
Is the data from 
your lab as accurate 

as it can be?
or

Mistakes I have seen or made since 1988, 

and how to (hopefully) avoid them



For a comprehensive narrative of 

the evolution of clinical gait 

analysis, refer to:

The Evolution of Clinical Gait Analysis Part II Kinematics

David H. Sutherland

Gait and Posture

Volume 16, Pages 159-179, 2002



The First Video System

Acquired first video-based 

passive marker system in 1988

• Video processor box

• Sun workstation

• 3 cameras



Our First System
System Features:

• Zoom lenses, mini flood lamps

• No linearization correction

• Very low resolution (640x480)

• No commercial software 

• Integration consisted of a sync cable

• Could require hours to track/edit data



Our First System

• Markers approximately 

the size of ping-pong balls

• Used both full and half-

sphere markers.



Calibration Process



The Next Generation
• Calibration performed using a rigid cube

• Mini flood lamps replaced with light rings and filters

• Linearization maps implemented

• Software improvements

• Tracking time for gait trial from 1-2 hours

• Commercial software integrated with analog devices

(force plates and EMG)



The Next Generation
• Calibration and linearization performed using an L-frame & wand

• Camera resolution greater than 1 megapixel

• Software/computer improvements

• Migrated to PC platform

• Tracking time for gait trial now 0-5 minutes, including editing

• Vastly improved marker identification algorithms 

• Initial real-time capabilities appearing on many systems



Current Systems

• Camera resolution ranges 

from 1-15 megapixels

• Collection speed close to 

2000 frames per second

• Many can be used in daylight

• Software tracks markers in 

real-time enabling feedback 

and control applications

• Both digital and analog 

integration with most common 

gait lab tools including 

forceplates and EMG

• Accuracy approximately 10x 

greater than 20 years ago



Despite advancements in 

technology and software 

applications, the same rules for 

maximizing system accuracy three 

decades ago still apply today.



Mounting the Cameras
Three basic considerations:

1. Camera position:

• Ideally, every marker should be visible to 3 or more cameras

• Cameras should have a reasonable separation angle

• If possible, place cameras on multiple planes



Mounting the Cameras
Three basic considerations:

2. Vibration
• Especially critical for wall-mounted cameras

• HVAC systems are notorious for creating wall vibrations

• Buildings near train tracks or busy roads can also 
experience vibration



Mounting the Cameras
• Three basic considerations:

3. Mounting creep
• Can affect cameras mounted on outside wall(s)

• As outside building temperature changes, walls expand or 
contract, taking the cameras with them.

• Requires frequent calibration



Camera Positioning
Lens focal length selection and camera position should 
allow the volume to fill as much of each camera’s field of 
view as possible.  This will maximize the system’s resolution.

1. Determine camera locations around the volume

2. Determine the appropriate focal length lens

3. Adjust focal length of zoom lens (if system 
accommodates zoom lenses)

Lens zoomed in to volumeCamera positioned closer to
volume to fill image plane



Camera Positioning
• Transitioning to/from larger and smaller volumes

• Often it’s not practical to move cameras or adjust 
the focal length of zoom lenses between patients.

• If volume size changes with patients, using higher 
resolution cameras will insure adequate resolution in 
smaller volume.



Camera Orientation
Tilting cameras positioned at the ends of the volumes 

can maximize the field of view and extend the 

volume.  In this case, ~90 degrees tilt from vertical.



Lens Basics

Lens Adjustments:

• Focus ring
• Aperture (f-stop) ring
• Focal length ring (zoom 

lenses only)

The aperture setting 
interacts with the 
software settings for 
camera sensor sensitivity 
and exposure time.  More 
on this in a few minutes.



Lens Basics
• The aperture controls 

the amount of light 

entering the camera.  

The size of the 

aperture also 

determines the depth 

of field, or the range 

in which objects 

closer or farther from 
the focal point will be 

in focus. 

• Some manufacturers 

recommend a large 
aperture setting that 

results in a shallow 

depth of field.



How can you maximize the range 
of volume in focus?

• This primarily affects cameras 

positioned at the long end of 

a volume.

• In many labs, the focal point 

of the middle of the volume is 

at infinity on the lens.  

• Setting the lens focus to 

infinity, and using a large 

aperture may mean that 

markers between the camera 

and approximate middle of 

the volume will be out of 

focus.  



Focusing the Lens

25’

Volume center 25’ from camera, marker in center of volume

Lens set at f/4

Range in focus



Focusing the Lens

25’

Volume center 25’ from camera, marker in center of volume

Lens set at f/8

Range in focus



Focusing the Lens

25’

Volume center 25’ from camera, marker in center of volume

Lens set at f/16

Range in focus



Focusing the Lens

25’

Volume center 25’ from camera, marker in center of volume

Lens set at f/4

Range in focus



Focusing the Lens

25’

Volume center 25’ from camera, marker in center of volume

Lens set at f/4

Range in focus



Focusing the Lens
Most lenses provided with motion capture systems do not provide a depth of 

field guide, so we use the following plan for cameras at the ends of the 

volume (subject moving away from/toward the camera):

1. Place markers at several depths and get as many in focus as possible

2. Set exposure duration to the appropriate setting

3. Adjust aperture and sensitivity to obtain adequate illumination of markers

4. Cameras on the side of the volume will have larger apertures and shorter 

exposure durations

5. Cameras at the end of the volume will have smaller apertures and longer 

exposure durations

25’

Range in focus



Exposure Time & Sensitivity
• Optimal marker exposure is a balance between 

aperture setting, exposure time and sensitivity.  

• Strategy is to minimize marker blurring by identifying 

the appropriate exposure time, and adjusting 

sensitivity threshold and aperture accordingly. 

Marker Movement Speed (mm/s)

Exposure Time (μSec) 1/Shutter Speed 4000 6000 8000

100 10000 0.4 0.6 0.8

200 5000 0.8 1.2 1.6

500 2000 2.0 3.0 4.0

750 1333 3.0 4.5 6.0

1000 1000 4.0 6.0 8.0

(* 4000 mm/s is approximately 9 mph)



Exposure Time & Marker Shape of a 10mm 
Marker as a Function of Movement Speed

A typical peak foot marker speed for a healthy adult 

subject during walking is around 4000 mm/sec 

5                  100                  200                  500                   750                   1000        

Exposure Time (μsec)

If the marker speed is 8000 mm/sec: 

5                  100                  200                  500                   750                   1000        

Exposure Time (μsec)



Exposure Time & Sensitivity
• In an activity such as throwing, the hand/wrist markers 

can be moving around 50 mph, or ~22,300 mm/sec.  

• Cameras viewing this motion from the side will 

experience considerable marker blurring at shutter 

speeds of 1/2000 sec or slower. 

Marker Movement Speed (mm/s)

Exposure Time (μSec) 1/Shutter Speed 4000 6000 8000 22000
100 10000 0.4 0.6 0.8 2.2
200 5000 0.8 1.2 1.6 4.4
500 2000 2.0 3.0 4.0 11.0
750 1333 3.0 4.5 6.0 16.5

1000 1000 4.0 6.0 8.0 22.0



Exposure Time & Sensitivity
• Again, the strategy is to minimize marker blurring 

while maximizing depth of field. Adjust sensitivity 
threshold and aperture accordingly. 

• Markers moving toward/away from the camera will 
blur less than markers moving across the field of view.  

• In activities where the subject’s movement is along 
one axis (ie. gait, throwing), cameras on the side can 
accommodate a larger aperture and shorter 
exposure duration.  Since the subject moves across 
the field of view, depth of field is typically not a 
concern.

• Cameras on the end  of the volume can 
accommodate slightly smaller apertures and slightly 
longer exposure duration to maximize depth of field.



A Word About Zoom Lenses

Zoom lenses enable fitting the field of view to the volume, but:

1. Zoom lenses provide more flexibility in camera placement

2. Zoom lenses allow less light into the camera

3. Linearization should be integrated into the wand calibration



Calibration

Perform frequent checks of distance between wand 

and seed markers, especially in an academic setting.



Calibration

• Perform frequent checks of distance between 

wand and seed markers, especially in an academic 

setting.



Calibration

• Perform frequent checks of distance between 

wand and seed markers, especially in an academic 

setting.



Calibration
• Prior to using the wand, any reflections or markers 

that are not part of the calibration hardware should 

be removed from each camera’s field of view.

• Avoid wearing reflective clothing

• Recommended calibration frame rate is between 

100-120 frames/sec.

• Allow adequate time for cameras to warm up



Calibration
• Whether or not the wand is being used to linearize 

the lenses, it should be moved at a relatively slow 
speed to avoid marker blurring.

• Wand movement pattern recommended by multiple 
manufacturers: 

o Orient wand along X-axis, 

and paint entire volume 

while insuring exposure to 

all cameras.  

o Repeat with wand oriented 

along Y-axis.

o Repeat with wand oriented 

along along Z-axis.



Calibration
• Most systems use a wand to linearize camera lenses.

• Important to “paint” the entire field of view of each 

camera, which means that adequate time should 

be given to complete this task.

• Some systems software facilitate the effort to “paint 

the field of view by providing either indicators on 

the cameras or in software.  



Examining Calibration Data

• Number of data points used: should be a large 

number.  Some manufacturers recommend at least 

500 points/camera, while others recommend 1000-

5000 points/camera.  The number of points 

measured should be similar for all cameras. 

• Wand length: difference between calculated and 

physical wand length should be a fraction of a 

millimeter.

• Standard deviation of wand length: provides an 

indication of the effective linearity of the volume



Examining Residuals

Markers are identified where rays from individual 

cameras intersect in 3D space.



Examining Residuals
• The ray intersections are never perfect, so markers 

are actually identified where the rays come within 
close proximity to each other.

• The marker centroid is then defined as the point 
that minimizes the distance to each of the 
intersecting rays. 

• The residual can be thought of as the RMS distance 
between the centroid and each ray.



Examining Residuals
• During calibration, the average residual identifies 

how well rays from all cameras converged on visible 

markers.  

• A large average residual (ie > 2) likely indicates that 

the calibration was not successful.

• However…



Examining Residuals

• The average residual depends not only on the 
accuracy of the calibration, but also on the noise
inherent in each camera, the volume size and the 
number of data points collected during calibration.

• Smaller volume sizes will generate smaller average 
residuals.

• Fewer data points will typically generate smaller 
average residuals, although accuracy may be 
compromised.

• As a result, an average residual of 0.8 will not 
necessarily generate less accurate data than an 
average residual of 0.6.  



Examining Residuals
• Camera residuals should be of similar magnitude.

• Individual cameras with residuals 2 or more times 
greater than other cameras should be examined.



Managing Reflections in the Volume

• Reflections typically originate from the following sources:
o Rogue markers

o Opposing cameras 

o Highly reflective objects (ie. chrome, running shoes)

o Reflective floor surfaces

o Safety indicators (ie. exit signs)

• Rogue markers and highly reflective objects can be 
covered or removed from volume.

• Whenever possible, cameras should be arranged so that 
opposing cameras are above the measurement volume.  
They can then be masked out. 

• Reflections from floor surfaces can sometimes be removed 
by adjusting exposure time and sensitivity. It helps to have 
markers in the volume when adjusting these.

• Floors can also be treated with non-reflective wax. 



• Masking should be used judiciously

• Avoid using masks inside the measurement volume.

• Some systems enable camera strobes to be grouped 

and offset by a few microseconds to prevent 

reflections from opposing cameras.  This can 

eliminate camera and associated floor reflections, 

and works best with slower movements.

• Camera grouping is not recommended during 

calibration*.

Managing Reflections in the Volume



Managing Reflections in the Volume



Managing Reflections in the Volume



Managing Reflections in the Volume



Managing Reflections in the Volume



If all else fails…

In some environments, masks 

in the measurement volume 

can’t be avoided.  One 

strategy of last resort is to 

calibrate using masks then 

remove masks for data 

collection.



Common Issues in Data Collection

• Ghost markers
o One or two extra markers appear around the subject

• Insure that calibration is current

• Check camera residuals to insure that all cameras have 
similar values and that all cameras are in focus

• Change minimum number of cameras needed to 
reconstruct markers from 2 to 3.

o Markers appear as a swarm of bees

• Calibration is no longer current

Actual marker

Actual marker

Ghost marker



Force Plates

• Accuracy of center of pressure (COP) measures is 

the most common issue.

• COP can be affected by accuracy of moment 

signals (Mx, My), and by the force channels (Fx, Fy, 

Fz).

• Most common source of COP errors on force plates 

is the mounting structure.  

o Uneven

o Not rigid



Force Plates
• Location of COP in laboratory volume should be 

checked periodically.

• CalTester, a commercial device, is commonly used 

to perform this check



Force Plates
Can also test COP accuracy by recording the 

location of markers in the capture volume placed at 

specific positions on the plate, then use an object 

such as a dowel (pointed but not sharp) to press 

down on the marker locations.  Comparing the 

marker XY coordinates to the COP XY coordinates will 

provide a reasonable estimate of the COP accuracy.



EMG and Accelerometers
• Most manufacturers provide digital signals at a fixed sampling 

rate (i.e. 2000 samples/sec).

• To acquire data at other sample rates, the signals can be 
converted to analog and read into an A/D converter.

• The analog signal is typically has a fixed delay between 14 to 
48 milliseconds depending on the manufacturer.

• These delays should be accounted for during data processing. 

Normalized EMG signal of 

the scapular primary 

movers of a representative 

subject during abduction 



Common-Sense Best Practice
Use fresh markers

• Over time, handling of markers diminishes reflectivity

• Tape can develop scuff marks

• Periodically replace or recover markers with new tape

Keep measurement area clear of extra markers

• While auto-identification algorithms may still function, 
additional CPU time is needed to locate centroids of all 
extra markers, and this can interfere with the speed of 
the identification process.



So, What Level Of Accurate Can 

You Expect From Your System?

With current technology in a typical gait analysis laboratory volume, 
and assuming that:

• Camera placement/orientation is appropriate
• Image size has been maximized

• Focus has been optimized

• Sensitivity and exposure time have been optimized

• Calibration devices are accurate

• Calibration has been properly performed

Expect sub-millimeter errors in reconstructing marker locations.

So where are the largest sources of error?



Ability to Replicate Marker Placements

ICC’s for 10 markers placed on the foot

Henley, J., Richards, J., Hudson, D., Church, C., Coleman, S., Kerstetter, L., and F. Miller, “Reliability of a 
Clinically Practical Multisegment Foot Marker Set/Model”, in Foot and Ankle Motion Analysis, G. Harris, 
P. Smith, and R. Marks, CRC Press, New York, 2008.



And Then There’s… Soft Tissue Artifact

Thigh and Shank STA Measured During Overground Walking (mm)

Thigh Shank

Reference Avg RMS STA Avg Peak STA Avg RMS STA Avg Peak STA

Tsai et al. 9.3 27.3 2.4 8.7

Benoit et al. 8.6 24.3 5.0 28.7

• Cereatti, et al., 2017, Standardization proposal of soft tissue artefact description for 
data sharing in human motion measurements, Journal of Biomechanics, 62, 5-13.

• Tsai, T.-Y., Lu, T.-W., Kuo, M.-Y., Hsu, H.-C., 2009. Quantification of three 
dimensional movement of skin markers relative to the underlying bones during 
functional activities. Biomed. Eng. Appl. Basis Commun. 21, 223–232.

• Benoit, D.L., Ramsey, D.K., Lamontagne, M., Xu, L., Wretenberg, P., Renström, P., 
2006. Effect of skin movement artifact on knee kinematics during gait and cutting 
motions measured in vivo. Gait Posture 24, 152–164.



Finally, Considerations when Designing or 
Updating Your Lab

• Fixed focal length or zoom lenses?

• Wall mount, tripod mount, or combination?

• Assuming a limited budget, fewer cameras with 

high resolution, or more cameras at lower 

resolution?



Thank you!

Questions?


