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Abstract – This paper introduces prototype experimental apparatus 
to investigate stability in standing, walking and running of 
humanoid robots using pressure sensing at the foot contact. The 
preliminary experiments show that the system can provide very good 
spatial or temporal resolution and these can be traded off each 
other given the problem at hand, such as the sparsely sampled 
whole foot during static balancing or the densely sampled impact 
point of the foot during walking or running. The prototype 
apparatus, experimental result, and dynamic models of the system
will give insight into the nature of balance control.
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I. INTRODUCTION

We describe newly designed and constructed prototype 
apparatus, and initial experiments with it, that demonstrate its 
ability to deliver high spatial and temporal resolution tactile-
sensing data streams from the sole of a humanoid foot. Our 
eventual aim is to characterize and understand the role of 
tactile sensing by the human foot in stabilizing bipedal 
standing, walking, and running [1-3], and to apply this 
understanding to the corresponding problems in the design 
and control of the corresponding activities by humanoid 
robots [4-8].  Research has shown that human balance control 
is dependant on the force feedback provided by the pressure 
sensing in the human sole [1-2]. Understanding the 
characteristic of this system, including the dynamics of the 
feedback and control systems will provide significant insight 
into the nature of human and humanoid robot balance for 
standing, walking and running.

Our initial experiments demonstrate the fitness of the 
apparatus to generate, capture, and display high signal-to-
noise ratio signals of the static pressure distribution under the 
realistically-loaded foot and – more important – to capture 
and display the relatively small changes in the pressure 
distribution that occur when an external destabilizing force –
applied at the knee, approximately perpendicular to the knee, 
in any azimuthal direction – causes the tibia to become offset 
a few degrees from its stable load-bearing pose.

II. APPROACH

Our prototype apparatus is a wooden frame, approximately 
one meter on each side, with a plywood base (Figure 1).  
Force-multiplying pulleys allow realistic loading of a 

prosthesis-like wooden leg-and-foot using easily-managed 
static weights (Figure 2). Although we have not considered 
using the apparatus in prosthesis evaluation it is likely that it 
will provide insight into design and evaluation of prosthetic 
feet.

The sensor per se (Figure 3) is a force sensitive resistor 
array sold by TekScan1 for medical diagnosis of foot
problems. The sensors are inexpensive, but TekScan’s 
monitoring hardware and software are both prohibitively 
expensive and generally ill-suited to the experimental 
scenarios we contemplate [9-16]. We therefore constructed 
our own monitor using analog current multiplexers (Figure 5) 
and a single board computer (SBC).  

Figure 1. Overview of the mechanical apparatus.

1 TekScan Corporation, South Boston MA,  
http://www.tekscan.com



Figure 2. Detail of the foot, leg, static and destabilizing loading mechanisms.

On the SBC’s low-level side it controls the multiplexers –
selecting the tactile element desired at each instant – and on 
its high-level side it communicates with a PC via a serial link.  
The PC generates the scan sequence that the controller will 
execute – single tactile element, full raster scan of all 
elements, low resolution raster scan of all elements, foveal 
pattern scanning, etc. – so as to trade off the available spatial 
and temporal resolutions, whose product is limited by the 
sampling rate of the controller’s analog-to-digital controller.  
The PC also supports the user interface, including a false-
color-mapped display of the recorded pressure maps.

Figure 3. Sensor array, multiplexer, single-board controller.

Figure 4. Pressure maps. Left map is stable standing. Middle is with a 3.6 
degree leftward deflection of the knee. Right is the renormalized difference, 

clearly showing more pressure on left, less pressure on left, but relatively 
little front-back assymetry.

The disturbance (Figure 4) is currently generated by a 
stepper motor (Figure 2) – controlled by the PC’s parallel 
port – that oscillates the tension in a string attached to the 
knee. The next step in our ongoing program will be to 
reverse the sign: to analyze the dynamical behavior of the 
pressure map so as to recognize and characterize 
disturbances, and generate control signals whereby, e.g., a 
pair of motors will restore stability.

A two-dimensional Gaussian smoothing filter of 
characteristic size a few tactile elements improves the 
interpretability of the display for the human eye-brain by 
eliminating high frequency noise due apparently to sensor 
manufacturing inconsistencies (Figure 6). How best to 
translate the dynamic pressure map into symbols and signals 
that can effect control actions to restore stability in response 
to disturbance is the topic next on our research agenda. 

Figure 5. Sensor, analog multiplexers and interface circuit



Currently we are approaching the issue by computing the 
first few moments of the distribution – the center-of-pressure 
along and across the foot, and its width, and a measure of its 
asymmetry in these canonical directions. These six numbers 
– three measures times two directions – seem effectively and 
efficiently to capture the essence of the static and dynamic 
state of the system, whereas – at least at this early stage of the 
work – higher moments seem mostly just to fit the noise.

In future an image processing approach may be adopted 
for higher spatial frequency information in the signals, such 
as surface texture and surface unevenness. Identifying texture 
and other surface features may allow the control strategy to 
be adjusted for different surfaces as well as to identify 
situations where the foot is slipping or in other unstable 
configurations such as inadequate foot support contact 
geometry.

An additional challenge that is introduced, if image 
processing techniques are adopted, is that each “pixel” is 
sampled at a different point in time, and the scan patterns are 
in general not progressive, so additional signal processing 
techniques must be used to obtain an inferred time 

interpolated image before further processing. An advantage 
of a time interpolated image will be that there is no inherent 
image frame time at which the image is taken and so the 
inferred time interpolated image can be constructed for any 
given instant. The quality of the time interpolated image will 
not depend on the chosen time point, as sampling occurs 
continuously rather than in the periodic raster pattern of  
digital image capture systems.

III. RESULTS

Static lateral loading (Figure 2) of the tibia shows sensible 
changes in the pressure map (Figure 7), quantified as changes 
in the center-of-pressure, the width of the distribution 
(characterized by standard deviation), and the asymmetry of 
the distribution (characterized by skew). These measures are 
calculated using the first three moments of the pressure 
distribution along the width (x) and length (y) axes of the foot 
(Table 1).

Calibration with accuracy and precision that are adequate 
for the intended monitoring-and-control task is 

Figure 6. Filtered and unfiltered data

Table 1. Center-of-pressure, standard deviation, skew and peak pressure for right, left, anterior and posterior loading of the knee showing the initial 
conditions and relative changes to the initial conditions



straightforward. The sum of the signals over all elements 
must equal the imposed load on the whole foot, so the known 
total weight and the known element spacing and count give 
the signal-to-pressure conversion factor. Measured shifts in 
pressure pattern – parameterized by offset-from-static angle 
and direction – left, right, front (anterior), and back 
(posterior) – are reported as change in center-of-pressure, 
width (standard deviation), and asymmetry (third moment, 
skew). These observables constitute a model for inversion of 
pattern change into tilt and direction, and from them 
magnitude and direction of the lateral perturbation, and from 
there finally into the opposing forces that the control system 
must apply to offset the perturbation.

IV. DISCUSSION

Our foot tactile measurement system is able to provide 
good spatial and temporal resolution, with the relative 
tradeoff due to the limit of the single ADC. Our current 
design can be augmented to use two independent ADCs, 
doubling the bandwidth, but the tradeoff between spatial and 
temporal resolution will still exist. Our proof-of-principle 
system will have to be significantly modified to make use of 
more parallel sampling of the pressure sensor network. At 
this point the bandwidth between the PC and the system 
electronics becomes a bottleneck and would require use of 
faster communication protocols as well as compression to 
overcome this limitation. On the other hand, the apparatus is 
explicitly a prototype intended for pilot experiments: we 
know how to make it better next time, in large part because of 
what we learned from building and running this “quick and 
dirty” device.

As seen in Figure 4, 5, and 7, our current system has very 
high spatial resolution compared to the tactile regions of the 
human foot. Thus we expect that in practical running, 
walking, and standing control applications we will be able to 
reduce the spatial resolution – and correspondingly to 
increase the temporal resolution – enough to close the control 
loop substantially faster than the mechanical system’s 
characteristic times.

The spatial and temporal resolution tradeoff will require 
different scanning policies for different modes of operation. 
During static balancing and standing the whole area of the 
foot must be sampled, but due to the temporal resolution 
required to maintain balance, a sparse sampling approach 
must be adopted. During walking and running the flight phase 
of the foot does not require dense spatial sampling but 
identifying the contact time of the foot collision with the 
ground requires high temporal resolution. This will require 
sparse spatial sampling around the heel strike region to 
identify when and where heal strike occurs and then 
transition to a denser spatial sampling as the heel is loaded so 
that a good measure of the heel strike pressure can be made. 
These sampling policies are an area of further research.

Quantitatively, currently a full raster scan of the system 
takes approximately 300 ms, so even a sparse sampling that 
neglects only every other sensor node in both x- and y-axes 
will result in a refresh rate in excess of 10Hz, well within the 
time constants of dynamic walking systems, although this 
refresh rate may need to be increased to match the 
performance and time constants of static balancing systems 
(standing in place vs. walking or running) where the 
neurodynamics and muscle time constants dominate rather 
than the time constants of the mechanical system.

Figure 7. Difference map of right, left, anterior and posterior loading of the knee relative to the initial conditions



Additionally, documented problems with the commercial 
sensor per se include element-to-element sensitivity and 
linearity variation, hysteresis, and drift. The end-to-end 
calibration of the system in situ at the start of experiments 
overcomes most of these problems. Nevertheless, it is 
possible that subtle enough effects will come into play in 
natural running, walking, and standing that automatic 
dynamic recalibration will be required when experiments are 
extended to many hours, or perhaps just many minutes.
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