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13.1 INTRODUCTION
Designing lower-limb exoskeletons is a difficult process with many inherent challenges. All exos-

keletons add mass and inertia to their user, which makes locomotion more energetically costly.

Exoskeletons also restrict natural movement by increasing the overall volume of the leg and by

resisting or completely inhibiting motion in some directions. The assistance provided by exoskele-

tons must effectively offset these innate costs before the user’s performance can be improved. This

requires exoskeletons to be lightweight and compact while ensuring safety and conforming to con-

straints such as desired degree of adjustability.

Designs range from soft to rigid and single jointed to full body, but all exoskeletons have the same

key components: frames, actuators, sensors, control hardware, and physical interfaces that connect to

the user. These features can be distributed in various ways, from a fully untethered system with all com-

ponents mounted on the user to an emulator testbed with many components located off-board.

This chapter provides guiding principles for design and case studies of effective approaches to

help developers begin the process of designing their own lower-limb exoskeletons. Topics include

the pros and cons of exoskeleton testbeds, selection of actuators, development of free body dia-

grams for evaluating loading and stresses, comfort and safety measures, tips for frame and joint

design, sensor selection, materials and manufacturing, series elasticity for improved torque tracking,

and a brief description of low-level control strategies.

13.2 EXOSKELETON EMULATOR TESTBEDS
Exoskeleton hardware is often complicated and expensive. Exoskeletons are usually built as an

untethered system with onboard power supply, control hardware, and actuation. Fitting all of this

into a compact package that fits on a user without impeding movement often requires complex cus-

tom parts. Researchers often build exoskeletons and discover unsatisfactory details, resulting in the

need for adjustments that require substantial redesign. This is discouraging, time-consuming, and

expensive, and can be largely avoided by beginning development with an exoskeleton emulator

system.
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Exoskeleton emulators are laboratory testbeds that are used to emulate existing systems or to

test candidate exoskeleton designs before they are developed. The key components of an exoskele-

ton emulator include an exoskeleton end-effector worn by a user and off-board components, includ-

ing actuation, control hardware, and power supply (Fig. 13.1). Placing these components off-board

makes the exoskeleton simpler, which reduces design time and expense, while simultaneously

improving performance.

Several research groups have adopted emulator testbeds with success. The details of their exo-

skeleton design vary widely while still using the same general approach (Fig. 13.2).

Most testbed systems are used to test general strategies or candidate designs for untethered sys-

tems before prototyping them, but sometimes testbeds are used with the intent of remaining test-

beds forever. For example, the MIT Anklebot is intended to be used in a clinical setting to

characterize the stiffness and impedance of ankles [10], and it has been used to identify the active,

passive, and dissipative behavior of the ankle joint during walking [11].

Emulator testbeds can be affordable and efficient tools for both researchers and clinicians.

Developing a testbed can deliver benefits for years, but not without some minor drawbacks.

13.2.1 EMULATOR PROS AND CONS

Exoskeleton emulators are fast, inexpensive, and flexible, but restricted to a laboratory setting.

Emulators are fast to design, manufacture, and adjust. Placing the motor, power, and control hard-

ware off-board removes the problem of designing mounts and mechanical transmissions on the leg,

FIGURE 13.1

Example of an emulator system with a knee exoskeleton end-effector. Powerful off-board motors transmit

mechanical power to the exoskeleton end-effector via flexible transmissions known as Bowden cables. Power is

supplied by a three-phase wall outlet and control is managed by off-board control hardware. Any number of end-

effectors can be used on a single emulator system.

Adapted from K.A. Witte, A.M. Fatschel, S.H. Collins, Design of a lightweight, tethered, torque-controlled knee exoskeleton, in: 2017

International Conference on Rehabilitation Robotics (ICORR), July 2017, pp. 1646�1653 [1].
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which eliminates the most complex elements of the design. Without these components the number

of parts on the end-effector is drastically reduced, which reduces both design time and the cost of

manufacturing. The greatest time-saving feature is that any device behavior can be programed in

without changing hardware. Let’s say we think a passive clutch and spring system, such as that

developed by North Carolina State and Carnegie Mellon Universities [12], could be beneficial. The

proposed system can be emulated by programming in the expected torque profiles. Changing the

virtual spring stiffness or clutch timing is done with a keystroke rather than replacing parts, tuning

finicky components, or building an entire exoskeleton. In this way a single end-effector can be

used to test any number of candidate mechanical systems.

Emulators are cost-effective largely because the most expensive components are off-board,

which allows them to be used and reused for any number of end-effectors over the course of years.

Batteries and motors that are small and light enough to mount on a user, but powerful enough to

get the job done are expensive, while wall power and reusable motors that sit on a shelf are much

cheaper with greater capability. Lastly, precise design requirements can be determined based on

experimental results before designing complex untethered systems, so mass, space and money are

not wasted building in too much capability, or worse: too little.

The only major con is that the tether to power and actuation restricts exoskeletons to treadmill

walking. While this seems like a major limitation, exoskeletons have been under development for

more than 120 years, yet the first measurable benefits were recorded using a pneumatic emulator in

2013 [13]. While some research groups may be ready to step out into the world to address

FIGURE 13.2

Testbeds keep devices simple and lightweight by placing heavy high-power components off-board and enable

timely walking experiments on a treadmill. (A) Carnegie Mellon University’s Emulator testbed [2] includes (1) a

rigid ankle exoskeleton actuated by (2) an off-board electric motor with (3) a flexible Bowden cable transmission

[2�6]. (B) The Harvard Biodesign Lab [7,8] actuates their (1) soft exoskeleton end-effector with (2) off-board

motors and (3) Bowden cable transmission. (C) The Sport Science Laboratory at Ghent University [9] uses a

pneumatic exoskeleton testbed which includes (1) two rigid ankle-foot orthoses actuated by (2) pneumatic

artificial muscles with (3) an air compressor located off-board and mechanical power transmitted through (4)

pneumatic tubes.

(A) Adapted from J. Zhang, P. Fiers, K.A. Witte, R.W. Jackson, K.L. Poggensee, C.G. Atkeson, et al., Human-in-the-loop optimization

of exoskeleton assistance during walking, Science 356 (6344) (2017a) 1280�1284; (B) Adapted from Y. Ding, I. Galiana, A.

Asbeck, B. Quinlivan, S.M.M. De Rossi, C. Walsh, Multi-joint actuation platform for lower extremity soft exosuits, in: 2014 IEEE

International Conference on Robotics and Automation (ICRA), May 2014, pp. 1327�1334; (C) Photo by Cedric Verhelst, adapted

from C. Verhelst, Sport Research Laboratory, Ghent University, https://www.ugent.be/ge/bsw/en/sportlab (accessed 22.07.19).
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behaviors not easily captured on a treadmill, substantial basic research remains to be done in the

laboratory.

13.2.2 OFF-BOARD COMPONENTS—POWER, ACTUATION, AND CONTROL
HARDWARE

Selecting off-board components with more capability than required by the current application has

the benefit of keeping additional strategies available for future endeavors. The cost of overdesign-

ing off-board components is very low as they can be used for years to come.

Common actuators include pneumatic artificial muscles [13,14], Bowden cable transmissions

connected to powerful off-board electric motors [4], and linear actuators [7]. In this chapter, we

will focus mainly on Bowden cable systems. Regardless of the actuator you select, there is a trade-

off between joint torque and velocity. The actuator must produce the required torques at velocities

that can match or exceed the demands of the assisted biological joints.

Bowden cables attached to large electric motors are a common option for actuation because

they are simple to implement and require little maintenance. An example of a Bowden cable is a

bicycle brake cable. It is a thin cable that travels through a tough, flexible outer housing. Forces

acting on the ends of the housing are equal and opposite to the tension on the inner cable. These

equal and opposite forces result in no net force, meaning the brakes are not pulled towards the han-

dle bars and exoskeleton end-effectors will not be pulled towards off-board motors. The exoskele-

ton just needs a small clamp for the housing to attach to and a lever or drum onto which to tie the

inner cable. Another benefit of Bowden cable actuation is that it is extremely backdrivable. The

motor can simply let the cable go slack for the exoskeleton to switch to a zero-torque mode.

Overdesigning off-board components allows for a highly responsive system. Off-board actuators

can often provide higher peak torque than the exoskeleton frame can withstand, but that torque can

be used to accelerate the rotor quickly. This allows for higher force bandwidth and greater distur-

bance rejection. The more bandwidth you have, the more types of assistance you can accurately

apply. Disturbance rejection is important as torque can be developed in two ways: the motor can

turn, or the user can disturb the system by flexing a joint to tighten the Bowden cable. This means

your motor will need to get out of the way quickly to achieve accurate torque tracking.

13.3 UNTETHERED SYSTEMS
While testbeds give researchers a high degree of flexibility, untethered systems are needed for over-

ground walking and are often the end goal of research performed on a testbed. Many untethered

systems are currently in use and several have been shown to reduce the metabolic cost of walking.

An untethered ankle exoskeleton from MIT effectively reduced the metabolic cost of walking dur-

ing load carriage [15]. This exoskeleton is likely successful because it allows the ankle to maintain

mobility in uncontrolled directions and its mass is kept to a minimum by eliminating explicit joints

and taking advantage of lightweight materials such as fiberglass leaf springs and cord. Researchers

at Samsung developed a sleek product-like hip exoskeleton that reduced the metabolic cost of walk-

ing by 20% with maximum torque as small as 10 Nm [16].
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Some untethered exoskeletons have particularly unique designs. North Carolina and Carnegie

Mellon Universities collaborated on a passive ankle exoskeleton with a mechanical clutch and

spring that stored and released energy during walking resulting in a metabolic energy reduction of

about 7% [12]. The Harvard Biodesign Lab has untethered versions of their soft exoskeletons with

power and actuation located in a backpack. These untethered soft exoskeletons have been used to

reduce the metabolic cost of walking during load carriage by 7% compared to walking without the

mass of the exoskeleton and 14% compared to an unpowered mode [17]. The physical structure of

the soft exoskeleton is unique and impressive as it can be worn under clothing, is lightweight, and

the materials of the exoskeleton are exceptionally inexpensive to manufacture. Lastly, Simon

Fraser University and Bionic Power have produced an energy harvesting knee exoskeleton that gen-

erates electricity while decelerating the knee at the end of the swing phase [18]. This is similar to

regenerative braking in a hybrid vehicle. The negative work performed by the exoskeleton, which

powers the generator, replaces positive work in human muscle, so the additional metabolic cost of

wearing the device is small. This energy harvesting knee exoskeleton may provide power to medi-

cal devices or allow charging in remote areas.

Several position-controlled exoskeletons are currently available for assisting individuals with

spinal cord injuries. One such device is the ReWalk which senses the tilt of the torso and com-

mands a predetermined hip and knee trajectory that results in a step when the user leans forward

[19]. The user can also use a remote to command the exoskeleton to aid with several tasks such as

sit-to-stand transitions.

Some exoskeletons have been well designed, but have not produced measurable benefits for the

user. The Achilles exoskeleton developed at Delft University of Technology is cleverly designed

with an efficient leaf spring and linear actuator drive system [20]. However, it did not reduce the

metabolic cost of walking, likely due to the weight of the hardware and details of its current control

scheme [21].

13.4 MECHANICAL DESIGN OF ONBOARD COMPONENTS
Regardless of whether an exoskeleton is untethered or part of an emulator system, the same princi-

ples of exoskeleton design apply. Exoskeleton design requires balancing competing design goals

and constraints. In general, we would like to minimize mass, inertia, and volume while maintaining

safety, comfort, mechanical strength, and peak torque and power capabilities. In this section we

will discuss general approaches for addressing comfort and safety, frame design, joint design, sens-

ing, series elasticity, and materials and manufacturing.

13.4.1 LOADING ANALYSIS—FREE BODY DIAGRAMS

Free body diagrams enable designers to understand the forces applied to the user and stresses in the

exoskeleton. This allows designers to make better decisions to produce lightweight designs while

ensuring comfort and safety. Free body diagrams will reveal whether or not a design will operate

as intended. They can also reveal the relationships between design parameters and outcomes such

as the magnitude of forces applied to users and mechanical stresses in components. This chapter
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assumes a basic understanding of free body diagrams. If some background is needed, we recom-

mend referring to a textbook on Engineering Statics or Physics, such as Introduction to Statics and

Dynamics, available online [22].

Here are some helpful techniques for generating free body diagrams of exoskeletons:

1. Simplify free body diagrams of the exoskeleton and user by including only a portion of the

user. It is acceptable to make a “cut” and include only the user’s leg, but you must include

internal forces and moments at the “cut.” Make certain that any other forces applied at the

boundaries of your free body are also included.

2. The mass of exoskeletons and the accelerations experienced during walking are often small

compared to the driving forces and moments, so the gravitational and dynamic loads can

usually be safely neglected. Complexity can be added as the design takes shape.

3. Assumptions that are in line with design goals can simplify analysis and verify that the

exoskeleton will operate as expected. For example, if you do not want straps to apply shear

force to your user, assume straps only apply forces normal to the user. If you cannot achieve

static equilibrium with this assumption in place, you know your design will not function as

intended.

Once free body diagrams are composed, you can solve the static equilibrium equations for out-

comes of interest. This allows you to see the effect of changing design parameters such as compo-

nent lengths on outcomes like the magnitude of force applied to a user. If static equilibrium cannot

be achieved, you will need to make adjustments to your assumptions or change the overall design

of your system.

Comparing candidate architectures and identifying issues early in the design process can greatly

impact performance and avoid costly alterations later. After load analysis is performed, dimensions

can be selected to minimize forces and stresses, which allows for a mass-efficient design.

See the case study in Section 13.4.2.4 for an example of free body diagrams and how they were

used to develop an ankle exoskeleton.

13.4.2 SAFETY STOPS AND PHYSICAL INTERFACES

An exoskeleton has limited usefulness if it is unsafe or too uncomfortable to be worn. We can

ensure safety by preventing the user’s natural range of motion from being exceeded, and we can

improve comfort by placing physical interfaces far apart, keeping forces acting normal to the user,

and restricting natural motion as little as possible.

13.4.2.1 Safety stops
Hard stops should prevent an exoskeleton from applying force to the user outside their natural

range of motion. Placing hard stops far away from the assisted joint will reduce the magnitude of

force applied to the hard stop. A singularity may be an acceptable replacement for a hard stop in

some cases. A singularity works by aligning the inner Bowden cable with the joint center. In this

configuration, tension in the rope can be very high and still apply zero torque to the user’s leg at

the maximum allowable angle. This approach is less desirable than the hard stop. A large portion

of the exoskeleton frame still experiences large forces and stresses, and the user is not protected

against hyperextension of joints due to other causes such as trips or the momentum of the leg itself.

256 CHAPTER 13 DESIGN OF LOWER-LIMB



Other safety measures such as mechanical fuses and in-software safeties should be in place. A

breakaway cable can be tied in line with the inner Bowden cable at the motor. If tension in the

cable rises higher than expected, the breakaway cable will break and separate the end-effector from

the motor. Software safeties can command zero torque when certain limits are exceeded, but soft-

ware safeties should be used with caution as sensor malfunctions or wiring problems can render

them ineffective. Including redundant sensors can improve our confidence in software safeties.

13.4.2.2 Case study—knee exoskeleton end-effector utilizes hard stops
The Carnegie Mellon University (CMU) knee exoskeleton end-effector utilizes safety hard stops to

prevent flexing or extending the knee beyond acceptable limits (Fig. 13.3). The Bowden cable

housing termination and the inner cable termination press against each other to counteract the ten-

sion in the cable. This type of hard stop is preferable compared to a singularity because all the

force is reacted through these two components and the rest of the exoskeleton remains unloaded.

13.4.2.3 Straps
Placing interfaces far apart maximizes lever arm lengths and minimizes forces applied to the user.

It is also more comfortable for force to be applied directly towards the leg (normal to) than along

its surface (in shear). Not only do shear forces cause rubbing and pain, but skin doesn’t support

them well [23]. This can be demonstrated by gripping your wrist and pressing directly toward the

bone. There is little movement between your hand and wrist. Now grip your left forearm tightly

FIGURE 13.3

(A) The exoskeleton experiences a flexion angle within the acceptable range. (B) The exoskeleton has reached its

maximum allowable flexion angle. The Bowden cable housing termination collides with the inner cable

termination thus preventing the exoskeleton from flexing any further. (C) The exoskeleton is in its straight leg

configuration and will not allow further extension of the knee.
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and force your right hand alternatingly towards the left elbow and hand. Your hands slide with

respect to each other with little resistance as your soft tissues deform. This motion is undesirable

and will be worse in very fleshy areas like the thigh. For these reasons exoskeletons should apply

forces mainly normal to the user whenever possible.

Straps are key to the success of exoskeletons and should be prototyped early in the development

process. The best strapping locations have a shape conducive to preventing downward migration,

experience little change in muscle volume, and are bony. One of the best strapping locations is at

the top of the calf. The large size of the gastrocnemius muscle prevents a calf strap from sliding

down the leg. The top of the calf also sees very little change in volume allowing for inextensible

straps. The shin is bony and an excellent location for applying force without losing mechanical

power to the deformation of soft tissues. The thigh is less convenient and requires more thoughtful

design as it is shaped like an inverted cone and thigh straps tend to slide down.

Some mechanical power loss is experienced at all human-exoskeleton interfaces due to move-

ment of the device relative to the user, deformation of soft tissues and compliance in the straps

themselves. Some measures of power loss at interfaces are as high as 55% [24]. While some of this

power is returned viscoelastically, the timing of its return is difficult to anticipate.

Applying forces to the user at bony locations and making straps out of inextensible material can

help avoid relative motion between the exoskeleton, mitigate rubbing, and reduce mechanical

power loss, but the changing shape of the user may require some elasticity at locations that experi-

ence large volume changes. For example, a strap above the knee may be comfortable for walking,

but uncomfortably tight for running or squats.

Straps must be able to resist gravity and dynamic loads. These loads are often neglected during

component design as they are small and cause low stress, but will cause exoskeletons to migrate

with respect to the user over time. Legs experience high rotational velocity during locomotion

which acts along with gravity to force exoskeletons down the leg. This problem can be mitigated

by reducing mass. Additional suspension straps may also help. Knee exoskeletons often utilize a

strap to the waist to prevent downward migration. The distribution of mass is important as laterally

offset mass can cause the exoskeleton to spin around the leg as the user walks. The coefficient of

friction between the user and straps can be improved using self-adhering sport wrap such as Coban

or prosthesis socket liner. Developing straps is often a matter of trial and error, as mechanical engi-

neers, clinicians, and biomechanists are not typically expert in apparel design. Comfort may be best

maintained by adapting straps already well-developed for sports, weight lifting, or safety

equipment.

13.4.2.4 Case study—ankle exoskeleton end-effector designed for low forces and safety
In the first stages of designing the ankle exoskeleton, we used free body diagrams to select among

architectures, set major geometric parameters, and estimate loads on the device and the body

(Fig. 13.4). The exoskeleton interfaces with the user at three locations: a strap above the calf, a

rope under the heel of the shoe, and a plate embedded in the toe of the shoe. These diagrams

adhere to the recommendations listed in Section 13.1.

It is assumed that the force applied by the calf strap acts normal to the user’s shin (Fig. 13.4B).

This assumption ensures that it is physically possible for the exoskeleton to work as intended and

makes solving the force balance equations easier. If force balance could not be achieved with this

assumption in place, it would be understood that the exoskeleton must apply undesirable shear
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force to the shin and calf. The no-shear assumption is reasonable as the straps and soft tissues have

low stiffness in shear loading and disallow the development of large forces except in the case of

large displacements.

The interfaces at the calf, heel, and toe are placed as far apart as possible to reduce forces

on the user. For example, if a moment balance is taken about the bearing in Fig. 13.4C, the force in

the calf strap is inversely proportional to the distance between the strap and the bearing. Placing

the strap half way down the shin would decrease the overall size of the exoskeleton, but would also

double the force on the user’s leg for the same applied torque.

Free body diagrams can be used to answer many design questions. For example, why is the heel

rope included? If we start with known tension in the Bowden cable, the joint reaction force between

the shank and foot section can be solved for using Fig. 13.4C and static balance equations. This

joint force can then be used in Fig. 13.4D to solve for the three unknowns: tension in the heel rope,

the ground reaction force, and the direction of the ground reaction force. Three static balance equa-

tions (sum of the forces in the x and y directions along with a moment balance) can be used to

solve for our three unknowns. If the heel rope was not included, the problem would be undercon-

strained with two unknowns and three equations. Static balance would not be possible without addi-

tional forces, such as a shear force on the shank.

The ankle exoskeleton features a singularity (Fig. 13.5) to prevent the exoskeleton from apply-

ing torque to the user outside their normal range of motion. As the ankle approaches its maximum

allowable plantarflexion angle, the inner Bowden cable aligns with the joint center, ensuring that

FIGURE 13.4

Free body diagrams of an ankle exoskeleton. (A) The full system including the exoskeleton and user’s leg. Forces

in the Bowden cable housing act equal and opposite to tension in the cable resulting in zero net force on the

exoskeleton. (B) The exoskeleton interfaces with the user in three locations: a strap at the shin, a rope embedded

in the heel of the shoe, and a plate in the toe of the shoe. (C) The shank section experiences force from the calf

strap, force at the Bowden cable housing termination that is equal and opposite to the tension in the inner

Bowden cable, and a reaction force at the bearing. Note that the force from the redirection of the inner Bowden

cable around a pulley is not included as it is internal to the free body. If the inner Bowden cable were not

included then the redirection force would be needed. (D) Forces acting on the foot section of the exoskeleton.

(E) Forces acting on the user.

Adapted from K.A. Witte, J. Zhang, R.W. Jackson, S.H. Collins, Design of two lightweight, high-bandwidth torque-controlled ankle

exoskeletons, in: IEEE International Conference on Robotics and Automation (ICRA), 2015, pp. 1223�1228 [5].
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zero torque is applied at this maximum angle. Furthermore, if the plantarflexion angle exceeds this

maximum angle, a restoring dorsiflexion torque will be applied. However, a large portion of the

frame is loaded when the singularity is reached. This means that the frame must be reinforced to a

greater degree when using the singularity as a safety instead of a hard stop.

13.4.3 FRAME AND JOINT DESIGN

We would like to minimize mass, inertia, and volume while allowing the device to fit many differ-

ent users comfortably without inhibiting gait. The energy cost of carrying mass increases drastically

as the location of the added weight becomes more distal [25]. Components should be mass efficient

and heavier components should be as close to the torso as possible. Adding an exoskeleton also

increases the overall volume of the leg, which requires the user to increase circumduction (swing

their legs further to the side) to avoid collisions between legs during walking. This is very tiresome

as the net rate of energy expenditure during walking increases with the square of circumduction

amplitude [26]. With this in mind, protrusions from the leg on the medial aspect should be kept to

a minimum.

13.4.3.1 Frame design
Attaching to people is difficult. Not only are people squishy and oddly shaped, but there is wide

variability in the shape of individuals. Variation in leg length, leg diameter, shoe size, levels of val-

gus or varus alignment in the knee (knock-kneed or bow-legged), and external rotation of the toe,

among other things can make fitting multiple individuals with one exoskeleton difficult.

Developing an exoskeleton that is one-size-fits-all is likely impossible without including some

amount of adjustability, modularity, or compliance.

FIGURE 13.5

Singularity on an ankle exoskeleton. (A) As the ankle approaches its maximum allowable plantarflexion angle,

the inner Bowden cable aligns with the joint center. (B) A Free body diagram of the foot section demonstrates

that zero torque is applied at this maximum angle.
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Adjustability can be a time-saver when running lots of experiments. Sliders can extend or

shorten struts to fit legs of different lengths, but add weight and complexity to the design. Users of

different sizes can be accommodated through modularity by making multiple sizes of select compo-

nents. Addressing fit with modularity is simple, but can be time-consuming to adjust as connective

hardware needs to be removed and replaced and wires might need to be rerouted.

In some cases, sizing can be addressed through compliance in select directions. Frames with

built-in flexibility can flex in or out to accommodate users of different leg sizes. Selective compli-

ance can also be used to provide passive degrees of freedom to a joint. This is desirable as biologi-

cal joints usually have many degrees of freedom, but an exoskeleton may be designed to assist only

one or two. Allowing some motion in the unassisted directions through compliance keeps locomo-

tion relatively uninhibited while maintaining a simple design.

13.4.3.2 Case study—Carnegie Mellon University’s ankle exoskeleton
• Modularity—The shoe, toe strut, and calf strut of the CMU ankle exoskeleton (Fig. 13.6) can be

exchanged to fit different users, but the joints, Bowden cable termination, and heel spur are

one-size-fits-all. The exoskeleton can be shifted by adding spacers of unequal size to the top of

the calf. Often the calf is not symmetric around the center of the leg—more muscle mass can be

located on the lateral side of the leg, which shifts the exoskeleton towards the lateral side. This

is a problem if the medial malleolus of the biological ankle joint contacts the frame. This can

be fixed by adding a wide spacer to the medial side and a thin (or no) spacer to the lateral side.

FIGURE 13.6

Modularity ensures a good fit on different users. (A) The shoe (1), toe struts (2), calf struts (3), and heel rope (4)

can be exchanged to fit users of different foot and calf lengths, while the rest of the components are one-size-fits-

all. (B) This subject’s natural ankle configuration requires a wide spacer (5) under the strap on the medial aspect

of the calf to ensure that the ankle is centered in the exoskeleton. Other subjects may require spacers on the

lateral aspect, or none at all. Note that while the ankle is relatively centered in the exoskeleton, the calf is not.

There is no space (6) between the exoskeleton frame and the lateral aspect of the leg.
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• Selective compliance for fit—The tops of the calf struts on this ankle exoskeleton can flex

towards and away from the leg to accommodate legs of differing diameter. The struts are thin in

the frontal plane to allow flexing, but wide in the sagittal plane to ensure that they are rigid in

the directions in which large forces are applied.

• Selective compliance for passive degrees of freedom—The biological ankle acts mainly in the

plantarflexion/dorsiflexion direction, but is also capable of rotation and roll. The CMU ankle

exoskeleton only assists plantarflexion and uses a simple pivot joint, but still allows freedom for

the ankle to roll through compliance in the shoe, heel rope, strap, and struts (Fig. 13.7). High

compliance in the heel rope is particularly useful for allowing inversion and eversion of the

ankle, although ankle rotation is still limited.

Note: Complete design files for this ankle exoskeleton are available at [27].

13.4.3.3 Joint design
Simple pivot joints are lightweight and functional as they simplify attachment and sensing. For

example, a knee exoskeleton can depend largely on the calf strap to prevent the entire structure

from sliding down the leg if the joint has only 1 degree of freedom. However, if translation

between the thigh and calf sections of the exoskeleton is allowed by a more complex joint, the calf

strap cannot support the thigh portion. More degrees of freedom require better strapping.

Additionally, many control strategies require real-time measurement of the joint angle. This is most

easily accomplished by attaching an encoder to a pivot joint.

FIGURE 13.7

Selective compliance allows freedom of motion in several degrees of freedom without complex joint design.

Flexibility in the shoe, straps, struts, and heel rope allow for comfortable inversion (A) and eversion (B) of the

ankle.
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Deliberately designing for structural compliance in unassisted directions allows simple joint

designs to be effective. Biological joints are complex and have multiple degrees of freedom, but

each of these may not need to be explicitly addressed by the mechanical joint if there is sufficient

compliance in soft tissues, straps, and the exoskeleton structure. However, small natural movements

in the unassisted degrees of freedom of biological joints will result in undesirable large forces if

the exoskeleton and its interface with the user are both very stiff.

Several successful exoskeletons have been developed without explicit joints. A jointless

autonomous ankle exoskeleton has reduced the metabolic cost of walking [15]. Soft exoskeletons

typically lack explicit joints and are extremely lightweight and allow freedom of motion [28].

However, the magnitude of torque applied can be limited using this strategy as some shear

forces must be applied by straps, which can be uncomfortable. The range of available control

strategies can also be limited as the measurement of joint angle is more difficult without an

explicit joint.

13.4.3.4 Case study—5-degree-of-freedom knee exoskeleton
Complex designs to address multiple degrees of freedom and fitting issues can be time-consuming

to design, expensive to manufacture, and heavy, while a simpler, lighter design may suffice.

Consider the 5-degree-of-freedom knee exoskeleton developed by Carnegie Mellon University in

collaboration with Boston Dynamics shown in Fig. 13.8.

Five degrees of freedom were selected so the center of rotation of the exoskeleton could match

the center of rotation of the biological joint and accommodate all natural degrees of freedom other

than knee rotation. Internal/external knee rotation was omitted to prevent torque application in

unintended directions.

The joint of the knee exoskeleton comprised three sets of triple pulleys: one for extension tor-

que, one for flexion, and one for a safety hard stop to prevent hyperextension. Straps at four physi-

cal interfaces attached at the top of the thigh, above the knee, calf, and above the ankle.

This exoskeleton had many desirable traits, but failed to be useful in walking experiments. It

featured no rigid components on the medial aspect of the leg, which avoided increased circum-

duction during walking. It could fit a wide range of adults easily regardless of leg-length,

degree of varus or valgus alignment of the knee, or leg diameter without the need for modular-

ity. Similar to another exoskeleton developed by Boston Dynamics [29], it also delivered a near

pure moment (limited by friction at the bearings) to the biological knee, meaning internal joint

forces were not increased due to the use of the exoskeleton. Unfortunately, the weight and bulk

of the complex joint limited the utility of the device. The offset mass caused it to gradually

rotate around the leg during walking, and the long length of the hard stop cable reduced its

stiffness and effectiveness. A simpler knee exoskeleton was developed as a replacement

(Fig. 13.9).

Our second knee exoskeleton (Fig. 13.9) was developed using simple pivot joints and planar

struts on the medial and lateral aspects of the leg. We found the single degree of freedom to be ade-

quate as compliance allowed for comfortable use. The rigid components on the medial aspect of

the leg are not desirable, but the exoskeleton has enabled walking experiments and was relatively

simple to design and build. Information gained from this simple exoskeleton can be applied to

more complex designs with more desirable form factors later on.
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13.4.4 SENSING

Emulator systems should include enough sensors to allow flexibility in the design of control strate-

gies. Including sensors for joint angle, torque measurement, and heel contact keep most control

strategies available for testing. For example, joint angle may not be needed to implement propor-

tional electromyographic control, but it would be necessary to emulate the behavior of a spring-

loaded passive device or to detect different phases of gait.

Joint encoders make measurement of joint angle simple. Magnetic encoders are recommended

as they can be found in very small sizes and are relatively robust to misalignment compared to opti-

cal encoders.

FIGURE 13.8

A 5-degree-of-freedom exoskeleton designed to provide a pure moment to the knee joint. 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 triple pulleys, which allow for 5 degrees of freedom.

Adapted from K.A. Witte, A.M. Fatschel, S.H. Collins, Design of a lightweight, tethered, torque-controlled knee exoskeleton, in: 2017

International Conference on Rehabilitation Robotics (ICORR), July 2017, pp. 1646�1653.
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Torque can be measured directly by lightweight strain gauges. Strain gauges can be configured

in a Wheatstone bridge to improve sensitivity. The arrangement of the strain gauges can be

designed to measure strain from specific types of loading while rejecting others. Torque can also

be calculated by measuring tension in the Bowden cable with a load cell and multiplying by the

effective lever arm which is calculated considering geometry and joint angle. Placing the load cell

on the motor side of the Bowden cable in order to reuse the load cell across end-effectors is not

recommended. Friction between the Bowden cable housing and the inner cable can result in lower

(or higher) tension in the cable on the end-effector side compared to the motor side, resulting in

inaccurate torque measurements [30].

A switch in the heel and/or toe of the shoe can provide information on the user’s place in the

gait cycle. A pressure sensor may be more desirable than a simple on/off switch as it would open

up more assistance strategies.

FIGURE 13.9

Knee exoskeleton featuring a simple pivot joint and plate carbon fiber frame.
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Sensors can often be moved off-board. For example, pressure sensors may be replaced by

ground reaction forces as measured by an instrumented treadmill. Joint angle can be sensed by

motion capture cameras. However, moving sensors off-board may involve delays or additional

setup time for experiments.

If electromyographic (EMG) sensors are required for control strategies such as proportional

EMG control [31] or for locomotion mode identification [32], then extra space is needed between

the user’s leg and the exoskeleton frame near the instrumented muscles. Contact between EMG

sensors and the exoskeleton can cause spikes in measured EMG data.

Wiring problems can be hard to diagnose and can result in large development delays. Wiring

issues can be largely mitigated by making plans early in the design process. Routing wires over or

near the axis of joints to avoid sharp repeated bends will reduce fatigue and prevent internal breaks

in the cable that are hard to find. Buying cable with high flexibility will reduce the chances of fail-

ure due to fatigue. Including snaps or guides for cables will reduce the need for tape or cable ties.

Routing all the cables for sensors into a single connector rigidly mounted on the exoskeleton frame

will allow for a single cable extending from the exoskeleton to power and the controller. This

reduces mass and makes unplugging the exoskeleton easy and reduces dangling cables which get in

the way during maintenance and adjustments. Wireless sensors may be an option, but larger laten-

cies are likely.

13.4.5 SERIES ELASTICITY FOR IMPROVED TORQUE TRACKING

Placing an elastic element like a spring in series with an actuator creates a series-elastic actuator

[33]. This can improve torque tracking by improving disturbance rejection, but may also reduce

bandwidth [34]. It is easiest to think of disturbance rejection in extremes. Consider the following

scenario: the motor is being held still, the inner Bowden cable is taut, and the user suddenly flexes

the exoskeleton. If the Bowden cable has high stiffness, a large increase in force is generated

quickly. If the Bowden cable has extremely low stiffness, like a rubber band, the user can quickly

flex their joint without developing a large change in force. However, greater compliance in the

transmission also reduces force bandwidth. If the transmission is very stiff, the Bowden cable is

taut and there is a step increase in desired torque, the motor turns a tiny amount to create tension in

the cable and a large force is quickly generated. If the transmission has very low stiffness, the

motor must turn much further to generate the same amount of force, as force is equal to the stiff-

ness of the transmission multiplied by displacement. Because the motor must turn more when the

transmission is less stiff, it takes more time to develop torque and lag is experienced between the

desired and measured torque, which limits force bandwidth.

There is some intermediate stiffness that supplies some disturbance rejection without reducing

bandwidth below acceptable levels. The optimal stiffness depends on the frequency content of the

desired torque and the magnitude and frequency of disturbances. The best stiffness for an ankle

exoskeleton was shown to be that which most closely approximated desired torque patterns while

holding the motor in a fixed position during walking [35]. Additionally, the stiffness of the entire

transmission—the cable, the added spring, the straps, the structure of the exoskeleton, and the soft

tissues of the user—needs to be considered. In some cases, the user’s soft tissues may reduce the

stiffness of the exoskeleton/user system below the ideal stiffness for torque tracking. When this

occurs, adding a spring cannot improve torque tracking.
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13.4.6 MATERIALS AND MANUFACTURING

Components for end-effectors can be machined, 3D-printed, or made by carbon fiber layup. Most

other manufacturing techniques are too expensive, as these devices are made in batches of only one

or two. Each of these manufacturing techniques has pros and cons that should be considered.

Computer Numerical Control (CNC) machining is widely available and somewhat complex

shapes can be achieved affordably, allowing for a more closely fitting exoskeleton than that possi-

ble with a few simple planar parts. CNC machining is a highly repeatable method and the material

properties of CNC machined metals, such as aluminum, are well understood. It is helpful as a

designer to have a good understanding of material properties and expected fatigue life.

3D-printing is attractive for exoskeleton design as very complex geometry can be easily achieved.

Flowing 3D shapes can be made to wrap elegantly around the leg and small details for attachment to

other components are simple to create. Complex or hollow cross sections can be created to achieve

mass efficient designs. However, 3D-printed materials have less predictable bulk material properties

as the strength of the material is higher within a printed layer and lower between layers.

An exoskeleton’s life likely involves more than a million steps, so fatigue becomes a real con-

cern and predicting the fatigue life of 3D-printed materials is currently extremely difficult. Little

information is available on the performance of 3D-printed materials in high cycle applications.

Fatigue life of parts depends on surface finish and the size and quantity of internal defects. Printed

materials are porous by nature and high residual stresses are created as a result of the additive

manufacturing process. This makes printed materials more susceptible to fatigue than similar con-

ventionally machined materials [36].

When small or noncyclic loads are expected and fatigue is not an issue, inexpensive plastic 3D-

printed parts can be lightweight and convenient. Spacers, sensor protectors, cable guides, and bump

guards can all be produced easily and relatively cheaply using 3D-printing processes such as fused

deposition modeling or stereolithography.

Carbon fiber is an attractive material for exoskeletons as it has a high strength to weight ratio.

Carbon fiber is expensive both in terms of raw material and manufacturing costs. The complexity

of 3D parts made by carbon fiber layup is limited by how fine the weave is. Carbon fiber does not

easily conform to sharp bends and cannot achieve small complex geometry. Custom carbon fiber

layups can result in very nice form-fitting exoskeletons, but care needs to be taken in their design.

The orientation of the fibers needs to be considered and the bulk properties stated for the epoxy or

carbon fiber material should be considered rough estimates as they depend on the quality of the

layup itself. Additionally, carbon fiber is extremely susceptible to wear through abrasion and care

should be taken to avoid any rubbing between carbon fiber components and other parts.

Sheets of carbon fiber, fiberglass, metals, and plastics can all be interesting materials if planar

parts are being considered. Planar parts are very quick and cheap to form by a variety of processes

including waterjet cutting, plasma cutting, and laser cutting. Waterjet cutting of carbon fiber is par-

ticularly attractive because it is very inexpensive and the hazardous dust is captured in the cutting

fluid. The cost-effectiveness of parts becomes especially important when addressing sizing and fit

through modularity. Making the majority of a frame out of planar parts makes having three or more

sizes more affordable than if utilizing complex three-dimensional parts. In addition to being afford-

able, planar parts also have very predictable beam stiffness, which allows compliance in select

directions for fit and freedom of motion.
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In general, 3D-printing is advantageous where extremely complex geometry is necessary, CNC

machining is appropriate for moderately complex parts, and waterjet cutting of carbon fiber plates

is effective for large parts that will be replicated in multiple sizes or where compliance in select

directions is needed.

13.4.6.1 Case study—the evolution of the CMU ankle exoskeleton
The frame of the first iteration of the ankle exoskeleton was composed of planar carbon fiber parts

to allow for high compliance in the frontal plane and to reduce cost (Fig. 13.10A). The next three

iterations use simple rectangular carbon fiber struts (Fig. 13.10B�D). These shapes have lower

compliance, but are well suited to the expected loading, make manufacturing multiple sizes inex-

pensive, and provide compliance at the tops of the struts to fit calves of different diameters.

Adjustability was added for the fourth iteration (Fig. 13.10D). The fourth ankle exoskeleton is part

of a larger Bilateral Lower Limb Exoskeleton Emulator (BiLLEE) capable of assisting the ankles,

knees, and hips.

FIGURE 13.10

Evolution of ankle exoskeleton end-effectors (A) The original ankle exoskeleton is comprised almost entirely of

(1) planar carbon fiber parts with (2) a rectangular Bowden cable termination connecting the medial and lateral

aspects of the frame. (3) Fiberglass leaf springs provide series elasticity and leverage. (B) A more recent iteration

of the ankle exoskeleton featuring (4) rectangular carbon fiber frame, (5) a hollow carbon fiber Bowden cable

termination, (6) a steel coil spring, (7) a hollow titanium heel spur, and (8) a heel rope. (C) (9) The rectangular

carbon fiber frame was reused and the Bowden cable termination was replaced with (10) a CNC aluminum

component. (11) The titanium heel spur and (12) heel rope were also reused. The coil spring was removed as

elasticity in the inner Bowden cable itself was found to be sufficient. (D) This ankle exoskeleton is a small part

of a Bilateral Lower Limb Exoskeleton Emulator (BiLLEE). Discrete adjustability was added to the (13) frame.

(14) The Bowden cable termination and (15) titanium heel spur remain mostly unchanged. The heel rope was

replaced with (16) a carbon fiber link attached to a rod extending through the heel of the shoe to allow

compressive loads to be carried.

(A) Adapted from J. Zhang, P. Fiers, K.A. Witte, R.W. Jackson, K.L. Poggensee, C.G. Atkeson, et al., Human-in-the-loop optimization

of exoskeleton assistance during walking, Science 356 (6344) (2017a) 1280�1284; (B) Adapted from K.A. Witte, J. Zhang, R.W.

Jackson, S.H. Collins, Design of two lightweight, high-bandwidth torque-controlled ankle exoskeletons, in: IEEE International

Conference on Robotics and Automation (ICRA), 2015, pp. 1223�1228.
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A heel rope is used in three of the ankle exoskeleton iterations (Fig. 13.10 A�C). It is strong

and stiff in tension, but allows for free motion of the ankle in rotation and inversion and eversion,

which would be difficult to match with other more conventional materials. The heel rope was

replaced with a carbon fiber link in the fourth iteration (Fig. 13.10D) to allow loading in compres-

sion, as part of the BiLLEE system.

The Bowden cable housing termination connects the medial and lateral aspects of the shank por-

tion of the frame. The frame of the first iteration had to be large and extend far behind the calf to

allow a rectangular shaped termination to work along with the fiberglass leaf springs (Fig. 13.10A).

This configuration was easy to produce, but created a large boxy device envelope. The envelope

was too large to allow for bilateral testing as frequent collisions occurred between the left and right

exoskeletons. For this reason, we changed to a sweeping, U-shaped Bowden cable housing termina-

tion that fit the leg more closely (Fig. 13.10B�D). The first U-shaped termination was made out of

hollow carbon fiber (Fig. 13.10B). This part was formed by casting a wax mold of the component,

performing a carbon fiber layup around the wax form, and melting the wax out by submerging the

part in warm water. While this produced a lightweight component, it was very time-consuming to

manufacture. For ease of manufacturing, the Bowden cable housing termination was changed to a

machined aluminum component (Fig. 13.10C and D).

Series elasticity was originally supplied by fiberglass leaf springs (Fig. 13.10A). It was believed

that this design would be lightweight as the leaf springs could act as both springs and as a lever.

But bulky connective hardware was needed to allow for robust attachment that prevented cracks

from developing in the leaf springs. A coil spring was later used to provide series elasticity. The

spring was heavy and torque tracking was acceptable without it. So the spring was removed in sub-

sequent iterations (Fig. 13.10C and D).

The lever supplied by the leaf springs was replaced with a 3D-printed titanium heel spur

(Fig. 13.10B�D). The complex loading experienced in the part was well addressed by a complex

flowing shape easily produced by additive manufacturing. Torsion experienced in the middle of the

horseshoe shape is well addressed by a hollow tube while bending stresses at the tips of the horse-

shoe can be reduced by using an I-beam cross section. The majority of the heel spur is hollow,

which would not be possible with conventional machining. The first iteration of the titanium spur

experienced failure due to fatigue after 2 years of use (Fig. 13.11). It is likely the next iteration of

the heel spur will be conventionally machined because the fatigue life of conventional materials

can be better predicted. This change will be made at the cost of added mass as hollow cross sec-

tions will not be possible using conventional machining.

13.5 CONTROL
Control of robotic systems can be split into high-level control of behaviors and low-level control of

positions or torques. High level control determines what you want your device to do while low level

control is how your device achieves it. The high-level controller determines the desired torque or

position, and the low-level control attempts to track the desired signal as closely as possible. Emulator

systems are most often used to give the user the experience of using a candidate device, and so the

low-level controller typically aims to match the torques that would have been produced by that device.
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The simplest form of closed-loop low-level control is proportional control. The measured torque

is subtracted from the desired torque to calculate the torque error which is then multiplied by a

gain. This value then becomes the motor velocity command. In this way, the motor turns to take up

slack when torque is too low and spins the other direction to let out slack when torque is too high.

The speed that the motor turns is proportional to the error, so the bigger the error, the faster the

motor turns.

Stability can be added to proportional control by adding damping injection. A damping gain is

applied to the measured motor velocity and the product is subtracted from the motor velocity com-

mand such that there is resistance to further speeding up the motor when the motor is already mov-

ing very rapidly.

An iterative learning term can be added to the motor command to correct for error that is con-

sistent across multiple consecutive steps. Iterative learning takes advantage of the repetitive nature

of walking to create a feed-forward term based on past torque tracking error. Zhang et al. [34] pro-

vide information on how to implement iterative learning.

If a series elastic actuator is being used, other methods of improving disturbance rejection

include disturbance observers [37,38], acceleration feedback [39], and model-based environment-

adaptive control [40].

FIGURE 13.11

Titanium heel spur created by electron beam melting (EBM). Additive manufacturing allows for simple

manufacturing of (1) sweeping shapes with hollow cross sections and small complex geometry such as the (2)

split hub clamp. However, this manufacturing process has some drawbacks. The printed material cannot be

reliably threaded, so (3) a slot was required for capturing a nut for tightening the clamp. Hollow cross sections

are filled with partially sintered titanium dust which require (4) vents to be included. The vent holes must be

large enough to allow a small pick access to the hollow area to forcibly remove the dust. These vents limit the

strength of the part and reduce the usefulness of the hollow cross sections. Other additive manufacturing

techniques such as selective laser sintering require smaller holes and the dust can be simply blown out with

compressed air. Material made through additive manufacturing is especially susceptible to fatigue failure due to

its porosity and poor surface finish. (5) Fatigue cracking began at the bottom of the part, propagated up to the

vent hole and continued to the top of the component after 2 years of consistent use.
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13.5.1 CASE STUDY—CONTROL OF ANY CMU EMULATOR

In the case of the CMU ankle and knee exoskeletons, the low level torque controller consists of

proportional control plus damping injection and iterative learning as described in Eq. (13.1).

_θdesði; nÞ5Kp � eτði; nÞ2Kdamp � _θmði; nÞ1 _θlearnði1 d; nÞ (13.1)

There are two indices in Eq. (13.1). i indicates the time step, which is set to zero at the moment

of heel strike and is updated at a rate of 500 Hz. n refers to the number of the current stride which

is updated at every heel strike of the same foot. dis a delay equal to the number of time steps

required for a change in motor velocity to be reflected in applied torque. _θdes refers to the desired

motor velocity.Kp is the proportional gain applied to eτ , the error in torque tracking. Kdamp is the

damping gain applied to _θm, motor velocity. _θlearn is a learning term calculated in Eq. (13.2).

_θlearnði; nÞ5β � _θdesði; n2 1Þ2Kl � eτfiltði; n2 1Þ (13.2)

where β is a “forgetting” term that acts as a weight on the learned trajectory and Kl is a gain

applied to the filtered torque error, eτfilt, which is calculated in Eq. (13.3).

eτfiltði; nÞ5 ð12 γÞ � eτfiltði; n2 1Þ1 γ � eτði; nÞ (13.3)

where γ is a weighting term on the learned error. For more information on this approach refer to

[34].

Many other control strategies have been tried on the CMU emulator system, but proportional

control with damping injection and iterative learning have proven to be the most effective. It is

important to note that iterative learning, as implemented on the CMU emulator, has limited utility

during nonsteady-state behavior as the cyclic nature of walking cannot be exploited. Other low-

level control strategies may be required for accurate torque or position tracking during nonsteady-

state behaviors.

Time-based control has been used extensively on the ankle exoskeleton. After performing indi-

vidualized optimization of control parameters, the time-based controller has delivered a 23% reduc-

tion in metabolic energy on average with some subjects experiencing reductions as high as 37%

[2]. Proportional electromyographic control and electromyographic control with a virtual muscle

tendon model are currently under evaluation.

13.6 MAKING STRIDES IN THE FUTURE
Emulator testbeds are accelerating exoskeleton development and will help researchers and industry

partners to quickly develop viable commercial products that improve lives. Emulators allow more

rapid progress than that possible using complex untethered systems based mainly on intuition with-

out experimental data to guide design.

Whether designing exoskeletons as emulator end-effectors or as standalone untethered devices,

many of the same guiding principles apply: keep designs simple, allow for natural motion, and min-

imize weight while maintaining safety and comfort.

While some researchers may develop untethered product-like devices to address problems like

nonsteady-state locomotion and uneven terrain, there are more questions we can answer in the lab
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before making the leap to mobile systems. How can exoskeletons best improve stability and prevent

falls? Which joints should we assist to improve maximum running speed? How does exoskeleton

use affect muscle�tendon dynamics? How can we best facilitate user adaptation to assistive

devices? Is there a single control strategy that is effective for multiple gaits? Can we use exoskele-

tons to teach novel skills such as dancing or football punting? How do the answers to these ques-

tions affect the design of our devices? It is our hope that researchers will tackle these questions and

more by applying our guidelines for design and taking on the testbed strategy to help their exoske-

letons evolve into effective tools efficiently and affordably.
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