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Design and Prototype of an Active Knee Exoskeleton to Aid
Farmers with Mobility Limitations

Evan A. Wood

(ABSTRACT)

This paper presents an active knee exoskeleton determined to aid an increasingly aging

farmers population with mobility limitations due to factors such as disease, age and prior

injuries. The exoskeleton utilizes a system of distally worn quadcopter motors, Bowden

cable and pulleys to provide assistive torque to the wearer at the knee joint. An assistive

torque of 30% of the required knee torque to perform daily activities (e.g., sit to stand,

ascension/descension of stairs and hills) is intended to be produced by the exoskeleton aiming

to reduce stress on the wearer’s knees, increase range of motion and decrease possibility of

secondary injuries. The mechatronic design and control scheme of the exoskeleton is further

described.



Design and Prototype of an Active Knee Exoskeleton to Aid
Farmers with Mobility Limitations

Evan A. Wood

(GENERAL AUDIENCE ABSTRACT)

As farmers continue to get older, they will likely face age-related disabilities that impede

their ability to work and increase risk of suffering serious injuries. One of the major age-

related diseases is arthritis, which currently accounts for about 40% of disability cases in

agriculture nationwide. The effect of arthritis on farmers is profound because it reduces

their physical strength, joint range of motion and is a source of joint pain, all culminating

in the lack of ability to perform routine activities regularly and safely. One way to decrease

the rate of injuries is by reducing the strength and joint loading required to perform these

activities through the use of wearable robotics. As opposed to existing solutions that focus

only on injury prevention, this thesis will present an active, knee-assist exoskeleton intent

on providing 30% of the necessary joint rotation force to perform activities such as sit-to-

stand actions and the ascent/descent of stairs and hills. The device will be a lightweight,

unobtrusive cable-driven exoskeleton actuated by distally-worn electric motors. We hope

that use of the exoskeleton will result in increased ranges of motion and overall reduction

of stress on the wearer’s body, which will minimize the effects of arthritis and ultimately

improve safety and quality of life.
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In recent years, a great deal of research has been dedicated to the development of solutions

aimed at enabling people who are unable to easily perform activities of daily living (ADL)

due to age, injury or disease. One solution researchers continue to explore are wearable

robotics known as exoskeletons, they can either augment or rehabilitate a wearer’s strength

and endurance through passive or active assistance. Passive exoskeletons avoid the use of

motors or batteries and provide assistance through mechanical means such as springs, ma-

terial properties, dampers or locking mechanisms [19,20]. A passive system will store energy

harvested by human motion and use it to support posture or motion [21] but they typically

lack the ability to provide the level of assistance possible with active exoskeletons. Active

exoskeletons use a variety of powered actuation methods such as cable driven, hydraulic,

pneumatic, direct drive electric or series elastic actuators (SEA) to create large assistance

forces capable of bridging the gap between a wearer’s ability and task requirements.

The exoskeleton presented in this work is a cable driven, active knee exoskeleton designed

to assist an aging population of farmers perform the activities of sit to stand (STS) and

hill and stair navigation. While performing these everyday activities, older farmers tend

to struggle due to loss of muscle, age-related disease or decreased range of motion (ROM)

and it can cause over-straining of muscles and joints or improper technique which can result

in serious injury and greatly increased energy expenditure. Through the use of a distally

placed brushless motor and Bowden cable for force transmission, the exoskeleton is able to

1



2 Chapter 1. Introduction

generate a torque at the knee capable of assisting the wearer throughout their motion, thus

improving their ability to perform ADL and relieving the strain on their joints. The design

and development of the exoskeleton are further discussed.

Agriculture plays a significant role in the lives of all members of the population through

the production of food and raw materials that form the basis of society. At the heart of

such an industry is an aging population of farmers working hard to maintain and provide for

society. Sometimes these farmers struggle to perform the activities required to successfully

farm and reach their daily goals often due to age related disabilities or injuries that impede

their ability to work. According to the United States Department of Agriculture (USDA)

the age of farmers is currently at a national average of 58.3 years old and about one-third of

established farmers are over 65 [1]. Moreover, consistent with a thirty year trend the average

age continues to increase, with a 2.1% increase coming between 2007 and 2012. Figure 1.1

depicts the 2014 USDA’s report on the past and present average age of farmers.

An increasingly older farmer population presents challenges to both society and the individ-

ual farmer. As age climbs, the issue of disabilities such as arthritis, limited mobility and less

tolerability to body stresses become more prevalent, often resulting in injuries that impede

their ability to perform ADL, decrease productivity and further increase the risk of suffering

a more serious or even fatal injury. Arthritis is one of the most common diseases, affecting

1 in 5 Americans and accounts for about 30% of the disability cases in agriculture [22]. The

effect of arthritis is profound because it severely reduces strength, range of motion (ROM),

has a negative effect on quality of life and is often a reason for injury. Several studies

have been conducted to examine the relationship between arthritis and farm related injuries
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The designed active knee exoskeleton, figure 4.1, is a Bowden cable driven wearable device

that provides extension moments at the knee joint in order to assist in performing ADL. The

exoskeleton can be categorized into 3 subsystems: (1) a human interface, which interacts

with the wearer to transmit forces provided by the exoskeleton, (2) an actuator unit which

supplies the desired torque for assistance, and (3) an electronic subsystem which drives

34
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and monitors exoskeleton performance throughout it’s operation. The human interface is

composed of an aluminum frame, pulley for joint actuation, four soft thigh cuffs located

along the leg, four aluminum supports located at the thigh cuffs to aid in the transmission

of forces and a waist belt to assist in keeping the exoskeleton in place. The actuator module

is located at the hip to minimize the effects of distally placed mass and is connected to the

knee through the use of a Bowden cable. It consist of a brushless DC motor (BLDC), a two

stage planetary gearbox (Vex Robotics VersaPlanetary), aluminum frame and output pulley.

Electronic components include incremental encoders located at the knee joint and behind the

motor, a load cell, microcontroller, motor controller shield, instrumentation breakout board,

load cell amplifier and programmed angle-based torque controller. These three subsystems

work cooperatively to provide assistance to the wearer and operates as described below.

A joint angle is read by the knee incremental encoder, the microcontroller refers to a specific

equation dependent on the range the measured knee flexion angle falls within and calculates

a desired level of torque accordingly. The torque is converted into a corresponding current

to be fed to the motor. Motor torque is generated, which is then amplified by gearbox ratio

and a torque is generated at a pulley located at gearbox output. As the pulley rotates the

attached Bowden cable is pulled upwards resulting in a force that acts on the outer radius

of the pulley at the knee creating a joint moment. The exoskeleton joint moment is then

translated to normal forces applied to the wearer through interaction with the four thigh

cuffs of the human interface. The applied forces provide an assistance to the extension

moment produced by the human joint and result in easier movement to desired position.
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The actuator is responsible for producing an assistive joint torque that is used to help the

wearer throughout task movement. It is composed of a BLDC quadcopter motor (T-motor

U8 lite), a two stage planetary gearbox (Vex Robotics VersaPlanetary Gearbox) with a 25:1

reduction, pulley at gearbox output and a supporting aluminum frame, as shown in figure 4.2.

Design prioritized the following considerations: biomechanical task requirements, metabolic

cost of wearing the actuator (mass and location), module volume, safety and reliability. In

this section the actuator design and process is further described.

As mentioned earlier, an actuator’s allowable mass, output torque and required speed are

determined by the application. These requirements still leave a broad design space in which

to select method of actuation, motor size and gear ratio. Our first step was in deciding

method of actuation. A key consideration in our design process was actuator mass and

location of mass. The location of added mass is important because previous studies have

shown that when mass is added to the extremities, lower extremity kinematics can change

and metabolic rate increases disproportionately with load, especially in more distal locations

[47]. Browning et al. found that a 4 kg waist load did not result in significance increase in

net metabolic rate while at 8 kg it increased by 14% and walking with the load located at the
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foot increased rates by 48% [47]. Based on this data we aimed to keep the entire exoskeleton

below 4 kg and the largest amounts of mass closest to the hip joint of the wearer. These

requirements led to design a cable driven system that allows distal actuation. The system is

driven by a pulley, and a gearbox and electric motor combination.

Actuator design began with the selection of a motor. Many types of motors exist such as

servo, stepper, brushed and brushless motors. After reviewing these types, a brushless type

motor was selected based on several of the advantages associated with using one including

high torque to weight ratio, high efficiency, longer lifespan then brushed, less mechanical

noise and higher reliability. The motor chosen is the U8 lite KV 100 quadcopter motor from

T-motor, figure 4.3. The motor is capable of producing 180 seconds of 2.73 Nm continuous

torque at its rated voltage of 44.4 V, weighs 243 grams, no-load speed of 4549 rpm and has

a height of 27.05 mm allowing it to be low profile on the side of the body.

Although the motor is capable of producing high torques in comparison to other motors, it is

still not enough to reach our goal of 32.7 Nm. In order to satisfy our application requirements,
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the motor was paired with a two-stage, 25:1 planetary gearbox that will increase output

torque and decrease speed to a value more suitable for our application. Planetary gearboxes

incorporate a sun gear that drives surrounding planetary gears within a ring gear thus

rotating the output shaft. These gearboxes are advantageous because they provide relatively

good efficiency, compact size, low backlash, long gear life due to distribution of forces on

multiple gears, easily adaptable and high torque output. The gearbox chosen is a two

stage VersaPlanetary Gearbox that provides a reduction of 25:1, figure 4.4. The motor and

gearbox combination were then evaluated using motor equations to develop speed-torque,

mechanical power and torque-current curves. Performance curves were then compared to

application requirements and validated. Motor equations and corresponding graphs are

presented below.

!m =
V

Ke

� � � Ra

(Kt � Ke)
(4.1)
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Equation 4.1 is used to develop the speed-torque curve of the motor and gearbox. !m

represents angular velocity, V is voltage supplied, Ke is the speed constant, � is torque,

Ra is resistance and Kt is the torque constant. Speed-torque curve is used to evaluate the

expected performance of the motor-gearbox pairing to biomechanical requirements. Figure

4.5 presents curves for both a 12s (44.4 V) and 6s (22.2V) lithium polymer (LiPo) battery.

In figure 4.5 absolute values for knee angular velocity and 30% of application torques are

presented for STS, stair and hill navigation. These values are compared to motor-gearbox

speed-torque curves and presented relative to nominal, peak device and continuous 180s

torques. Motor and gearbox output torque is calculated by multiplying motor input torque

by reduction ratio and assuming an efficiency of 70% (�out = �in � N � �). Nominal torque

is equivalent to 15.92 Nm, peak device torque is 32.92 Nm and continuous 180s torque is

47.77 Nm, which can be achieved if amperage limitations of the current device are changed.
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Examination of the figure shows that at both voltage levels the gearbox and motor com-

bination provide adequate speed and torque that meet or exceed application requirements.

Application torque lines show that the maximum torque requirement occurs in stair descent

with a value of 32.28 Nm. As previously mentioned the peak device torque is 32.92 Nm,

accounting for efficiency. While the difference between motor-gearbox torque and applica-

tion torque are small, the 1.15 ratio between pulley at the knee and output shaft pulley will

multiply the torque delivered to the joint and create a greater torque cushion. Inspection

of speed shows that at the rated battery supply of 12s, there is a large difference between

the speed capability of the actuator and joint velocities. Excess amounts of speed is unfa-

vorable to the goal of providing assistance to wearers, as it fails to match natural human

biomechanics which may cause wearers to increase effort to match exoskeleton pace and/or

resist unnatural movements. In order to combat unnecessary speed, a lower voltage supply

was chosen and evaluated. At 22.2V, the speed torque curve is lowered from 180 to 90 rpm

at no-load speed. While 90 rpm is still above the maximum joint angular velocity of 53.64

rpm, it creates a much more reasonable speed cushion that will be further reduced by pulley

ratio to approximately 78 rpm. This is about the desired speed cushion for choosing a motor

and gearbox pairing to be used in this implementation. Selection of a 6s battery also created

a weight reduction when compared to a 12s battery.

The next equation is used to calculate mechanical power for both biomechanical data and

motor-gearbox combination. Mechanical power (Pm) produced is calculated by multiplying

torque and rotational speed as shown in equation 4.2. By utilizing equation 4.2, a power-

torque curve can be developed and compared to max power requirements of each motion

profile considered in design.

Pm = � � !m (4.2)
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Figure 4.6 presents the power-torque curve of the motor-gearbox combination in comparison

to peak biomechanical powers. Peak power for biomechanical data is calculated by using

equation 4.2 at every angular velocity and torque point throughout the motion pattern then

the absolute maximum value is taken and plotted in comparison to the power-torque curve

of motor-gearbox.

Inspection of figure 4.6 shows that the peak power of the actuator is 380 W in comparison

to the peak biomechanical power of 102.6 W occurring in stair descent. This reconfirms

the assumption generated from evaluation of figure 4.5 that the capability of the designed

actuator satisfies joint requirements.
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� = Kt � Ia (4.3)

Equation 4.3 is the relationship between torque output and current applied (Ia), which is

used to calculate the required current to produce a desired torque. Figure 4.7 shows the

linear relationship between current and torque for our selected motor and gearbox. The

limitations of current at 20 Amps is due to motor shield selection, which is discussed later

in section 4.4.1.

Evaluation of all three equations and figures shows the expected performance of chosen motor

and gearbox is capable of providing adequate speed and torque to satisfy knee biomechanical

requirements.
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An important element of the actuator is the pulley located at the output of the gearbox.

It is press fitted on the hex output shaft of the gearbox and secured with a shaft collar.

It’s primary responsibility is to facilitate the transmission of torque generated by the motor-

gearbox to the exoskeleton joint located at the knee. This is done through a Bowden cable

that is mounted to the pulley and secured by a screw as shown in figure 4.9. As the pulley

rotates with torque it causes tension in the cable, resulting in a force that is transferred along

the cable route to the exoskeleton knee joint, figure 4.8. Force in the cable is calculated by

Fcable = �
rp

. Observation of figure 4.9 shows an open cylinder design in the pulley. This is

done to ensure that forces from the cable on the pulley are inline with the bearings located

in the gearbox, thus limiting shaft loading and deflection.
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As discussed in section 2.1, the knee joint has six DOF and performs flexion/extension

through a sliding and rolling movement between the femur and tibia. Typically, the knee

axis of rotation displaces by 8 to 20 mm as the joint flexes [48]. The knee also experiences

between 5-10 degrees of external rotation as it extends [49, 50]. In designing exoskeletons

to replicate these movements, complex and heavy mechanisms have been developed and

implemented. These devices can often present issues in operation or metabolic cost. In order

to avoid using mechanisms with large, explicit degrees of freedom, this exoskeleton opts for

a simpler method of incorporating compliance between the exoskeleton and wearer into the

system. Since knee DOFs outside of flexion/extension involve relatively small movements,
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compliance allows the wearer the freedom to perform desired movements without dedicating

a specific mechanism or creating excessive resistance. The human interface presented was

designed as a single degree of freedom (flexion/extension) exoskeleton that is compliant in

all other degrees of freedom.

The human interface (figure 4.10) of the exoskeleton consists of an aluminum frame on the

lateral aspects of the leg that can be separated into thigh and shank components. The

thigh component is composed of an inner bar that extends from the knee to the hip and an

outer support connected to the inner through a crossbar that serves as Bowden cable sheath
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