
Design of a Lightweight, Tethered, Torque-Controlled Knee Exoskeleton

Kirby Ann Witte1,∗, Andreas M. Fatschel1,2, Steven H. Collins1,3

Abstract— Lower-limb exoskeletons show promise for im-
proving gait rehabilitation for those with chronic gait abnormal-
ities due to injury, stroke or other illness. We designed and built
a tethered knee exoskeleton with a strong lightweight frame
and comfortable, four-point contact with the leg. The device
is structurally compliant in select directions, instrumented to
measure joint angle and applied torque, and is lightweight
(0.76 kg). The exoskeleton is actuated by two off-board motors.
Closed loop torque control is achieved using classical propor-
tional feedback control with damping injection in conjunction
with iterative learning. We tested torque measurement accuracy
and found root mean squared (RMS) error of 0.8 Nm with a
max load of 62.2 Nm. Bandwidth was measured to be phase
limited at 45 Hz when tested on a rigid test stand and 23 Hz
when tested on a person’s leg. During bandwidth tests peak
extension torques were measured up to 50 Nm. Torque tracking
was tested during walking on a treadmill at 1.25 m/s with peak
flexion torques of 30 Nm. RMS torque tracking error averaged
over a hundred steps was 0.91 Nm. We intend to use this
knee exoskeleton to investigate robotic assistance strategies to
improve gait rehabilitation and enhance human athletic ability.

Index Terms— Rehabilitation Robotics, Human-Robot Inter-
action, Human performance enhancement

I. INTRODUCTION

Many lower-limb exoskeletons are under development and
the potential for these devices is vast. They have been used to
reduce the metabolic cost of normal [1, 2] and load-carrying
walking [3]. They may be useful for aiding in rehabilitation
for those with gait impairments [4, 5], and for improving
stability in the elderly. Looking forward, we can imagine
such scenarios as rescue workers using exoskeletons to carry
victims to safety from disaster areas, or paralyzed individuals
using exoskeletons for complex locomotor tasks such as
hiking on uneven terrain.

While many possibilities exist for these devices, the best
approaches to mechanical design, actuation and control are
unknown. Human locomotion is a versatile and complex
behavior and designing devices to interact usefully with
humans during walking or running is a difficult task. Com-
plex autonomous exoskeletons are often designed based on
informed guesses as to what will be helpful. If these devices
fail to interact usefully with a user, the design may be too
complicated to easily adjust, so another prototype must be
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Fig. 1. Emulator system and knee exoskeleton end-effector. Mechanical
power is transmitted from powerful off-board motors to the end-effector via
flexible Bowden cable transmissions (red). The end-effector can be divided
into two major sections: the thigh section (blue) and the calf section (green).
These are joined by an aluminum rotary joint approximately colocated with
the center of rotation of the human knee. The device attaches to the user
with four padded straps located at the top of the thigh, just above the knee,
just below the knee, and above the ankle.

built before exploring the next candidate assistive strategy,
which is time consuming and expensive.

Modular, high performance testbeds can be used to rapidly
and inexpensively explore many design and control strategies
for assisting gait, and the information gained can then be
used to develop useful autonomous devices. Developing
testbeds in which actuation and control are located off-
board simplifies the process of designing, manufacturing and
testing exoskeletons. Off-board power and actuation allows
for large motors which can easily meet or exceed the peak
torque, velocity and power naturally produced at the knee.
High bandwidth enables testbeds to accurately render torque
profiles to give the user the most realistic experience of
interacting with an emulated device. For example, it may
be useful to give subjects the experience of wearing a
passive exoskeleton to discover the most effective spring
and clutch properties before developing new hardware. High
performance capabilities of the testbed broaden the avail-
able experimental space without adding complexity to the
exoskeleton design.

Highly capable testbeds may be used to discover the most
useful controller settings for an individual using human-in-
the-loop optimization. We recently used a testbed to apply a
wide range of torque profiles generated using an evolutionary
strategy to optimize an ankle exoskeleton controller for
each individual subject. This strategy resulted in the greatest
reductions in the metabolic cost of walking to date [6],
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which may not have been possible with a less capable
system. Clinics may be able to use optimization strategies
like this on testbeds for prescription of robotic devices such
as exoskeletons and prostheses.

The mass and overall envelope of exoskeletons should be
limited. End-effectors should have mass properties similar
to the devices they are emulating. It is simple to add mass
to match an emulated device, but difficult to remove it.
Additionally recruitment for some protocols can be difficult
if the task is excessively energetically taxing. For example,
running for any amount of time while wearing an exoskeleton
with unoptimized settings may be exhausting. Energetic
penalties incurred by wearing an exoskeleton can be reduced
by minimizing mass and size of protrusions on the medial
aspect of the leg as distal mass and increased circumduction
for leg clearance are costly [7, 8, 9].

Even if an exoskeleton has high performance capabilities,
its utility is limited if it is not comfortable. Comfort is
maintained by applying forces normal to the user, achieving
a good fit and accomodating the range of motion of the
assisted joint. Forces should be applied normal to the skin
as shear forces applied to skin cause discomfort, pain and
increased risk of injury and occlusion [10]. Applying forces
over large surface areas allows for greater magnitudes of
applied force while maintaining comfort. Users may vary in
anthropometry, such as body mass and leg length. Designing
a new device for each user results in a comfortable fit [11],
but at an additional expense. Adjustability or modularity [12]
provide freedom to fit a range of users, but adjustability
often adds mass by requiring additional components, and
modularity may require bulky connective hardware to allow
frequent reconfiguration. Designing for compliance in select
directions can allow a better fit without added components by
enabling the frame to act as a flexure to bend in and out to
accommodate users of different shapes. Select compliance
can also enable an exoskeleton to allow additional limited
degrees of freedom that are not explicitly accounted for in
the joint design.

A knee exoskeleton may make an interesting end-effector
for a test bed as the human knee produces large peak torques
and absorbs impact during walking and running [13]. A
knee exoskeleton may also be useful in conjunction with an
ankle exoskeleton in order to better assist the gastrocnemius
muscle. When an ankle exoskeleton is used to aid walking,
activity in the soleus and gastrocnemius muscle can decrease
resulting in a reduction in metabolic energy consumption
[14, 15, 16]. Assistance provided at the ankle alone is limited
as the gastrocnemius acts to both plantarflex the ankle and
flex the knee during pushoff. An exoskeleton capable of
assisting both the ankle and the knee may be most effictive
to target the gastrocnemius for assistance.

The human knee has six degrees of freedom including
flexion and extension, external and internal rotation, varus
and valgus rotation, and three degrees of translation, which
must be accomodated either explicitly or through high
compliance in order to maintain comfort. The knee is not
well approximated by a rotary joint as the axis of rotation

Fig. 2. Large planar struts make up the frame of the exoskeleton. The thigh
struts (1) are connected to the calf struts (2) by an aluminum rotary joint
(3) approximately colocated with the center of rotation of the user’s knee.
Aluminum crossbars (4 and 5) connect the lateral and medial struts and
include termination points for the Bowden cable housings (6 and 7) as well
as pulleys for redirecting the inner Bowden cables (8 and 9) as the knee
angle changes. The inner cables extend from the crossbars to aluminum
cable anchors (10 and 11) which are mounted on bearings on the lower
carbon fiber crossbars attached to the calf struts.

displaces between 8 and 20 mm as the joint flexes [17].
The knee also experiences between 5 and 10 degrees of
external rotation automatically as the leg extends [18, 19].
The degree of varus or valgus rotation of the knee is nearly
constant for each individual, but ranges across subjects. The
last three degrees of freedom are translational, the largest
of which is anterior/posterior sliding between the femur and
the tibia which can be as much as 19 mm [19]. Compliance
between the exoskeleton frame and the user’s skeleton may
be sufficient to accommodate these movements without bulky
explicit degrees of freedom.

We aimed to develop a knee exoskeleton emulator that fits
a wide range of subjects through modularity and compliance.
Experiments presented here demonstrate the device is a
useful tool for testing assistance strategies for rehabilitation
or human performance augmentation.

II. METHODS

We designed, built and tested a knee exoskeleton to be
used as an end-effector in a tethered emulator system (Fig. 1).
The prototype is designed to provide structural compliance
in select directions and to provide torques similar to those
observed in the biological knee during running. Benchtop
tests were performed to determine force measurement ac-
curacy, step response, and force bandwidth. Bandwidth was
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Fig. 3. Free body diagrams of the exoskeleton structure. For the purposes of these diagrams, only knee extension torques are being applied. This means
there is tension in the extension rope on the anterior side of the leg and the flexion rope is slack. A Resultant forces acting on the user’s leg. The exoskeleton
interacts with the user at four straps: At the top of the thigh, above the knee, above the calf muscle, and just above the ankle.B Forces in the Bowden cable
conduit and inner rope (inset) are equal and opposite, producing no net external load on the leg. C The complete exoskeleton experiences external loads
at each of the four straps. D Thigh section (blue) forces and calf section (green) forces. Cable tension and joint reaction forces are equal and opposite.

measured both on a human user and with the force sensor
fixed in a rigid test stand. Walking tests were performed to
quantify the torque tracking capabilities of the system.

A. Mechanical Design
The knee exoskeleton end-effector is actuated by two pow-

erful off-board servo motors (AKM73P-ACCNR-00, Koll-
morgen, Radford, VA, USA) and a real-time controller, with
mechanical power transmitted through flexible Bowden cable
tethers. The controller and tether elements of this system are
described in detail in [20].

The frame of the exoskeleton consists of identical planar
carbon fiber struts on the medial and lateral aspects of the
leg (Fig. 2). The frame can be separated into thigh and
calf sections, represented as blue and green, respectively, in
Figs. 1 and 3. On the thigh section, the medial and lateral
frame struts are connected by two aluminum crossbars with
Bowden cable housing terminations (Fig. 4A). The inner
Bowden cables extend from these cross bars to cable anchors
mounted on the lower crossbars of the calf section (Fig.
4B). The aluminum anchors are mounted on bearings to
prevent torsional loads on the crossbar. Tension in the cable
located on the anterior side of the leg generates extension
torques (Fig. 3) while tension in the posterior cable generates
flexion torques. Pulleys mounted on the cross bar redirect
the inner Bowden cable as the knee angle changes. The
medial and lateral frames of the calf section are connected by
tubular aluminum crossbars on which the inner Bowden cable
anchors are mounted (Fig. 4B). The thigh and calf sections

are connected via medial and lateral aluminum rotary joints
(Fig. 4C). The shared axis of rotation of these joints is
approximately colinear with the human knee joint.

The frame is connected to the user by four straps at the
upper thigh, the lower thigh just above the knee, the calf, and
the ankle. The ankle and knee strap locations are located as
far from each other as possible, maximizing their leverage
about the knee and minimizing forces applied to the user
for a given knee torque. The same is true of the two thigh
strap locations. The upper thigh strap can be connected to
a belt at the waist or suspenders at the shoulders to prevent
downward migration of the device.

Free body diagrams were analyzed assuming the axis of
rotation of the knee joint is approximately aligned with that
of the exoskeleton’s joint and forces at the straps act normal
to the user (Fig. 3D). Compression applied on the crossbar by
the Bowden cable conduit and tension in the inner Bowden
cable are equal and opposite resulting in a moment about the
knee joint, but no net force on the leg in the world reference
frame (Fig. 3A). A free body diagram of the upper section
of the exoskeleton shows one possible set of reaction forces:
the reaction force at the joint bearing acts opposite to the
tension in the inner Bowden cable and the forces applied by
the exoskeleton straps are equal and opposite and act normal
to the user’s leg (Fig. 3C). The forces represented here are
approximations; small shear forces at the straps are expected,
but difficult to quantify.

The aluminum cross bars are of varying length with
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the longest at the thigh and the shortest above the ankle.
Crossbars of different sizes can be exchanged to adjust the
fit. The planar carbon fiber struts accommodate these changes
in width with low stiffness in the frontal plane. The struts
can be exchanged to fit users with shank lengths ranging
from 0.42 to 0.50 m and thigh lengths ranging from 0.38 m
to 0.46 m.

The exoskeleton accomodates knee angles ranging from
straight leg to 120 degrees of flexion and can apply 120
Nm of exension torque and 75 Nm of flexion torque limited
by frame strength. These values correspond to the range of
motion and peak torques observed at the human knee during
unaided running [21].

B. Fabrication

The exoskeleton frame struts were manufactured from
plate carbon fiber on a water jet cutter. Aluminum tubes
cut from stock lengths were used as crossbars for the lower
lever arms. The ends of the tubes are threaded for attachment
to the frame struts. The joint components and Bowden
cable terminations and pulley mounts for the upper crossbars
required more complex geometry achieved through CNC
machining of 7075 aluminum.

C. Sensing and Control

Knee angle is sensed using a magnetic encoder (RM22I,
Renishaw Inc., Hoffman Estates, IL, USA) and foot contact
with heel switches (7692K3, McMaster-Carr, Cleveland,
Ohio, USA) located inside the user’s shoe. Tension in the
Bowden cables is sensed using two sets of four strain
gauges (KFH-3-350-D16-11L3M2S, OMEGA Engineering,
Stamford, CT, USA) in Wheatstone-bridge configurations
located on the aluminum rope anchors (Fig. 4 B). Bridge
voltage is sampled at 5000 Hz and low-pass filtered at 200 Hz
to reduce the effects of electromagnetic interference. Torque
is geometry dependent and is calculated in real time using
measurements of both cable tension and knee angle.

A combination of classical proportional control with
damping injection and iterative learning is used to control
exoskeleton torque [22].

D. Experimental Methods

In tests of torque measurement accuracy, the aluminum
cable anchors and supporting crossbars were removed from
the exoskeleton and secured on a rigid test stand. Force was
incrementally increased by hanging weights of known mass
from the Bowden cable. We computed root mean squared
(RMS) error between applied and measured force from the
calibration set.

For the closed-loop bandwidth tests, steps in applied
torque lasting 3 seconds were applied in both low (1745 N)
and high force (436 N) settings. These forces are equivalent
to the forces required to apply 20 Nm and 50 Nm of torque
to the user’s knee while wearing the device in a straight leg
configuration.

In walking studies using an ankle exoskeleton we have
demonstrated that providing positive work with large torques
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Fig. 4. Exploded views of subassemblies: A The flexion crossbar connects
the medial and lateral frame stays of the thigh section. The Bowden cable
housing terminates in the center of the crossbar and is secured in a split
hub clamp. The inner Bowden cable extends through the crossbar and is
redirected as knee angle changes by a pulley mounted inside the safety
hard stop. The extension crossbar has similar features. B The lower flexion
crossbar connects the medial and lateral frame stays of the calf section.
The inner Bowden cable is secured on the aluminum cable anchor. The
cable anchor is instrumented with four strain gauges in a Wheatstone
bridge configuration for sensing tension in the cable. The strain gauges
are protected by a plastic shield that is secured to the cable anchor. The
wires extending from the strain gauges are clamped between a plastic plate
and the strain gauge shield for strain relief. The aluminum cable anchor is
mounted on a bearing in order to prevent torsional load from being applied
to the aluminum crossbar. The bearing sits on a steel bearing surface which
is secured to the cross bar with epoxy. Translation of the bearing along the
length of the crossbar is resisted by a flange on the steel bearing surface
and by a plastic shaft collar. C The pivot joint is composed mainly of two
aluminum components, the thigh joint fork and the calf joint clamp. The
thigh joint fork connects to the thigh frame struts and provides a stable
double shear connection with two ball bearings and a mounting point for
the rotary encoder. The calf joint clamp connects to the calf frame struts
and features a split hub clamp for rigidly attaching to the joint shaft.
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restrained by a strap that wrapped over the user’s thigh and attached to a
block under the foot. This prevented the knee from extending during the test.
B Bandwidth test setup on rigid test stand. An instrumented cable anchor
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on a rigid test stand.

during walking can result in large metabolic reductions [6].
The magnitude of torques applied that resulted in the largest
metabolic reductions corresponded to about 60 to 80% of
the torque produced at the ankle during normal walking.
Therefore, we are particularly interested in exploring torque
at the knee at and above 20 Nm as it corresponds to
approximately 65% of the peak torques produced at the knee
during normal walking for an average-sized subject [23]. A
50 Nm benchmark was selected to allow for comparison to
our ankle exoskeleton emulator [24].

Closed-loop bandwidth tests were performed both while
worn by a user and on the rigid test stand.Bandwidth tests
were performed by applying a series of sinusoidal desired
torque trajectories two seconds in length with a one second
pause in between trials. The first sinusoidal signal for desired
torque was commanded at 1.0 Hz and the frequency of each
successive trail was increased by 1.0 Hz until a frequency
of 55 Hz was reached. For the low torque bandwidth test
the desired sinusoidal signal had minimum and maximum
values of 10 and 20 Nm. For the high torque trials the
peak torque was 50 Nm with a minimum torque of 10 Nm.
Each of these tests were performed ten times and the results
were averaged. Bode plots were generated by fitting the
applied and measured torque signals to sinusoids described
by A · sin(B · x +C) where A is the amplitude of the sine
wave, B is the period, and C is the phase offset, assuming the
frequency of the commanded and measured waves are equal.
The magnitude of the frequency response was calculated in
decibels as 20 · log10(

Am
Ad

) where Am is the amplitude of the
sinusoid fitted to the measured data and Ad is the amplitude
of the desired torque signal. The phase shift between the
desired and measured signals was calculated as (Cd −Cm).

The same methods where applied for bandwidth tests

performed on the exoskeleton while worn by a user. For
the low torque bandwidth test, the maximum and minimum
values of the desired torque were 20 and 10 Nm. For high
torque trials the peak torque was 50.0 Nm with a minimum
of 20 Nm. These torques were commanded while the knee
was positioned at roughly 90 degrees so that the force used
to generate the torque was approximately the same as the
force used in the bandwidth tests on the rigid test stand. The
highest frequency tested while the exoskeleton was worn by
a user was limited to 23 Hz by user comfort. During these
tests the user’s leg was restrained by a strap that wrapped
over the knee and under the toe (Fig. 5). The high and low
torque tests on a human user were each performed five times
and the results averaged.

III. RESULTS

The mass of the knee exoskeleton is 0.76 kg. The device
allows a range of motion from straight leg at 0◦ to 120◦ of
knee flexion. Force measurement accuracy tests showed RMS
error of 6.14 N which corresponds to 0.78 Nm of torque
with the exoskeleton in a straight leg configuration (Fig. 6
A). Step response tests showed a rise time of 0.023 s for the
low torque (20 Nm) trials and 0.026 s for the high torque
(50 Nm) trials (Fig. 6 B). The bandwidth of the combined
exoskeleton and human system was phase limited at 23 Hz
for both the low and high torque settings as measured by
the -180◦ crossover (Fig. 6 D). The bandwidth of the motor
with force sensor fixed on a rigid test stand was phase limited
at 45 Hz in the high torque setting and gain limited at 52
Hz as measured by the -3 dB crossing in the low torque
setting. Torque tracking was evaluated during 100 strides.
The average RMS error over a stride was 0.91 Nm (Fig. 7).

IV. DISCUSSION

We have developed a comfortable knee exoskeleton which
can supply high torque in both flexion and extension direc-
tions at high bandwidth. Its mass is low at 0.76 kg, which
limits the metabolic cost incurred by adding distal mass to
the user and allows for the device to be adjusted to approx-
imate the mass properties of devices it may emulate. The
bandwidth of the device is high compared to other tethered
exoskeletons, which will enable researchers to accurately
render desired torque profiles. The bandwidth measured on
a human user was about half that measured on the rigid test
stand. This suggests that performance of exoskeletons should
be reported for the combined human/robot system as report-
ing the bandwidth of the actuator alone may overestimate
the performance capabilities of the system as a whole.

The exoskeleton is comfortable with wide straps placed
far apart to minimize forces on the body for a given applied
torque. However, this wide spacing can become uncomfort-
able for some subjects as the upper thigh strap approaches the
groin and the flexion lever arm prevents the user from easily
sitting. In future designs lowering these components may be
considered despite the corresponding increase in strap forces.
Users report feeling mostly normal forces in the directions
predicted by our free body diagrams (Fig. 3). However, no
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Fig. 6. Experimental Results A Torque measurement calibration results demonstrate an RMS error of 0.78 Nm with a maximum load of 63 Nm. B Step
response performed at both low and high force. The low force test was conducted at 175 N (corresponding to 20 Nm of torque on the knee exoskeleton
in a 90◦ configuration.) with rise time of 0.023 seconds. The high force step response test was conducted at 436 N (corresponding to 50 Nm of torque on
the knee exoskeleton in a 90◦ configuration) with a rise time of 0.026 seconds. C Bandwidth tested on a rigid test stand for both high (50 Nm maximum)
and low torque (20 Nm maximum) settings. Bandwidth was phase limited at 45 Hz as measured by the -3 dB crossover. D Bandwidth tested on a human
user for both high (50 Nm maximum) and low (20 Nm maximum) torque settings.

experiments have been conducted to confirm the direction of
the reaction forces at the straps.

The four straps proved to be insufficient to prevent
downward migration of the exoskeleton. Adding suspenders
between the thigh strap and the shoulders or connecting to
a belt at the waist were both effective methods of securing
the exoskeleton. The waist belt is a common solution and
was connected to the thigh strap with an additional length of
webbing on the lateral aspect of the hip where the distance
to the exoskeleton changed little during hip flexion and
extension [25, 26]. Inextensible webbing was used for the
leg straps and we found that the lower thigh strap and calf
strap became too tight at large angles of flexion and too loose
at straight leg due to changes in muscle volume. As a result,

the calf strap needed to be loosened for comfort and was no
longer sufficient to prevent downward migration. This was
not the case for our ankle exoskeleton which has a single
strap at the calf.

Many exoskeletons feature a series elastic element to
improve torque control or to allow for smaller actuators [22,
27]. Adding series elasticity can help improve disturbance
rejection usually at the cost of lower bandwidth. This ex-
oskeleton was not originally designed for series elasticity as
it was expected that compliance in the vectran cable and the
user’s soft tissues would be sufficient. However, it was found
that a compliant elastic cord added on the device side of the
Bowden cable helped to correct torque tracking errors caused
by stiction in the Bowden cable.
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Fig. 7. Average desired and measured flexion torque from 100 steps of
walking at 1.25 m/s. The mean RMS torque error was 0.91 Nm.

The simple rotary joints of this exoskeleton make it
lightweight, inexpensive and simple to design and man-
ufacture. Flexion and extension is actively controlled by
the exoskeleton and is allowed by the explicit rotary joint.
Small displacements in the other five degrees of freedom
are allowed through high compliance in uncontrolled di-
rections. The user’s soft tissues are very compliant. The
exoskeleton can be easily shifted by 30 mm up and down
or twisted around the leg by about 8 degrees by lightly
lifting with a single finger on each side of the exoskeleton
before resistance increases significantly. The low stiffness
of the knee exoskeleton frame in the varus/valgus direction
allows for some variability, but the knee exoskeleton is
difficult for individuals with a high degree of valgus rotation
due to limited clearance between the exoskeleton and the
contralateral limb. Adding asymmetric spacers between the
leg and the frame struts to shift the exoskeleton medially or
laterally can help with fitting. An explicit degree of freedom
for varus/valgus rotation would make fitting the exoskeleton
to users easier. Overall, high compliance in our exoskeleton
allows for comfortable use.

Several more complicated exoskeleton designs address the
multiple degrees of freedom of the knee. A four bar linkage
has been developed to more closely approximate the moving
center of rotation of the knee [25]. However, this solution
faces the same issues as a revolute joint if the exoskeleton
migrates down the leg and becomes misaligned with the
human joint. A six degree of freedom knee exoskeleton
that takes advantage of rotary joints and articulated paral-
lelograms delivers a pure moment to the user [28]. This
exoskeleton should be comfortable and fit a wide range of
subjects, but at the cost of complexity and mass.

We previously developed a knee exoskeleton end-effector
with a five degree of freedom joint to accommodate the
multiple degrees of freedom of the human knee joint, but
we found it to be heavy and the additional degrees of

Fig. 8. A five-degree-of-freedom exoskeleton developed to provide a pure
moment to the knee joint. All rigid components are located on the lateral
or anterior side of the leg. The exoskeleton consists of four aluminum strap
interfaces at the upper thigh, lower thigh, calf, and ankle. These interfaces
are connected by anterior struts formed of rectangular carbon fiber tubes.
The joint is composed of two hinges and three sets of three pulleys which
allow for five degrees of freedom. The three sets of pulleys are used for
flexion, extension, and an adjustable safety hard stop. The inner Bowden
cables used to apply extension and flexion torques wrap around these pulleys
and terminate on compression coil springs that supply series elasticity.

freedom unnecessary. It used a triple pulley configuration
with double hinges that could accommodate any joint motion
other than internal and external rotation (Fig.8). No rigid
components were placed on the medial aspect of the leg,
which reduced hip circumduction during walking. However,
the large offset joint mass on the lateral side of the leg
caused the exoskeleton to rotate relative to the human leg
during walking. The joint was composed of three sets of
three pulleys wrapped with inner Bowden cables (Fig. 9),
one set for extension, one for flexion, and another for a
safety hard stop to prevent hyperextension. Stretch in the
cables made measurement of joint angle difficult and reduced
the effectiveness of the safety hard stop. While this joint
configuration made fitting a wide range of leg shapes and
sizes simpler, it was heavy, complicated and anecdotally less
comfortable to walk in than our current simple pivot joint.

V. CONCLUSION

We have developed a tethered knee exoskeleton and
demonstrated through benchtop tests that it is capable of
applying high torque at high bandwidth and can apply
torques to a user comfortably during walking. Measured
bandwidth was greater in tests on a rigid test stand than
in tests on a user’s leg, but high in either case. The pivot
joint does not explicitly accommodate all degrees of freedom
of the human knee joint, but we found that compliance in
the frame, straps and soft tissues of the user allow it to be
used comfortably. The simple plate carbon fiber frame allows
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Fig. 9. A five degree of freedom joint capable of producing pure extension
and flexion moments in the flexion/extension degree of freedom while
accommodating four other degrees of freedom. Internal and external rotation
of the calf section relative to the thigh section is not supported.

for some compliance in order to accommodate varus/valgus
rotation of the knee and is compliant enough to flex in and
out to provide a good fit for legs of different diameters. A
more form-fitting frame could improve comfort and likely
mitigate increases in step width and circumduction. This
device will enable researchers to apply desired torque profiles
with high fidelity in order to probe the neuromuscular
system, augment athletic performance and test strategies for
gait rehabilitation.
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