
IMPORTANT 
 
Procedure for GIAN Registration 
 
1.Go to GIAN website (http://www.gian.iitkgp.ac.in/GREGN/index). First time users need to 
register and pay a one-time fee of INR 500. 
 
 2. Enroll for the course: Models of Walking and Running: Human Gait and Robot 

Locomotion. Once you enroll for the course, an Enrollment/Application number will 
be generated, and the course coordinators will be notified. 
 
3. After shortlisting by the coordinator, you will get confirmation. After confirmation of 
shortlisting, pay the course fees. 
 
COURSE FEES: 
 
Student participants from IIT Madras or other approved institutes of GIAN – Rs. 1000 (for 2 
credits) 
Non-student participants - Rs. 3000 
These fees apply toward participation in the course, obtaining course material, and 
laboratory equipment usage. 
 
Accommodation is not a part of the registration fee. 
 
Mode of payment: Online transfer 
Account Name: CCE IIT Madras 
Account No: 36401111110 
Branch: SBI, IIT Madras Branch, Chennai 

IFSC Code: SBIN0001055 
 
Once the payment is done, please send the transaction details to cceoffice@iitm.ac.in 
 
Please do NOT send course payment details to course coordinator 
 
For any questions regarding payment, accommodation and other logistical issues, please 

contact cceoffice@iitm.ac.in 
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Models of Walking & Running: Human Gait & Robot Locomotion 
………………………………………………………………………………………………………………………………………………………………………… 

Overview 

Humans and other bipeds walk efficiently through the cyclic exchange of potential and kinetic energy and 
run efficiently via the cyclic storage and return of elastic energy. Understanding these mechanisms of 
energy exchange can aid in the diagnosis and treatment of human gait pathologies, but they can also 
inform the design and control of legged robots capable of efficient, dynamic locomotion. Relatively simple 
models capture the dominant dynamics of both walking and running gaits, so they can serve as templates 
whose fundamental motions are embedded in the gait planning and control of complex biped robots.  

This course is aimed at senior undergraduate and graduate students who wish to broaden their 
knowledge of biped locomotion as it applies to both human biomechanics and legged robots. The course 
will introduce the inverted pendulum model of walking, the spring-loaded inverted pendulum (SLIP) model 
of running, and the dual-SLIP model that enables seamless transition between the two gaits. Students 
will gain in-depth knowledge and understanding of how these models capture the critical characteristics 
of human locomotion and how they can inform the design and control of robot gaits. On completing this 
course, students will be able to:  

• describe the primary mechanisms of energy savings in human walking and running gaits;  

• formulate template models that capture key aspects (kinematic, dynamic, energetic, etc.) of human 
walking and running gaits;  

• identify the advantages and limitations of template models of human locomotion; and  

• apply template models of locomotion to improve dynamic legged robot control. 
 

Dates for the course 22nd to 27th July 2019 

Host Institute IIT Madras 

No. of Credits 1 

Maximum no. of 
participants 

30 

This course is suitable 
for… 

Students and professionals working in the areas of biomechanics, robotics, and medicine 
(especially orthopaedics, prosthetics and rehabilitation) 

Course Registration Fees Student participants from IIT Madras or other approved institutes of GIAN - Rs. 500 per credit; 
Non-student participants - Rs. 1500 per credit. 
These fees apply toward participation in the course, obtaining course material, computer use 
for tutorials and assignments, and laboratory equipment usage. 
Accommodation is not a part of the registration fee. 

Mode of payment: 
Online transfer: (Preferred) 
Account Name: CCE IIT Madras 
Account No: 36401111110 
Branch: SBI, IIT Madras Branch, Chennai 
IFSC Code: SBIN0001055 
OR 
Demand draft in favour of "CCE, IIT Madras" payable at Chennai. 
The demand draft is to be sent to the Course Coordinator at the address given below. 

Accommodation 

Accommodation: The participants may be provided with hostel accommodation, 
depending on the availability, on payment basis. Accommodation is not a part of 
registration fee. Request for hostel accommodation may be submitted through the 
link: http://hosteldine.iitm.ac.in/iitmhostel 

 

http://hosteldine.iitm.ac.in/iitmhostel


 

Course Faculty 

Professor James P. Schmiedeler 
 

Professor Jim Schmiedeler is the Associate 
Chair of the Department of Aerospace and 
Mechanical Engineering at the University of 
Notre Dame. He received a PhD in mechanical 
engineering from The Ohio State University, 
Columbus USA. Prior to joining the University 
of Notre Dame, he held tenure-track faculty 
positions at the University of Iowa and The 
Ohio State University. He is a Fellow of the 
American Society of Mechanical Engineers 

and a recipient of the Presidential Early Career Award for Scientists and 
Engineers (PECASE). His research in legged robots and human 
biomechanics has been supported by the National Science Foundation 
and the National Institutes of Health. 

 

Professor Sujatha Srinivasan 

Professor Sujatha Srinivasan heads the TTK 
Center for Rehabilitation Research and Device 
Development (R2D2) in the Department of 
Mechanical Engineering at IIT Madras. She 
received a PhD in Mechanical Engineering 
from the Ohio State University, Columbus, 
USA. She worked in the prosthetics industry 
for about 8 years prior to starting her PhD. She 
has been at IIT Madras since 2008 and her 
research focuses on biomechanics and 

mechanisms geared towards the development of assistive devices for 
people with locomotor disability. More details are available at 
https://home.iitm.ac.in/r2d2. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Name: Sujatha Srinivasan 
Professor 
Department of Mechanical Engineering 
Indian Institute of Technology Madras 
Chennai – 600036 

Phone: (044) 2257 5695/4728 
E-mail: sujsree@iitm.ac.in 
 
……………………………………………. 
For detailed syllabus, please visit: 
https://home.iitm.ac.in/r2d2/gian_walkingmodels 
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GIAN: Models of Walking and Running: Human Gait and Robot Locomotion  

Content of the Course  

(a)  Overview of the Course: 
 

Humans and other bipeds walk efficiently through the cyclic exchange of potential and 

kinetic energy and run efficiently via the cyclic storage and return of elastic energy. 

Understanding these mechanisms of energy exchange in humans can aid in the design 

and control of legged robots capable of efficient, dynamic locomotion. Relatively simple 

models can capture the dominant dynamics of both walking and running gaits, so they can 

provide the necessary insights. The models can also serve as templates whose 

fundamental motions are embedded in the gait planning and control of complex biped 

robots. This course introduces the inverted pendulum model of walking, the spring loaded 

inverted pendulum (SLIP) model of running, and the dual-SLIP model that enables 

seamless transition between the two gaits. It demonstrates first how these models capture 

the critical dynamics of human locomotion and then how they can inform the design and 

control of robot gaits. 

(b) Objectives of the course: 

1) Learn about the primary mechanisms of energy savings in human walking and 
running gaits.  

2) Model key aspects (kinematic, dynamic, energetic, etc.) of human walking and 
running gaits. 

3) Understand the advantages and limitations of simple models of human locomotion. 
4) Be able to apply simple models of locomotion to improve dynamic legged robot 

control. 
 

  (c) Syllabus and lecture-wise outline of  the course: 

References 

AME 60673 Course Notes by J.P. Schmiedeler (2016)  

Research articles indicated below to go with about half the lectures. 

Lecture 1 Six Determinants of Gait 

Classically, human walking has been described by six kinematic features or 

“determinants” of gait layered on top of the basic compass gait motion: pelvic rotation, 

pelvic tilt, stance knee flexion, foot mechanisms, knee mechanisms, and lateral pelvis 

displacement. Once thought to all reduce the vertical displacement of the center of mass, 

these features are understood today to play unique roles in the energetics of human 

walking. 

Reference: Saunders, J., Inman, V., & Eberhart, H., 1953, “The major determinants in 

normal and pathological gait,” American Journal of Bone and Joint Surgery, 35, 543–558. 

  



Lecture 2 Limitations of the Inverted Pendulum Model of Walking 

While the inverted pendulum model captures the exchange of potential and forward kinetic 

energy in human walking, it fails to capture the dual peaks of the vertical ground reaction 

force under each leg during the stance phase. It also over-estimates the vertical 

displacement of the mass center and ignores the double support phase when both legs 

are on the ground. These points highlight the limitations of any simple model of gait. 

Lecture 3 Pendulum Model of the Swing Leg 

During the swing phase of gait, the leg can be modelled as either a double pendulum or a 

compound pendulum with a moment of inertia that changes with knee flexion. If the 

natural frequency of the pendulum matches the step frequency of the gait, it is at least 

theoretically possible to passively return the swing for the next step, but only at a single 

walking speed. In practice, swing leg motion amounts to that of a driven pendulum, and 

the power required increases nonlinearly with the difference between the driving 

frequency and the natural frequency. This explains the inefficiency of walking with very 

small step lengths.  

Lecture 4 Step-to-Step Transition Model 

An alternative model of gait energetics states that the majority of the work is performed in 

the step-to-step transitions. As the swing leg touches down for its next stance phase, 

impact losses are unavoidable in practice, and ankle push-off of the stance leg just as it 

transitions to its swing phase help to mitigate these losses. This model explains the 

inefficiency of walking with very large step lengths. 

Reference: Kuo, AD., 2007, “The six determinants of gait and the inverted pendulum 

analogy; A dynamic walking perspective,” Human Movement Science, 617-656. 

Lecture 5 Foot-Ankle Rollover Shape 

The step-to-step transition model shows that a curved foot reduces impact losses 

compared to a point foot for walking at the same speed and with the same step length. 

Experimental data collected from humans walking under a wide variety of circumstances 

show that from heel strike of one foot to heel strike of the opposite foot, the center of 

pressure traces a circular arc in a coordinate system fixed to the lower leg. This so-called 

“foot-ankle rollover shape” is indicative of the foot and ankle acting together to create an 

effective rocker motion during the majority of stance. 

Reference: Hansen, A. H., Childress, D. S., and Knox, E. H., 2004, “Roll-Over Shapes of 

Human Locomotor Systems: Effects of Walking Speed,” Clin. Biomech. 19(4):407–414.  

Lecture 6 Walk-to-Run Transition 

Humans and other bipeds spontaneously choose to transition from a walking gait to a 

running gait at about the same Froude number of 0.5, independent of speed and leg 

length. The Froude number is a dimensionless quantity, originally developed in the 

analysis of the resistance of water on ships, that measures the ratio of the average 

forward kinetic energy to the peak gravitational potential energy in walking.  



Reference: Kram, R., Domingo, A., and Ferris, D. P., 1997, “Effect of reduced gravity on 

the preferred walk-run transition speed,” Journal of Experimental Biology, 200:821-826. 

Lecture 7 Spring-Loaded Inverted Pendulum (SLIP) Model of Running 

The peaks in forward velocity and vertical position of the mass center are fairly close 

together in running, so there is little opportunity for the exchange of gravitational potential 

and forward kinetic energy as in walking. Instead, elastic energy is stored in the stretching 

of tendons (and to some extent, muscles) and then returned to help propel the body 

forward and upward. These mechanics are captured by a model consisting of a point 

mass located at the hip and a massless linear spring representing the leg – the so-called 

spring-loaded inverted pendulum (SLIP) model. 

Reference: McMahon, T.A., and Cheng, G.C., 1990, “The mechanics of running: How 

does stiffness couple with speed?” Journal of Biomechanics, 23(Suppl. 1):65-78. 

Lecture 8 SLIP Model of Running continued 

On level ground, a passive SLIP model can produce periodic running. Assuming that the 

horizontal velocity of the point mass is constant during stance, the governing nonlinear 

equations can be solved numerically to analyse gait changes with speed. Such solutions 

can then serve as initial guesses to find true periodic solutions of the full model when that 

simplifying assumption is relaxed.  

Lecture 9 Dual-SLIP Model of Walking 

If the SLIP model of running is extended by adding a second massless spring leg and 

allowing for phases of support with both legs, it becomes applicable to walking as well. 

This offers the advantages of more closely matching human walking in terms of a finite 

duration double support phase, more realistic vertical displacements of the mass center, 

and a dual-peak vertical ground reaction force. 

Reference: Geyer, H., Seyfarth, A., and Blickhan, R., 2006, “Compliant leg behaviour 

explains basic dynamics of walking and running” Proceedings of the Royal Society B, 

273:2861-2867.  

Lecture 10 Dual-SLIP Model of Walking continued 

The dual-SLIP model contains more phases of gait than either the inverted pendulum 

model of walking or the SLIP model of running because of the non-trivial double support 

phase. Still, periodic solutions can be found using optimization techniques to solve the 

nonlinear equations subject to periodicity constraints. This model offers the advantage of 

being consistent with both walking and running so that gait transitions can be examined. 

Lecture 11 Decline Walking 

In decline walking, the potential energy decreases with each step, so a strictly passive 

model cannot capture the dynamics. The dual-SLIP model, however, can be adapted to 

decline walking by allowing the spring legs to touch down and lift off at lengths different 

from their free lengths and allowing those free lengths to change linearly during stance. 



These minor modifications allow the same model to capture the eccentric muscle activity 

(negative work) that characterizes decline walking. 

Lecture 12 Incline Walking 

In walking up inclines, the potential energy increases with each step, so the model must 

be able to inject energy into the system. The same adaptation applied for decline walking 

works in this case, but the model captures the additional concentric muscle activity 

(positive work) required for incline walking. 

Lecture 13 Embedding Gait Templates in Biped Robots 

Because the motion of the dual-SLIP model of both walking and running captures the 

natural dynamics of both gaits in humans, it is desirable to design robot gaits that exhibit 

these same characteristics. Operational space control provides a convenient framework in 

which to embed the dynamics of the dual-SLIP gait template into the design and control of 

robot locomotion. The approach is to control the many degrees of freedom of the robot 

such that its center of mass follows a trajectory prescribed by the dual-SLIP model. 

Reference: Liu, Y., Wensing, P.M., Schmiedeler, J.P., and Orin, D.E., 2016, "Terrain-blind 

humanoid walking based on a 3-D actuated dual-SLIP model," IEEE Robotics and 

Automation Letters 1(2): 1073-1080. 

Lecture 14 Beyond Bipeds – Polypedal Locomotion 

The same mechanics of biped walking (exchange of gravitational potential and forward 

kinetic energy) and running (storage and return of elastic energy) apply equally well to the 

locomotion of quadruped, hexapod, and other multi-legged animals. Accordingly, the 

same principles can be used to design and control polypedal robots capable of efficient, 

dynamic locomotion. 

Reference: Full, R.J., and Koditschek, D.E., 1999, “Templates and anchors: 

Neuromechanical hypothesis of legged locomotion on land,” Journal of Experimental 

Biology, 202:3325-3332.  
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