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Marey, Stanford, Muybridge, an Expensive Horse Bet & a Homicide 
1870s: Birth of Motion Pictures & Seeds of Modern Biomechanics 
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Motion capture – 1st 3D gait analysis (Braune & Fischer) 
1890s 

THEN NOW 

- 
Baker 2007 
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Force plates: pneumatic (Amar), mechanical (Fenn & Elftman) 
1910-1930s 

THEN NOW 

Baker 2007, Medved 2000, Sutherland 2005 
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Motion capture markers 
1950s 

Dr. Verne T. Inman inserting in human bones the "targets" making 
possible the Eberhart-Inman studies in human locomotion. 

Patterns like the above evolved in establishing the dynamics of the 
human leg. 

18 

hand 
drill 

THEN NOW 

- Inman, Ralston & Todd 1981 
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EMG – First commercially-available system (Denmark) 
1950s 

Ladegaard 2002  

THEN NOW 
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Semi-automated motion tracking (Sutherland & Hagy) 
1970s 

THEN 

D.H. Sutherland / Gait and Posture 16 (2002) 159–179162

easy frame-by-frame viewing, and measurement of se-
lected points with x and y coordinates, was most ap-
pealing. Dick Freeborg, later President of
Instrumentation Marketing Corporation and now a
Vice-President in the Kodak Corporation, suggested
that I contact Ray Linder at Lockheed Aircraft Corpo-
ration Missiles and Space Company, Sunnyvale, Cali-
fornia. Ray Linder was the leader of a section charged
with making measurements of machines, rocket trajec-
tories, etc. In 1965, he published a description of the
methods that he and his team had developed to mea-
sure pitch, yaw, and roll, using mathematical formulae,
two or more cameras, and a two-dimensional coordi-
nate system of measurements [23]. After a telephone
call and a letter from me, Ray Linder invited me to
come to his section during their lunch hour and explain
the need for human gait measurements. Roger Mann,
MD, accompanied me. Ray Linder made a prescient
comment after our presentation to the group, ‘‘You
mean you would like to measure the movements of the
skeleton from surface markers with skin movements
confounding the interpretation. Is not that like trying
to measure the movements of a broomstick within a
gunny sack?’’ Nothing daunted, we were fascinated to
see about 17 Vanguard Motion Analyzers in one room.
We were introduced to an interested and bright group
of people employed at the task of making measure-
ments of pitch, yaw and roll. Their level of interest in
our project was very exciting. Out of this contact, John
Hagy and Richard Oyama came forward as volunteers
to the Shriners Hospital in San Francisco, bringing
with them high-speed movie cameras, generously
loaned by Lockheed Missiles and Space Company. In a
relatively short time, Hagy, Oyama, and Keller helped
us establish a system to add kinematics to the elec-
tromyography already in clinical use in our laboratory.
Hagy assisted during evenings and weekends until we
were able to persuade him to come full-time in April of
1971. John Hagy and Cecil Keller, also a Lockheed
employee, assisted in the development of our movement
measurement system, first reported in 1967 in the arti-
cle, ‘Measurement of Movements and Timing of Mus-
cle Contraction from Movie Film’ [24]. Initially, our
methods of computation were very time consuming.
After recording x and y coordinate measurements from
the cine film displayed on the Vanguard Motion Ana-
lyzer, we used a slide rule to perform the trigonometric
computations. Later, an optical encoder was added to
replace the necessity of manually recording the x and y
coordinates. This task was further simplified by utiliz-
ing a sonic digitizer to input the data (see Fig. 3) [25].

Significant progress in time reduction came when a
computer was added to store and perform the mathe-
matical calculations, (see description of our first use of
a dedicated computer by Electronic Processors, Inc. in
Appendix C). We used this method for many years, but

hand digitizing continued to be an obstacle. Individuals
were trained and employed to do the digitizing. They
were enthusiastic, but in time became bored with the
repetitious nature of their task. The average length of
time for a technician to be employed in our laboratory
was 2–4 years; many used this opportunity as a step-
ping stone in their career.

We made use of these gait analysis data to provide
treatment recommendations and to study the outcome
of treatment intervention. Some of the papers from our
laboratory were on the subjects of crouch gait [26], gait
analysis in cerebral palsy [27], the role of the ankle
plantar flexors [28], and the pathomechanics of gait in
Duchenne muscular dystrophy [29]. When our methods
and results were given, many were enthusiastic about
the possibilities for further development of this emerg-
ing application of science, but very few were willing to
undertake such a labor-intensive effort. The real break-
through, needed to bring about widespread adoption of
three-dimensional movement measurements for clinical
gait analysis, was yet to come when the measurements
could be automated. In fact, had there been no further
improvements in technology, clinical motion analysis
might have continued in only a few locations. The time
and energy required to digitize film prevented many
centers from using gait analysis as a clinical tool. In
spite of the difficulties, the stage was set for
automation.

2.4. A turning point! Fully automated mo!ement
measurements

2.4.1. European contributors and techniques
Engineers and physicists deserve full credit for devel-

oping methods to automate human movement measure-

Fig. 3. Vanguard motion analyzer and Graf-Pen sonic digitizer used
to determine the X and Y coordinates of the markers shown on the
viewing screen. Reprinted with permission from the Journal of Bone
and Joint Surgery [25].

Sutherland 2002 
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Intro takeaways 

1. We’re pretty spoiled now in terms of 
measurement tools (& fewer bone pins). 

2. Motion, force & EMG are still research 
workhorses today; just easier to use & 
with lots of new ways to analyze data 
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Differing/competing perspectives in biomechanics 
My Perspective On… 
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what we think 
we know 

what we 
don’t know 
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To what does ankle Push-off power contribute in human gait? 
Objective: Example of Conflicting Perspectives 
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Ankle Push-off (burst of power) or Roll-off (restrain falling)? 
Historical Debate #1 

Push-Off! 

Winter 1983, Hof et al. 1993, Neptune et al. 2001  
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Ankle Push-off power primarily accelerates swing leg or trunk? 
Historical Debate #2 

Winter & Robertson 1978,  Meinders et al. 1998, Neptune et al. 2001, etc.  

Swing Leg! 
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Ankle power primarily accelerates swing leg or body’s COM? 
Historical Debate #3 

Peter Adamczyk 
(Wisconsin) 

COM = Center-of-Mass 
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Ankle Push-off: burst of power generated at end of stance 
Definition (During Walking) 

Zelik & Adamczyk 2016 (JEB) 
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Push-off accelerates limb segments; little trunk energy change 
Swing Leg Perspective 

Winter & Robertson 1978 
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Push-off accelerates limb segments; little trunk energy change 
Swing Leg Perspective 

Right Leg 
primarily increased translational 
kinetic energy of limb segments 

Right Ankle Push-off 

Left Leg 

Head-Arms-Trunk 
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Winter & Robertson 1978 
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Push-off accelerates limb segments; little trunk energy change 
Swing Leg Perspective 

Study Takeaway 

Hof et al. 1992 Ankle Push-off work matches timing 
& slope of swing leg energy change 

Meinders et al. 1998 32 J of ankle work & 29 J of swing 
leg energy change during Push-off 

Lipfert et al. 2014 Power transfer analysis: most of 
Push-off power goes into swing limb 
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Push-off accelerates COM; little energy change relative to COM  
Center-of-Mass Perspective 

Kuo, Donelan & Ruina 2005 
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Push-off accelerates COM; little energy change relative to COM  
Center-of-Mass Perspective 

Study Takeaway 

Donelan et al. 2002 
Zelik & Kuo 2010 

Ankle & COM Push-off work 
increase together with gait speed 

Houdijk et al. 2009 
Caputo & Collins 2014 

Ankle & COM Push-off work are 
both reduced for prosthetic users 

Huang et al. 2015 Restrictive orthosis: COM work 
decreased linearly with ankle work 



- 

Two perspectives. Each with evidence. Conflicting conclusions 
Can Perspectives Be Reconciled? 
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Combining work & energy estimates to coalesce perspectives 
Unifying the Perspectives 

Zelik & Adamczyk 2016 (JEB) 

COM Perspective Swing Leg Perspective  
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Change of 
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Child 
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Combining work & energy estimates to coalesce perspectives 
Unifying the Perspectives 

Child swinging example image Energy 
Change of 

COM 

Push-Off 
Work 
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Combining work & energy estimates to coalesce perspectives 
Unifying the Perspectives 

The debate whether Push-off from ankles 
powers leg swing or COM rankles. 

 But a unified view 
 indicates both are true: 

Two effects inextricably tangled. 

rankle – to continue to cause irritation or annoyance 
Zelik & Adamczyk 2016 (JEB) 
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Speaking the same language… a non-trivial problem 
Terminology 
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Definition of “leg swing”? 
Terminology 
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Definition of “leg swing”? 
Terminology 

COM Perspective Swing Leg Perspective  
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“Our job in physics [biomechanics] is to 
see things simply, to understand a great 

many complicated phenomena in a unified 
way, in terms of a few simple principles.” 

– Steven Weinberg (Nobel laureate in Physics, 1979) 

Unification in biomechanics 
Overarching Message 
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PS. 
Participate 
in NBD, an 
exciting & 
unifying 
outreach 
event!!! 

Unification in biomechanics 
Overarching Message 
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Thanks to mentors, collaborators, family, friends, students & ASB 
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Dad, it took me 1 year to figure 
out walking, what’s taking you 

so long to understand it? 

My son Dex 


