence, the equation for the
reaction torque has a zero crossing (value changes from
being positive to negative) at unlocking event. This condi-
tion is expressed as

—m,8L,, $in(6,) + ¢,0,,, —m,L, (=& sin(6,) + j, cos(8,) + (L, +L,,6,)) <0

In the above equation, the first term represents reaction
torue due to gravity, the second term represents reaction
torque due to torsion spring and the third represents reac-
tion torque due to shank acceleration. Based on day to day
observations of healthy subjects walking on a treadmill it
is observed that the knee does not unlock until the swing
leg touches the ground.

Design Optimization

The optimization of the design is schematically described
in Figure 2. Given the desired initial and final configura-
tions of the swing leg, the design parameters c,, ¢,, 0;,,

Ozm are found from an optimization routine that gives a

feasible gait. During optimization, the system dynamic
equations were used to predict the gait. Inclusion of lock-
ing and unlocking (impact) events in dynamics would
introduce discontinuities in states and increase the time of
integration due to the inherent need to detect these
events. These would typically slow down the optimization
solution convergence. In order to speed up the integration
of dynamics, during optimization, knee locking was
approximated with an additional stiff spring that applies
torque only when the knee angle 6, > 0. The use of stiff

spring simplified the numerical integration and helped
converge to a solution faster.

Error from the desired final configuration (not the entire
gait) was taken as the objective function that the optimi-
zation process would minimize. In addition, positive
ground clearance (the relative (vertical) position of the
foot w.r.t. the treadmill is greater than zero) at a finite
number of points during the gait was imposed as a con-
straint. The optimized parameters were then used to per-
form forward simulations of the leg. During these forward
simulations, locking event was not simplified with the
stiff spring but instead the exact model described in knee
lock and unlock section was used. Actual values of the
desired starting and final configurations are given in the
simulations results section.
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Figure 2

Design optimization. Schematic of device parameter optimization process used in the design of the swing assistive orthosis.
As a first step, System Dynamics are obtained for a particular model of Human leg motion. Using the dynamics, optimization is
carried out to find out device parameters. Error from desired final configuration is taken as objective function. Positive ground
clearance at discrete points is taken as a constraint. Comparision is made in simuations with and without passive device before
building the hardware.

Simulation Results Lgpank= 0.40 m

Device parameters are found based on the following

healthy subject's biological data on whom the experimen-  The following average anthropometric data for human leg
tal tests were also conducted. [23] was used to obtain the other important parameters

required for simulations.

BodyWt = 72.6 kg
mthigh =0.1000 x BOdy Wt

Height = 167 cm

My = 0.0465 x Body Wt
Age = 35 yrs

Mgy = 0.0145 x Body Wt = foot mass
Lthigh = 041 m
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= 0.433 x Ly, (center of mass of thigh from hip

Cthigh
joint)

L. .~ =0.433x Ly, (center of mass of shank from hip

joint)
Ripigh = 0.323 x Lo, (radius of gyration of thigh)
Rgank = 0.302 x Ly, . (radius of gyration of shank)

Apart from the thigh and shank mass, in this simulation,
we also considered foot mass and device mass. We
assumed that the mass of the thigh and shank segments of
the deviceis 1 kg each and is distributed such that their
center of mass and radius of gyration coincide with center
of mass and radius of gyration of human thigh and shank
segments repectively. Based on the anthopometric data
and the device mass assumptions, the equivalent mass
and center of mass parameters to be used in the simula-
tion can be found as follows,

My = Minigh +* Mdevice_thigh

My = Mghank t Moot T mdevice_shank

Ll = Lthigh
L2 = Lshank
LCl = Lcmigh

ch = ((mshank+ mdeviceﬁshank) * Lcsha"k + Moot * Lz)/(mz)

The initial configuration of the swing leg was selected as
1010, 010,020,020 = [~ /6.022,0,,,0,0] and the final
desired

[elf,élf,ezf,ézf] =[7/6.022,0,,,0,0]. These configura-

configuration

tions are chosen based on normal human gait data.
Desired swing time ({ges gwing) Was chosen as 0.7 s. As the
velocity of the hip joint at the beginning of swing phase is
related (equal) to the velocity of the hip joint at the end of
the stance phase, the intial velocity of hip joint can be cal-
culated as follows,

v
(L1+L2)cos(610)

where, v is the treadmill velocity which can be calculated
from the kinematics and the desired swing time specifica-
tion as follows,

910 = 915
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y = (L1+L2)sin(f10) .
tdes _swing

For the stance leg, we specify the symmetrically opposite
initial conditions, i.e., the final configuration of swing leg
is taken as the initial configuration of the stance leg and
vice versa. With these system parameters and desired con-
figurations, the optimization routine gives the design
parameters as ¢; = 7.9 Nm/rad, ¢, = 5.3 Nm/rad, 91m =

22°, 0, =0°.

Using these optimized design parameters, we performed
one step and multistep simulations. Figure 3 shows the
stick diagrams of leg motion for one step simulation. The
red dotted line shows the motion of stance leg and the
blue solid line shows the motion of swing leg. The initial
position of swing leg is shown by a thick blue line with
diamond markers and the desired final position is shown
by a brown line with star markers. Figure 3(i) shows the
leg motion when the device is used with optimized design
parameters — swing leg has good ground clearance and
goes close to the desired final configuration. Figure 3(ii)
shows the leg motion when the design parameters are
kept constant but the leg mass is changed by 50% - even
in this case swing leg reaches goal point in a desirable
manner. The gait in these cases takes between 0.8 and 0.85
seconds to complete (which corresponds to a treadmill
speed of around 2 mph). These results show that the sys-
tem is robust to variations in leg mass.

For a multi step simulation, we use the configuration of
leg from previous step as a initial configuration for the
next step. Figure 4 shows the joint trajectories of the swing
leg for a 100 step simulation. We see that the joint trajec-
tories are almost same during the 100 step simulation,
suggesting that the trajectory is stable and also robust to
changes in leg mass. In &, plots, we see that when 6,
reaches 0 degrees and stays at zero (i.e., the joint velocity
abruptly changes to zero). This is due to the knee locking
event. The joint velocity continues to be zero until the leg
touches the treadmill suggesting that the knee unlocking
event is not taking place.

Discussion

Our results from the simulation resulted in a more natural
human walking under the condition when the hip was
allowed to move up and down, compared to the case
when the hip remains inertially fixed. This is consistent
with human walking, where the hip moves up and down.
From the perspective of energy flow, the springs get
charged during the stance phase by the treadmill and the
body-weight support system which allows only a vertical
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(b) Motion of Swing Leg with 50% change in leg mass
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Simulation result with device. Motion of stance leg and swing leg — (i) with assistive device and optimal parameters of the
torsional spring; (ii) With assistive device and optimal parameters of the torsional spring but with 50% change in leg mass.
Stance leg — red dotted line. Swing leg — blue solid line. Initial position of swing leg — thick blue line with diamond markers. Final

position of swing leg — brown line with star makers.

motion to the hip. In swing phase, the potential energy
stored in springs is converted to kinetic energy of the
swing leg. Some energy flows out at the hip, working
against the constraint of only vertical motion, and some
energy is lost during knee and heel impact. In human
walking, there is a finite-time when the leg is in double
support. In this phase, both swing and stance legs are in
contact with the ground. In future, if the foot is modeled
as a separate limb, this double support phase of human
walking can also be accounted.

Experimental Results and Discussion

Exoskeleton Design

Figure 5 shows an AutoCAD drawing of an exoskeleton
that was built using this design philosophy. This Auto-
CAD drawing lists the various components, including the
adjustable limb segments to accomodate a range of sub-
jects, the bracing attachments for the leg, the back support
system that allows the trunk to move up and down, the
force-torque sensors to compute the human applied joint
torques, and the swing assistive torsional springs at the
joints. Figure 6 shows the fabricated exoskeleton worn by
a healthy subject. The device has a belt that straps onto the
human trunk. Please note that this fabricated exoskeleton
does not support the weight of the human subject.

A pelvic link made of aluminum is attached rigidly to the
trunk belt. In order to help the pelvis remain nearly verti-
cal during treadmill walking, a back pack frame is used.
This back pack frame is rigidly connected to the pelvic link
through aluminum sections. Other links in the device are
the telescopic thigh and shank segments, connected suc-
cessively through revolute joints. All links have slots to
adjust the link lengths and match these to the human
wearing it. The device thigh is connected to the human
thigh with the help of a thigh brace. The device shank is
connected to the human foot via a foot piece. Currently,
the foot piece only allows sagittal plane ankle motion. At
the device hip and knee joints, torsion springs are con-
nected in parallel to obtain a desired stiffness and equilib-
rium configuration, suggested by the optimization.
Encoders are mounted at all revolute joints to measure hip
and knee angles. Two force-torque sensors are mounted
on each leg of the exoskeleton, one sandwiched between
the thigh link and the thigh brace and the other between
the shank link and the foot piece. These sensors measure
the forces and torques transmitted between the device and
the human.

Data Collection

The exoskeleton was first adjusted to match the limb
lengths of the subject, a 45 years healthy male of Asian ori-
gin, 70 inches tall. The subject's biological data was used
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Joint trajectories for 100 step simulation. Joint trajectories of swing leg for 100 step simulation with optimial parameters
of torsion spring — (i) 6, vs time (ii) &, vs time. With 50% change in leg mass — (iii) &, vs time (iv) &, vs time

to find the optimal spring parameters while walking on
the treadmill at a speed of around 2.0 mph (see simulation
results section). The appropriate springs were mounted on
the exoskeleton. Note that in a clinical setting too, based
on test subjects' biological data, device parameters can be
found from the simulations. Once the desired stiffness
parameters are obtained, the device joints' stiffness can be
approximately adjusted based on an existing collection of
springs. The equilibrium configurations of the springs can
then be suitably adjusted if the parts used to mount the
springs have slots or set of holes instead of a single hole
that would allow only a single equilibrium configuration.

In the current device, the encoder and force-torque sensor
data were collected using a dSpace 1103 system at 1000
Hz. The force-torque sensors were manufactured by ATI
and the encoders by USDigital. The subject walked on the
treadmill for 15 minutes with the exoskeleton to become
acclimated. Data was collected when a subject walked on

Figu.re 5 o _ a treadmill at different speeds, ranging from 1.0 mph to
Device drawing in AutoCAD. AutoCAD drawing of 4.0 mph. Figure 7(a) shows the joint data, 6, vs 6,, of a

Swing AssisFance Device with _BOdY Weight Support system trial where the treadmill speed was 2 mph. Note that the
and treadmill — A. Torque Springs B. Straps C. Force Torque desi . . .
; ; esign was optimized for walking at a treadmill speed of
Sensors at robot human interface D. Encoders at the Joints. o
around 2.0 mph; hence, we show the results of this trial in
more detail. In this figure, multiple loops indicate multi-
ple steps during a trial. Red lines represent just the swing
phase, extracted from the full step data represented by
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(1

Figure 6
Experimental setup. A healthy subject wearing the swing
assist exoskeleton while standing on a treadmill.

both red and blue lines. Solid black line represents the
average swing data, computed by averaging over the mul-
tiple cycles. In order to perform averaging, we normalized
the step data to a fixed time length. The same data is plot-
ted against time in Figs. 7(b), (c). A 20 point moving aver-
age was used to smoothen the joint encoder data to
compute the joint velocity and acceleration, using central
difference scheme.

Data Interpretation

We analyzed the data using two methods to study the per-
formance differences with and without the spring assist:
(i) We estimated the joint torques applied by the human
during swing using the kinematic data obtained from the
joint encoders and the force-torque data obtained from
the interface force-torque sensors in conjunction with the
leg dynamics given in Sec. (ii) We estimated the human
applied joint torque using the dynamic model, where the
inputs to this model are the kinematics recorded by the
joint sensors. The second approach does not use the inter-
face force-torque data in the computations and hence rep-
resents the torque needed to excute the same trajectory as
in case (i) but without the spring assist. In an ideal situa-

http://www.jneuroengrehab.com/content/6/1/24

tion, if the exoskeleton was working completely according
to the intended design, one would expect to see that the
joint torques in (i) are closer to zero, or much less com-
pared to those predicted in (ii). For the kinematic data
shown in Figure 7, the torques required by the human in
the two cases are shown in Figure 8. In these plots, solid
red lines correspond to (i), while the dotted blue lines to
(ii). Ideally, as we mentioned earlier, one would expect to
see the joint torques required by human to be smaller in
the device, since the device parameters were found based
on the assumption of zero-input from human. In Figure 8,
we see that the magnitude of the hip joint torque in (i) is
smaller - peak torques bounded by (=5 Nm) compared to
(»14.5 Nm) in (ii) - indicating that a subject with less
than normal muscle strength maybe able toper form this
gait while wearing the device. A similar comparison for
knee joint torque shows that the absolute torque with the
device is favorable during the early part of the swing but
becomes comparable to the magnitude of the torque with-
out it during the later part of the swing. These results indi-
cate that the exoskeleton performs favorably over the
swing at the designed treadmill speed, since it reduces the
magnitude of the hip and knee joint torque. However,
there is still room for improvement in performance of the
exoskeleton. These results are remarkable considering the
following observations:(i) the design is based on a sim-
plistic model of sagittal plane human walking,(ii)the
compliance of the human hip and knee joints were not
accounted in the dynamic model, (iii) the fabricated
device has inherent friction in the joints, which can be
reduced but never completely eliminated, (iv) the torque-
deflection curves of torsional springs used in the experi-
ment may not be completely linear.

Data for a Range of Treadmill Speeds

In order to evaluate the robustness of the design to varia-
tions in treadmill speed, the joint motion and interface
force-torque data was collected for a range of speeds
between 1.0 mph - 4.0 mph. Figure 9 shows the differ-
ence between the absolute magnitudes of torque required
in (ii) and (i), i.e., without and with the exoskeleton, for
treadmill speeds of 1 mph - 4 mph. This quantity is
labeled as (| 7| - | 5,,|) for the hip and (| 7| - | 7,.|) for knee.
In these comparisons, the time scale was normalized over
different treadmill speeds to show the relative effects. In
these graphs, the positive area shows the regions of the
swing where the device is effective. The larger this area is,
more effective the device is at that speed. For the hip joint,
we see that the curve corresponding to2 mph treadmill
speed has the largest positive area and for the knee joint,
the curve with4 mph treadmill speed has the largest posi-
tive area. It is possible that further adjustments of the stiff-
ness of the torsion springs may improve the performance
even further. Figure 9 focussed on the magnitude of the
torque and their sign can be further investigated. For
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Joint torques comparison with and without the device. The difference in hip and knee joint torques without and with
the exoskeleton for treadmill speed variation between 1.0—4.0 mph. Higher the positive area under the curves, the exoskele-

ton is more effective at that treadmill speed.

example, the torque in (i) may have the same or opposite
sign to (ii). The sign of the torque is more clearly
described in Figure 10, where the device effectiveness at
different treadmill speeds is compared in terms of sign but
not the magnitude. In these figures, a unit step signifies
that the device is effective in magnitude but torques in (i)
and (ii) have opposite signs. Two steps signify that the
device is effective both in magnitude and sign. The larger
the area under the curve, the higher the effectiveness of the
device at that treadmill speed. On comparison, we see that
for the hip, the 2.0 mph treadmill speed trial has the max-
imum area. The 3.0 and 4.0 mph speed trials also have
comparable areas, which shows the robustness of the
design over changes in the treadmill speed. For the knee
joint, for 1.0 mph, the area under the curve is very mini-
mal - indicating that the knee has poor performance. For
other treadmill speeds, the area under the curve is not as
small as that of 1.0 mph - indicating neither a good nor a
poor performance.

Conclusion

In this paper, we presented a simple un-motorized bilat-
eral exoskeleton for swing assistance and training of
motor impaired patients. This exoskeleton is aimed at
reducing the physical and financial costs associated with
therapist assisted training. The device consists of two seg-
ments - thigh and shank with torsion springs at hip and
knee joints. Stiffness of the springs and their equilibrium

configurations were the design parameters, which were
optimized based on the required performance of the
exoskeleton. We modeled the human leg with two links,
thigh and shank segments, moving in the sagittal plane.
The foot was modeled as a point mass and the hip had the
motion of an inverted pendulum. The dynamics are devel-
oped when the device is strapped to the leg. In the simu-
lation, we observed that the device helps the leg during
swing to clear the ground and go to a desired final config-
uration. We also performed simulations with change in
leg mass to evaluate the robustness of the design to varia-
tion of system parameters. We found that the system was
robust for up to 50% change in leg mass.

An exoskeleton was fabricated based on the optimized
parameters from simulations. This device was tested on a
healthy subject at different treadmill speeds. To show the
effectiveness of the device, we compare two different
cases. In case 1, we estimated the torque applied by the
human joints when walking with the device using the
joint kinematic data and interface force-torque sensors. In
case 2, we calculated the required torque to perform a sim-
ilar gait only using the kinematic data collected from joint
motion sensors. On analysis, we found that at 2.0 mph,
the device was effective in reducing the maximum hip
torque requirement and the knee joint during the begin-
ning of the swing. These behaviors were retained as the
treadmill speed was changed between 1-4 mph. These
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results were remarkable considering the simplicity of the
dynamic model, model uncertainty, non-ideal spring
behavior, and friction in the joints. We believe that the
results can be further improved in the future. Neverthe-
less, this promises to provide a useful and effective meth-
odolgy for design of un-motorized exoskeletons to assist
and train swing of motor-impaired patients.
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