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Exoskeleton robots are used to augment human power to perform difficult tasks. These robots can generate eternal load on human

muscles as training devices. In this paper, a lower-limb training device using exoskeleton is developed for muscle power augmentation

during cyclic motion. A control system determines augmenting power on the human leg during pedaling motion based on the

calculation of muscle activity timing. The resulting power of the exoskeleton assists cycling motion as a rehabilitation system or

applies mechanical load on the leg muscles as a training system. Measurement of interaction force by the load cell on each pedal

determines admittance control signal. Experiments to assist bicycle riding motion using the developed exoskeleton were conducted.

From the interaction force analysis, the sources of errors in the motion control are found, and the application-specific problems are

discussed. Given that the exoskeleton robot can control hip and knee joint independently, the proposed system can be extended for

assisting various motions in daily life, including walking rehabilitation.
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1. Introduction

Human power augmentation by robotic exoskeleton enables normal

humans to manipulate objects that are out of range. In the past two

decades, researchers have focused on upper limb exoskeleton for heavy

industry workers in moving objects or tools to reduce load. Recently,

lower limb exoskeleton robots for soldiers and disabled people have

attracted interest for assistance and for training devices.1 

Pratt et al.2 suggested that the key functions of exoskeleton robots

for humans are performance enhancement, low impedance, natural

interface, life improvement, as well as comfort and safety. RoboKnee

was designed to carry heavy load of 60 kg backpack without getting

tired. However, no quantitative evaluation of the exoskeleton system

was conducted in terms of its enhancing effect. EMG signals are shown

to control the Hybrid Assistive Limb (HAL) as a device assisting in

swing motion of operator’s leg.3 The device developed by Cyberdyne,

Inc. obtained CE Marking (CE 0197) as a medical device in EU.4

Exoskeleton robot with multi-degrees of freedom is used to train post-

stroke patients by allowing adaptation of human subject’s gait phase

with intelligent control strategies.5 The coordinated movement of

exoskeleton with the user’s motion is shown by the experiment through

adapting gait cycles. Although encouraging remarks are given by the

patients, a rigorous quantitative evaluation on the performance in

rehabilitation aspect or assistive method is needed. Analytical model of

the knee is suggested to estimate internal forces by muscles during

exercise for the eight groups.6 Optimization technique is used to

estimate muscle forces and showed that muscle force model is only

valid in quasi-static (low speed) exercise. Virtual modification of the

mechanical impedance of the human limbs is suggested to improve

kinematic response of the limb.7 The state of the art clinical motion

analysis is reviewed for the estimation of muscle forces from

computational model.8 

NOMENCLATURE

Li = Length of i-th link

li = Distance to center of gravity from the i-th frame origin

θ0i = Direction to center of gravity from the i-th frame origin

mi = mass of i-th link

Iizz = Moment of inertia of i-th link

θi,j = sum of two angles, θi+ θj
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In clinical studies, bicycle riding showed promising results for

treating patients with Parkinson’s disease.9 Dynamic model of the

bicycle robot using Kane’s method is examined through numerical

simulation to show the efficiency of the model.10 Robotic rig for testing

bicycle transmission and bicycle ergometer with a tilting seat, backboard,

a split crank, and two belt-driven motors are developed to provide both

power to assist the user and resistance loads for training.11,12

In this study, an exoskeleton robot is developed to train or assist leg

muscles and evaluate the capability to compensate loading by analyzing

load cell force data. Motion capture data of human cycling is used to

develop reference trajectories of exoskeleton robot. Load cell sensors

located on the sole of robotic suit and on the pedal of the bicycle are

used to measure interaction force. A comparison is conducted between

exercises with augmented power from exoskeleton and the exercises

without additional augmentation during the bicycle riding. Experimental

results with interaction force analysis are presented and discussed;

conclusion and future research directions are provided.

2. Design of Exoskeleton Robot for Bicycle Riding

The exoskeleton robot for bicycle riding is designed to assist human

leg motion in daily life. The hip joints and knee joint are actuated by

brushless DC motor with driver. The hip joints are configured as 3

degrees of freedom with passively rotating back plates to follow body

rotation. One actuated joint gives hip flexion and extension of thigh

segment. The knee joint is designed to allow single rotation of knee

flexion. The ankle joint is designed as single passive joint used to rotate

freely according to the resulting motion of the foot. As reported in Ref.

20, the percentage of mechanical work in ankle joint during bicycle

riding is below 10% of the total work.20 Therefore, in the present study,

the actuation of ankle joint is omitted for the user to adjust own motion

of ankle during the bicycle ride.

2.1 Mechanical design

Fig. 1 shows the outline of mechanical structure of the developed

exoskeleton robot. The range of motion for each joint is chosen in

accordance with the general human joint angles in daily life. For the

safety of the user, the researchers applied constraints on the range of

mechanical motion to avoid rotation of the robot in extreme angles.

Table 1 lists the requirement of leg joints for a range of motion.13 The

EC 90 flat 90W Maxon motor with reduction gear with a ratio of 81:1

is used for actuating the hip joint. The EC 40 flat 120W brushless DC

motor with planetary gear and reduction ratio of 81:1 is implemented

to rotate the knee joint. The motor drivers are 4-quadrant digital

controller for brushless EC motors (DEC 70/10 model).

Fig. 2 shows the pedal subsystem measuring interactive forces by

foot pressure on the bicycle pedal resulting to torques on the crank.

Guide rail and pistons are designed to apply forces into two load cells

through the structure. Miniature load cell such as the Ktoyo Model

247ST with a rated capacity of 50 kg is used to measure tension and

compression forces.

Listed in Table 2 are the derived dynamic parameters of the

exoskeleton robot using 3D-CAD model in CATIA V5.18. The

Fig. 1 Mechanical design of exoskeleton robot and the developed

system

Table 1 Requirement of joints

Joint Motion
Range of

Motion [°]

Angular

Velocity [°/s]

Maximum

Torque [Nm]

Hip Flexion 90 40 10

Hip Extension 25 40 10

Knee Flexion 90 120 20

Ankle Flexion 20 150 20

Ankle Extension 15 150 20

Fig. 2 Pedal subsystem to measure interactive forces

Table 2 Kinematic and dynamic parameters

Property Notation Value

Distance to COG from origin
l1 [m] 0.209

l2 [m] 0.105

Angles to COG from origin
θ 01 [°] 3.205

θ 02 [°] 11.976

Length

L1 [m] 0.377

L2 [m] 0.403

L3 [m] 0.103

Mass
m1 [kg] 3.589

m2 [kg] 1.93

Moment of Inertia
I1zz [kg⋅m

2] 0.109

I2zz [ kg⋅m
2] 0.052
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parameters for ankle joint are omitted as the joint is passive. Each leg

is modeled as two degrees of freedom planar manipulator, which

corresponds to hip and knee joints. The kinematics and dynamic

equations are discussed in Section 3.

2.2 Embedded control system

Roll and pitch angles of back plate in Fig. 1 are measured by two-

axis gyro sensor such as the Attitude Reference System (ARS). The

sensor implemented Kalman Filters to generate angle data with 100 Hz

through UART interface. The measurement of roll and pitch angles

ranges from -60o to +60o. In addition to incremental encoder, Autonics

E40 Series with 360 pulse/revolution, the researchers interfaced magnetic

type absolute encoder to measure joint angles. RMB20SC, absolute

binary synchro-serial interface (SSI) type, is connected to the main

CPU. The pulses with 4096 counts/rev. correspond to resolution of

0.09o to determine joint angles.

Fig. 3 shows the signal flow of the whole hardware control system.

Distributed control architecture is implemented to control the motion of

exoskeleton robot. Each joint actuator is controlled by a microcontroller

that receives reference trajectory command from the main CPU. The

main controller is ARM 32-bit CortexTM, the M3 CPU (STM32F

Series), which calculates command signals for each joint based on

various states such as posture, joint angles, and foot force among

others.14 The main controller is connected directly to the absolute

encoders, feedback signal line of each motor driver, and a number of

stand-alone microcontrollers. The sub-controllers for motor control,

force measurement, and body posture measurement are AVR ATmega

8-bit microcontrollers (ATmega128). Each processor is used for AD-

conversion of force signals to receive roll and pitch angle through

UART communication channel, as well as to generate PWM command

signal as stand-alone processors.

3. Motion Control Algorithm

In this section, constraints in the cycling motion are discussed and

the kinematic and dynamic equations are derived with interaction force

analysis. Based on the mathematical results, the robot motion control

algorithm is implemented.

3.1 Cycling motion analysis

To analyze human cycling motion, optical motion capture system is

used to obtain joint angles during the bicycle ride. Optical motion

capture system is able to construct human body model based on joint

angles during pedaling. The phase difference between the left and the

right knees during pedaling motion is shown in Fig. 4. This difference

is the constraint of bicycle riding assuming that two feet are always

positioned on the pedals. 

(1)

where θLc, θRc are the angles of crank for the left and right feet in radian

measure.

Using the coordinate system in Fig. 5, forward kinematics is easily

derived. The positions of reference pedal for each leg is represented as

follows:

θLc t( ) θRc t( )– π=

Fig. 3 Embedded control system architecture: (1) measurement of load

cells, roll and pitch angles, (2) sending attitude information (roll and

pitch angle to main CPU), (3) checking joint angles of leg segments,

(4) request of load cell data, (5) sending load cell data to main CPU,

(6) sending angular velocities of each joint to main CPU, (7) command

signal of motor operation, (8) and command signal to motor driver for

generating PWM pulse

Fig. 4 Knee angles for right and left leg during cycling motion

Fig. 5 Kinematic relation of the exoskeleton robot with crank

coordinate system
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(2)

(3)

where θLi, θRi, i = 1, 2, 3 are joint angles (hip, knee, and ankle) of

exoskeleton for the left and right legs.

In this study, the researchers aim to control exoskeleton in assisting

cycling motion, therefore, reference trajectory of pedal position when

appropriate pedaling motion is generated. Given the position of the

pedal except its direction, infinitely many inverse kinematics solutions

are available for the kinematics of Eqs. (2) and (3), thus, the system is

redundant. Given the passive joint of the exoskeleton at the ankle

mechanism, the possible angle at the ankle joint is assumed to be

adjusted by the user. To solve the inverse kinematics problem, the

inherent redundancy is resolved by using the motion of an expert

cyclist. Expert cyclist shows the tendency of pedal angle with respect

to the crank angle as shown in Fig. 6.

The pedal angle is a function of crank angle, thus, we can assume

the relations of θLp = f(θLc), θRp = f(θRc). For the left leg, foot orientation

is related to the pedal angle given by,

(4)

(5)

Let

And

then, the following inverse kinematics solution is obtained.

(6)

(7)

(8)

The resulting joint angles shown in Eqs. (6) and (7) are the reference

joint trajectories for the exoskeleton. The right side of Eq. (4) is the

normal direction of foot to the ground side.

Iterative approach may be used by searching a local solution through

pseudo-inverse of Jacobian matrix and projecting the homogeneous

solution on the null space of the Jacobian.15

3.2 Interactive force analysis

Interaction between exoskeleton and human limb results in the

modification of impedance properties for the coupled system. The

control of impedance imposes margin on the tracking error. The

impedance describes a force or velocity relation of the bicycle pedal16

(9)

where fp represents the force applied on the pedal, and x is the

displacement at the contact point. The term Z is the impedance between

the robotic foot and the bicycle pedal, Mi, Bi, and Di are parameters

such that the closed-loop system behaves as a desired impedance model

where xe = xd − x is the position error.

Muscle tension (joint moments) is related to the measured pedal

force from which the leg’s weight and inertia are subtracted.17 The

concept makes it possible to relate the measurement of forces directly

on the shoe plate by load cells to the muscle activity. The admittance

control using the interaction force, fd and design parameters of Ma, Ba,

and Da are characterized by

(10)

PID admittance control algorithm based on Eq. (10) is known better

than impedance filter when position error exists.18

3.3 Motion control of exoskeleton

Using the iterative Newton-Euler dynamic formulation, the following

dynamic equations are derived for the exoskeleton robot.
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Fig. 6 Ankle motion of pedaling by an expert cyclist with respect to

crank angle
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(11)

(12)

where τi, θi(i = 1, 2) indicates torque and joint angle of hip and knee

link, and g is the gravitation constant. Two or more subscripts in θi,j

corresponds to the sum of θi + θj. The matrix form of exoskeleton

dynamics in configuration space is given by, 

(13)

where M(θ) is the mass matrix, B(θ) is the Coriolis term, C(θ) is the

centrifugal term, G(θ) is the gravity term, and J(θ) is the Jacobian

matrix. The term [fx fy]
T
 is the force at the ankle corresponding to the

pedal force, .

Fig. 7 shows the overall control architecture of the exoskeleton

robot using admittance model. Cycling reference trajectory is generated

using expert cyclist motion. The user starts the pedaling motion, and

the interaction force generates the desired motion signal to control the

exoskeleton. Position control block and the rest computed torque

module are used to compute the appropriate torque signal for the

exoskeleton. Desired pedal force is the converted force in the ankle

coordinate system.

4. Experimental Results and Discussion

We acquired joint angles by wearing the exoskeleton robotic suit in

passive mode. Without power augmentation at the passive mode, the

user is requested to pedal the crank with his power alone. Using the

acquired data, pedal angles are modeled with respect to crank angles as

shown in Fig. 6.

Fig. 8 shows the results of motion control during the pedaling

motion. The joint angles at the hip and the knee are shown with respect

to crank angles. Note that the graph is read in backward direction

because the crank rotates clockwise, whereas the definition of crank

angle is counterclockwise. By reading the graph from right to left, the

phase delay of knee joint is observed to be approximately 90 degrees

relative to the hip joint motion. To meet the designed admittance

model, Cartesian space trajectories are generated by the user’s behavior

in real time. The errors of joint angles are acceptable except for the

extreme condition of the maximum and minimum flexion of joints.

The tracking errors are mainly caused by the unknown disturbance

in the system dynamics and dynamic coupling with the human user.

Another source of error in the motion control is the passive ankle joint

in the exoskeleton. The ankle joint is controlled by the user according

to the interaction force and the intention of pedaling during control. If

the pedaling angle and the user’s ankle motion are mismatched, then

the errors in the hip and knee joints follow to compensate. Although

some errors are present, the assistance of exoskeleton in pedaling

motion seems to be promising on the basis of the experimental results.

Given that nonlinear interaction exists between the robot and the user,

admittance model is very important in minimizing the interaction force

or torque and in giving comfort to the user through the motion of the

exoskeleton.

The comparison of forces on the pedal with and without power

augmentation is shown in Fig. 9, which is the interaction force between

human foot and the robotic exoskeleton (Test image is shown in Fig.

10). The force is the absolute magnitude of tension and compression

components. In passive mode, the exoskeleton only moves through the

human muscle power. In that case, larger forces are needed for upward
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Fig. 7 Admittance control architecture of exoskeleton robot

Fig. 8 Bicycle riding motion control
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pedaling than in the downward pedaling. The exoskeleton generates

driving power in active mode according to the controller output for the

crank to rotate in a circular trajectory by assisting human leg motion.

Given that the exoskeleton pushes the pedal downward in the first half

part, larger interaction forces (tension force) are observed than those in

passive mode. However, small interaction forces for active mode in the

last half part appear where crank moves upward, because exoskeleton

pushes human foot upward in the same direction, compared with that

large forces observed in passive mode without power augmentation.

By comparing the sum of interaction forces for the interval of

torque saving (90 degrees to 90 degrees) in pedaling motion for active

and passive modes, the value in active mode is smaller by 72 percent

than that in passive mode. Therefore, the exoskeleton can assist human

pedaling motion in bicycle riding by relieving significant portion of

human effort.

When a system for rehabilitation of the disabled is used, analysis on

similarity of leg motion is important for the improvement of motion in

the course of training. The trajectories represented on the reduced

dimension characterize specific activities. Further analysis on the

trajectory of the transformed space will provide useful information on

the activity and the characteristic properties, such as the similarity

between two limbs or between motions, can be assessed. Trajectories

in high dimensional space mapped on the reduced dimension of

intrinsic degrees of freedom can be classified and recognized efficiently

through the process of abstraction and representation, such as locality

preserving projections.19 The motion control system will be modified

using compact hall sensor array and system modification will be

continued.21

5. Conclusions

In this paper, a new approach in applying wearable exoskeleton

robot in bicycle riding is proposed. An experiment of admittance

control to assist pedaling motion is conducted. From motion capture

data for real human bicycle riding, the characteristic motion of bicycle

pedaling and the associated joint angles have been studied. Forward

and inverse kinematics for the exoskeleton leg joints is analyzed to

control the wearable robot to assist human bicycle riding. The actual

experimental data are discussed to emphasize the importance of ankle

rotation in actual pedaling.

The interaction force and its effect on the muscle training while

doing other activities other than bicycle riding will be investigated. The

simplified representation of complex human motion in the reduced

space will be applied to the admittance control. Development of

wearable robot-based fitness system will be another area of interest.
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