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Design of a Cable-driven Active Leg Exoskeleton (C-ALEX) and Gait
Training Experiments with Human Subjects
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Abstract— Robotic rehabilitation devices are attractive to
physical therapists. Various leg exoskeletons have been devel-
oped during the past decade and have been used in gait training.
Traditional exoskeletons usually have a complex structure and
add extra inertia to the wearer’s leg, which may change
their natural gait. In this paper, we present the design of a
cable-driven active leg exoskeleton (C-ALEX) for human gait
training. The advantages of cable-driven designs are that they
have a simpler structure, add minimal inertia to the human
limbs, and do not require precise joint alignment. C-ALEX
employs the ‘“assist-as-needed” control strategy to help the
ankle center move along a prescribed path. An experiment with
6 healthy subjects was conducted who walked with C-ALEX
on a treadmill. The results showed that C-ALEX is capable of
helping the subjects better track a prescribed ankle path.

I. INTRODUCTION

Robotic rehabilitation devices have gained high popularity
in physical therapy. The advantages of robotic rehabilitation
devices include their ability to offer uniform training over
long time and across different groups. They can provide
quantitative measures of the subject’s performance and the
required labor of physical therapists can be greatly reduced
[1].

Various leg exoskeletons have been developed for gait
training of neurologically impaired patients. Among these are
Lokomat from Hocoma AG [2], LOPES [3] and Shadow Leg
[4] from University of Twente, and ALEX I, II and III [6],
[7] from our group. These exoskeletons have gone through
extensive testing both with healty subjects [3], [6] and
with stroke patients [2], [S] and produced favorable results.
These studies have shown that gait training exoskeletons can
improve the gait of neurologically impaired patients.

Traditional leg exoskeletons such as Lokomat or ALEX
use links and mechanical joints placed in parallel with
human limbs and joints. The mechanical structure adds
extra weight and inertia to the human limbs which changes
the natural walking dynamics of the wearer. Furthermore,
accurate alignment between the joints of the exoskeleton
and the wearer is required which is hard to accomplish
due to the complex geometry of the human body. Some
exoskeletons try to reduce the moving inertia and the need for
accurate alignment [4], [8] at the cost of a more complicated
mechanical structure.
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Fig. 1. An illustration of a wearer walking with the Cable-drive Active
Leg EXoskeleton (C-ALEX) on a treadmill.

Cable-driven designs have been used in only a few reha-
bilitation devices. Vashista et al. demonstrated A-TPAD that
uses cables to apply force to wearer’s waist during treadmill
walking [9]. Wu et al. designed a cable-driven device named
CaLT for gait training with spinal cord injury patient [10]
and obtained desirable experimental results. However, CaL.T
was an end-effector type device in which cables are directly
attached to the ankle of the wearer, and therefore can only
apply force at the ankle level. Mao et al. proposed a cable-
driven arm exoskeleton CAREX for rehabilitation training
of the arm [11]. CAREX has cuffs on the shoulder, upper-
arm and forearm and routes cables through these segments.
CAREX does not have rigid links and mechanical joints,
thus, has the advantage of being light weight and low moving
inertia. Additionally, no joint alignment is required within
CAREX. It has been shown to be effective in improving the
performance of path tracking tasks among healthy subjects
[12].

In this paper, we extend the idea of cable-driven designs to
the lower extremity and present the design of a Cable-driven
Active Leg EXoskeleton (C-ALEX) for gait training. The
exoskeleton comprises of three cuffs connected to the waist,
thigh and shank of the wearer, with cables routed through
them. No rigid link or joint is used within the exoskeleton.
The exoskeleton is controlled in force mode using an assist-
as-needed control paradigm. An experiment with 6 subjects
was carried out which shows that C-ALEX can effectively
assist its wearer to alter his or her gait.

5578



Motors on Top

Fig. 2. The picture on the right is C-ALEX attached to a subject’s leg. The
picture on the left is a CAD model of the exoskeleton with local coordinate
system for each segment of the leg.

II. DESIGN OoF C-ALEX
A. Exoskeleton Design

Fig. 2 shows a subject wearing C-ALEX. The exoskeleton
mainly consists of three cuffs: the waist cuff, the thigh cuff
and the shank cuff. The waist cuff is fixed to a height-
adjustable external support frame. The thigh and the shank
cuffs are tightly connected to the wearer’s thigh and shank,
respectively. To create a secure connection between the thigh
and shank cuffs and the leg, a layer of medical bondage is
first placed on to the subject’s leg. An orthotics with velcro
liners is then strapped on top of the medical straps. The cuffs
are attached at the lateral side of the orthotics. The lateral
distance between the cuff and the leg can be adjusted. To
reduce the weight of the exoskeleton on subject’s leg, the
thigh and shank cuffs are primarily made of 3D printed ABS
plastic with sparse interior. The overall weight of the thigh
and shank cuffs are 0.60kg and 0.54kg, respectively.

Four cables are used to actuate the exoskeleton. The cables
are pre-stretched Nylon coated steel wires. All four cables
are routed through the waist cuff. Two of these are attached
to the thigh cuff, and the other two are routed through
the thigh cuff and attached to the shank cuff. These four
cables actuate two degrees-of-freedom of the wearer’s leg:
the hip flexion/extension and the knee flexion/extension. The
DH parameters of the exoskeleton are shown in Table I.
In the DH parameters, ¢; is the hip flexion angle and ¢
is the knee flexion angle. L, stands for thigh length, and
Ly, stands for shank length. These two parameters vary
between individuals, and therefore need to be measured
and provided for each subject. The kinematics of C-ALEX
are derived through the DH parameters and homogeneous
transformations. All the cable routing points on the cuff have

Teflon liners to reduce the friction between the cable and the
cuff. The cable routing points are designed to be able to slide
along the cuff to change the cable routing. Additional cable
routing points can be added to accommodate extra cables to
increase the controlled degrees-of-freedom.

TABLE I
DH PARAMETERS

Link a d| « [
1 L, | 0] 0° | g1 —90°
2 Lsh 0 OO —q2

B. Actuation and Control System

Each cable in the exoskeleton is driven by a Kollmorgen
AKM43 servo motor with custom made cable reels. The
cable reels are used to help proper winding of the cables.
The motors are powered by Kollmorgen AKM servo drives
operating in torque mode. To measure the tension in the
cables, a load cell is connected to the end of each cable. The
load cells are Futek LSB200 with CSG110 signal condition-
ers. There is a VectorNav VN-100 inertia measurement unit
(IMU) mounted on the thigh cuff and shank cuff to measure
the hip and knee angle of the wearer during walking. A
National Instrument PXIe-8135 controller is used for real-
time control and data acquisition of the exoskeleton. The
controlling software is developed in LabVIEW.

C. Dynamical Model of the Robotic Leg

The dynamic equations of motion of C-ALEX are derived
through the Lagrangian method in Mathematica. The gener-
alized coordinates g; and ¢» represent the angle of hip flexion
and knee flexion, respectively. The equations of motion take
the following form:

D(q)g+ Cla.4)q + G(q) =T, (D
where ¢ = [q1, g2]T is the vector of generalized coordinates;
D(q) is the 2 x 2 inertia matrix; C(q,q) is the vector of
Coriolis and centripetal terms; G(q) is the vector of gravity
terms; U is the vector of generalized force corresponding
to the generalized coordinates g. The left hand side of
(1) closely resembles the dynamical equation of a double
pendulum. The geometric and inertial parameters in (1)
were obtained through the CAD model of C-ALEX and
measurements from the wearer’s leg. The generalized force
U on right hand side of (1) is the torque at the hip and knee
joint generated by the cables. The relation between the joint
torque U and the cable tension 7' can be obtained by the
virtual work principle.

Fig. 3 shows the schematic of a two-link system actuated
by a single cable. A force T is applied on the cable which
results in the configuration of the two-link system to change.
We will use the principle of virtual work to generate the
input-output mapping between the cable tension 7" and the
vector U in (1). The tension 7" will result in the cable to be
pulled out by [. From the principle of virtual work, we have:

oW =T-6l=U - dq, 2)
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Fig. 3. A schematic of a two link system actuated by a single cable.
[ denotes the cable pulled out by force 7', and L denotes the cable that
remains in the system.

where U and q are the generalize forces and coordinates (i.e.
joint torques and joint angles). We also have

ol
ol = % dq. 3)

Using L to denote the length of cable that remains in the
system, it is apparent that [ + L = constant (total length of
the cable is constant), which gives:

oL, ol _

dqg  0q
Substituting (3) and (4) into (2), the relationship between the
joint torque U and the cable tension 7" can be formulated as:

oL
U:—(a—)TT:JT(q)TT. )
q
With 4 cables within C-ALEX, the Jacobian matrix Jr(q)
can be written as

4)

8([/17 L27 L3a L4)
a1, q2)

where L; is the length of cable ¢ measured from the routing
point on the waist cuff to the final attachment point of the
cable on the thigh or shank cuffs.

Equation (5) is of particular importance to the system as
it provides the foundation to solve for the required cable
tensions when some specific torques are desired at the joints.

Jr(q) = — 6)

D. Cable Tension Planning

In order for the exoskeleton to generate a set of torques
at the joints, we must calculate the tensions to be applied by
the motors on the cables. When torque U is required at the
joints, cable tension 7' can be found by solving the set of
linear equations:

Jr(g)" T =U, (7

where Jr(q) is the Jacobian matrix in (6), U is the vector
of torques we would like the exoskeleton to generate at the
joints, and 7" is the vector of cable tensions we need to solve.

Low Level Controller

Friction
Compen-
sation

Cable
Tension
Planner

Target Path

Exo-
skeleton

Gravity
Compen-
sation

Fig. 4. A block diagram for the controller of C-ALEX

Equation (7) is underdetermined as the number of cables is
larger than the degrees-of-freedom of the system.

The range of tensions in the cables is limited. Since cables
can only pull but not push, it is impossible for the tensions
in the cables to be negative. In the actual system, due to the
existence of friction along the cables, the minimum tension
in a cable needs to be set above a positive value to keep the
cable taut. Also, because the motors connected to the cables
can only produce limited torque, there is a maximum limit
on cable tensions as well. Therefore, T' should satisfy:

T e [Tmina Tmcw} . (8)

In the case of C-ALEX, the cable tension range is set in
between 7N and 70N.

Using (7) and (8) as constraints, an optimization problem
can be formulated to find a proper set of cable tensions
to generate desired torques. We use a quadratic objective
function: f(T) = TT T for the optimization problem, which
minimizes the norm of cable tension vector. The advantage
of using quadratic programming over linear programming
is that the solution to 7' will change more continuously
when the Jacobian matrix Jr(g¢) in the equality constraint (7)
changes. This will help to avoid abrupt cable tension changes
when the leg moves from one configuration to another.

Overall, the cable tension planning problem can be for-
mulated into this quadratic programming problem:

min f(T) =TT T
s.t. JT(q)T -T=U and T € [Tmin, Trmaz) -

LabVIEW provides a quadratic programming solver that
uses the active set method. This solver is used to solve the
above problem in real time. The disadvantage of quadratic
programming is that it is time consuming to solve. However,
our controller is capable of solving the above problem at
100Hz without any delay.

III. CONTROLLER OF THE EXOSKELETON

This exoskeleton is aimed at rehabilitation and therefore
the controller uses an “assist-as-needed” strategy. The goal
of the controller is to assist the ankle point of the wearer
of the exoskeleton to move on a prescribed target path. The
controller creates a tunnel-like force-field around the target
path. If the end effector (ankle point) deviates from the target
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Fig. 5. The left figure shows the magnitude of the force field as a function
of the normal distance to the target path. The blue line shows the normal
component and the green line shows the tangential component of the force
field. The right figure shows a portion of the force field around a target path.
The red line is the target path, and the blue arrows show the directions and
magnitudes of the force field.

path, the controller acts as a spring and pulls the end effector
back to the target path. A two-level controller is implemented
as shown in Fig. 4: A high level force-field controller that
uses the position feedback of the exoskeleton to dictate the
necessary cable tensions to create the force field, and a low
level cable tension controller that controls the motors to
produce the desired cable tensions using feedback from the
load cells on the cables.

The high level force-field controller generates a force F'
at the ankle point that has two components:

F=F,+F,. (€))

F,, is normal to the target path, and it will push the ankle
point closer to the path. F} is tangential to the target path,
pointing to the direction of movement, and it provides a
gentle push to move the ankle point along the target path.
The magnitude of F,,, F} is calculated as:

|Full = K- (1= e )

10

|Fill = K-GO "
in which K, and K, are the gains of the force field, d is the
distance from the ankle point to its nearest point on the target
path. Equation (10) effectively creates two tunnels around the
target path with diameters of r,, and r; respectively. For the
normal force F},, the magnitude roughly equals to K, outside
the tunnel and gradually deceases to O inside the tunnel. For
the tangential force F}, the magnitude is O outside the tunnel
and gradually increases to K inside the tunnel. Fig. 5 shows
the change of F;, and F} as a function of the normal distance
from the target path d, and a qualitative sketch of the force
field around a target path.

The force-field controller has two modes: the transparent
mode and the force-field mode. The transparent mode is used
for collecting the natural gait of the wearer. In the transparent
mode, C-ALEX will try to minimize its interaction with the
wearer. It will only balance its own weight and will not
provide any assistance. Therefore, the required joint torque

U in the transparent mode is simply:

U=Glq), Y

in which G(q) is the gravity terms in (1). The force-field
mode is used for assisting the wearer to track the target
ankle path. In the force-field mode, C-ALEX generates the
aforementioned force field besides compensating for its own
weight. The required joint torque U in the force-field mode
can be found by:

U=J(q)" F+Gl(q), (12)

where F is the force-field force in (10) and J.(g) is the
Jacobian matrix of the end effector.

With the required joint torque U obtained, the force-field
controller uses the cable tension planning detailed in Section
II-D to calculate the desired tension for each cable and send
it to the low level controller.

The low level controller includes three parts: A feed-
forward part using the motor constant, a friction compensa-
tion part using the motor’s friction-speed model, and a close
loop PID controller using the feedback from the load cells
in the cables. Together, the low level controller is able to
control the motors to generate tensions that closely follow
the desired tensions calculated from the high level controller.

IV. EVALUATION OF C-ALEX ON HEALTHY SUBJECTS

An experiment was conducted to evaluate the performance
of C-ALEX. The goal of the experiment was to verify that
C-ALEX with the force field controller can assist the wearer
to track a target ankle path different from his or her natural
path. In the experiment, the subjects tracked a target ankle
path with C-ALEX in both the force-field mode and the
transparent mode. The hypothesis is that subjects will have
better path tracking performance in the force-field mode than
in the transparent mode.

The setup of the experiment is shown in Fig. 6. Six
healthy subjects participated in the experiment. The subjects
were all male, aged between 20 and 35 years. Fig. 7 shows
the protocol of the experiment. At the beginning of each
experiment, C-ALEX was fitted onto the right leg of the
subject, and then the experimenter took measurements of the
length of the thigh and the shank of the subject as well as the
locations of the cuffs. These measurements were provided to
the controller. Each experiment was divided into 4 sessions:
the familiarization session, the baseline session, the force-
field (FF) session and the transparent (TR) session. Each
session was 4 minutes long, and a 2 minutes break was given
between each session.

The experiment started with the familiarization session,
during which C-ALEX was put into the transparent mode.
The subject was instructed to walk on a treadmill to get
familiar with walking with C-ALEX. The speed of the
treadmill was adjusted to the comfortable walking speed of
the subject. Following the familiarization session was the
baseline session, during which C-ALEX stayed in the trans-
parent mode. The subject was instructed to walk naturally
during this session. The natural gait pattern collected during
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Fig. 6.
The subject was wearing C-ALEX and walking on a treadmill. The screen
in front of the subject was displaying the motion of the subject’s right leg
in sagittal plane as well as the target ankle path for the subject to follow.

This figure shows the experimental set up to evaluate C-ALEX.

Baseline
Session
4 min

Familiarization
Session
4 min

FF Session Break TR Session
4 min 2 min 4 min

The protocol of the experiment

Fig. 7.

this session was later used to generate the target ankle path
in the FF and the TR sessions. The screen in front of the
subject was turned off during the first two sessions.

During the baseline session, the hip and knee joint angles
and the ankle path were recorded. Data during the first and
the last minutes were discarded, and the remaining data were
cut into gait cycles at the anterior most point of the ankle path
and averaged across the gait cycles to obtain the averaged
joint angles in a single gait cycle. The averaged joint angles
were then reduced by 20% to create an ankle path that is
both shorter and shallower than the baseline path. The top
figure of Fig. 8 shows the baseline ankle path (black) and
the modified ankle path (red) from a representative subject.

Baseline and Target Ankle Path

Baseline
Target

y(m)

-0.2 -0.1 0 0.1 0.2
x(m)

FF and TR Path Compared with Target Path

-0.7F
Target
075} FF
3 — TR
> 08
-0.85¢ . . L . .
-0.2 -0.1 0 0.1 0.2
X (m)
Fig. 8. Ankle path from a representative subject. The grey shaded area

in the top figure is the deviation area between the baseline path and the
target path. The blue and the green shaded areas in the bottom figure are the
deviation area of the TR path and the deviation area of FF path, respectively.

This modified ankle path was then used as the target ankle
path in the FF and the TR sessions.

During the FF and the TR sessions, the screen in front of
the subject was turned on to display the current configuration
of the leg and the target ankle path, as shown in Fig. 6.
The subject was instructed to try to walk as closely to the
target path as possible during these two sessions. During the
FF session, C-ALEX was put into the force-field mode. The
force-field gains in (9) were set as K,, = 20,7, = 0.1, K; =
3,r: = 0.05 and were consistent across all subjects. After
FF session was the TR session, during which C-ALEX was
put into the transparent mode. After the experiment, the joint
angles and ankle path during each session were analyzed.

The ankle path during the FF and the TR sessions were
recorded, cut and averaged the same way as the ankle path
during the baseline. The average ankle path during the FF
and the TR sessions of the same representative subject was
plotted in the bottom figure of Fig. 8. It can be observed
from the figure that the FF path is closer to the target path
than the TR path, which demonstrates the effectiveness of
the force-field controller of C-ALEX.

To quantify the effectiveness of C-ALEX, the normalized
error area (NEA) [7] of the FF path and the TR path was
calculated and compared. Fig. 8 shows the deviation area of
the baseline path (gray shaded area), the deviation area of
the FF path (green shaded area) and the deviation area of
the TR path (blue shaded area). The NEA of the FF(TR)
path is calculated as the ratio between the deviation area
of the FF(TR) path and the deviation area of the baseline
path, i.e. the green(blue) shaded area divided by the grey
shaded area. A smaller NEA suggests that the path closely
overlaps the target path. Fig. 9 shows the average NEA
from all subjects. The average NEA in the FF sessions is
0.493 £+ 0.421 (mean£SD), and the average NEA in the TR
sessions is 0.751 & 0.572 (mean£SD). As we have only 6
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Fig. 9. The mean and standard deviation of NEA in FF sessions and TR
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sessions. “x” indicates a statistically significant difference (p = 0.031).

subjects, we used the Wilcoxon signed rank test to evaluate
the difference between the NEA in FF sessions and the NEA
in TR sessions. The result shows that the NEA in FF sessions
is significantly smaller than that in TR sessions (p = 0.031).
This result validates our hypothesis that C-ALEX with force
field can help the subject to follow a prescribed ankle path.

V. CONCLUSION AND FUTURE WORK

In conclusion, this paper presented the design of a Cable-
driven Active Leg EXoskeleton (C-ALEX) for human gait
training. The exoskeleton is controlled by a force-field con-
troller, which is able to assist the motion of the leg and
help the ankle to follow a desired path. An experiment with
six subjects wearing C-ALEX was performed to validate the
device and the controller. The results showed that the force-
field controller is able to help the subject better tracking a
prescribed ankle path.

The current design of C-ALEX has some limitations which
are currently being addressed: (i) the waist cuff of the
exoskeleton is fixed to the ground, which restricts the pelvic
motion of the wearer; (ii) the current cable routing can only
provide assistive force in the sagittal plane; (iii) the locations
of the cuffs have to be measured manually, which brings
some inaccuracy. To solve these problems, we are currently
designing a new waist cuff that can be worn by subjects,
thus eliminating the need for a fixed support. With the new
waist cuff, a new cable routing will be used that can generate
assistive hip abduction/adduction torques as well. We will
also use measurements of cable lengths to better estimate

the cuff locations. A training experiment will be conducted
after these improvements are made to evaluate how subjects
will learn and retain their new trajectories after walking in
C-ALEX with force field.
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