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Introduction 
 
Walking is basically a sequence of body movements that allow a person to move forward. A gait 
cycle has a periodic structure that consists of a certain sequence of phases that are in turn 
composed of some sub-phases of movement. This structure puts a general constraint that limits the 
relative limb angles and positions in each phase of the movement. However, a walking person also 
continuously interacts with her environment and adjusts the her walking accordingly. The 
environmental interaction in gait can be considered as a communication that takes place through a 
number of input and output channels. 
 
Some of the input channels are: 
 

1. Vision: The person constantly extends her awareness by taking into account the terrain, 
walls and obstacles in her trajectory and visual range. 

2. Audio: One can use musical and other periodic sounds to enhance the sense of time to 
regulate her movement. 

3. External forces: A walker automatically adjusts the period, amplitude and shape of the gait 
in response to the ground reaction forces felt through the feet. 

4. Balance: One always controls the inertia and other forces acting on the body center of 
mass, and tries to maintain a sense of security by avoiding the danger of falling. 

 
These factors affect the fundamental style of walking, as well as the gradual changes the person 
makes to adapt the variations in the environment. The output channel is basically composed of the 
set of motor signals that contracts the muscles to control body movement. There are also auxiliary 
outputs such as lifting your head to see the path in front of you. Between these input and output 
channels lies the central nervous system (CNS). The CNS has an inborn capability to learn 
walking, but every person learns it differently through experience. Compared to the average 
person, the differences in the input and output channels of walking are most obvious in cases of 
blindness and neuromuscular anomalies respectively. Same variances with smaller quantities also 



exist among people assumed to be normal and healthy. Every person that lived a unique life 
communicates differently with the environment while walking. 
 
In this paper, I intend to consider each of these four input channels. Each of these perceptions are 
studied in various disciplines, so we may have to switch between different perspectives.  

• The visual input in walking is studied in behavioral science [1] as a preparatory information 
that is buffered in memory and processed in advance just before the begininning of an 
action (output).  

• The relation of walking to music is studied in musicology [2], revealing that gait has a 
fundamental frequency of 2 Hz and it resonates (the movement becomes faster) with 
musical pieces with a tempo closer to this certain frequency.  

• The ground reaction forces are well-known in biomechanics, but they are not commonly 
considered as a two-way interaction between the walking person and the structure she is 
walking on, which is crucial in civil engineering [3]. 

• In [4], the effects of a person's anxiety of falling to her posture and muscular control is 
discussed, in terms of the amount of perceived danger and stiffness of muscles. 

 
These different classes of effects combine to determine the end result of a walking motion. We first 
have to obtain an understanding of each of these effects by examining these studies and their 
results. Moreover, a model is needed to determine how these effects interact in differing 
environmental conditions in which different effects dominate over the others, but these 
considerations exceed the scope of this paper. 
 
 

Being aware 
 
When we see a pole on our way, we avoid it by walking around it. It seems simple, because it is a 
basic rule of collision that depends on our spatial awareness of 3D space. To deal with this highest 
level of cognition, we need a general logical structure for walking that includes but is not limited to 
visual awareness.  
 
Mechner [1] considers locomotion as a complex variable behavioral contingency, which means 
that while walking, we affect our environment in time, and also constantly adapt our behavior by 
tracking these effects. He summarizes the structure of locomotion in three consequent steps: 
 

1) Perceiving the upcoming terrain (through visual, auditory, chemical, or tactile means, 
depending on environment and species, e.g., bats use radar, some marine animals use sonar 
or chemical perception, andmany insects use olfaction) and processing the perception, 
culminating in the formulation of the locomotion movements 

2) Executing the locomotion movements 
3) Making adjustments in response to possible feedback during terrain traversal when and if 

unanticipated terrain features or other diverting stimuli are encountered 
 
The first step is called processing-perception or pp phase, whereas the second step is the motor 
phase. The basic rule of locomotion is that one must finish processing the visual information 
before it will be used, i.e. pp phase must be completed before the corresponding motor phase 
begins. If we lose track of the terrain, we have to stop and look around. Similarly, if we look too 
far ahead, we might forget the information that is currently needed. By applying this rule, a 
locomotion movement can be represented by a diagram of staggered subsequent phases, as seen on 
Figure 1.  



 

 
Figure 1. Staggered phases of locomotion 

 
 

The problem of smooth intelligent movement is solved by a buffering mechanism, a short term 
memory that allows us to constantly plot and extend our trajectory deciding where to step our feet, 
without stopping or stumbling. As the individual steps of the activity bear longer consequences, the 
person's spatial awareness temporally transcends the moment to calculate the possibilities and 
imagine the opportunities in near future. 
 
Mechner provides an algorithmic formula of locomotion in terms of the actions taken, the 
circumstances and a set of perceived attributes of the terrain. After abstracting the process of 
locomotion, he also uses this same formula to describe another activity: Reading out loud. He 
replaces terrain with text, physical distance with paragraphs, recognizability of terrain with the 
familiarity of text, etc. and concludes that these activities share a common structure. Any activity 
that requires "thinking ahead" such as performing music, executing a dance routine, even foraging 
can be formulated as a similar routine. Any sequential activity with uncertainty requires a certain 
buffer of processing.  
 
 

The fundamental frequency 
 
Sometimes we hear a music, we feel that our walking adjusts its periodicity to the musical tempo. 
Walking is a periodic activity that quantizes time. Synchronization of the frequency and phase of 
gait cycles is the primary aspect of temporal periodicity. In their experiments, Styns et al [2] 
requested the subjects to adjust their rhythm of walking to the musical pieces they were hearing. 
What they sought not only included the synchronization of heel strikes to the musical beats, but 
also involved what filled the space between the beats. They called it spatialization, which referred 
to the effect of a musical tempo to the motion parameters independent of synchronization, such as 
walking style, speed or step size. Spatialization refers to the effect when we start walking faster 
while hearing certain pieces of music. 
 
The experiments involved 68 musical pieces regularly distributed in the range 50 to 190 BPM 
(beats per minute) in several genres including rock, pop, techno, dance, trance, hard rock, film 
music, world music, etc. They also included 18 plain metronome sound clips in the same tempo 
range for comparison. Every subject walked while listening to these pieces, while her steps and 
walking speed were recorded. In the second part, the subjects listened again to tap her finger to the 
same pieces. Some people halved or doubled the frequency while synchronizing, especially when 
the piece was too fast or too slow. 
 
The results showed higher ratios of syncronization in tapping than in walking. An interesting result 
was that near a certain frequency (~114 BPM) the success in synchronizing walking increased 
considerably. This result confirms with previous work showing 2 Hz (120 BPM) highly tuned 



resonance frequency due to locomotion in the long-term 
energy spectrum of motor activity [5]. Figure 2 shows 
the synchronization errors resulted by musical pieces of 
differing tempo. 
 
The experiments also aimed to find the spatialization 
effect of music, independent of synchronization 
successses. They compared distribution of walking speed 
corresponding to each different tempo frequency. As a 
result, walking speed increased with increasing tempo 
until 114 BPM, where this rise stopped and speeds 
became more varied around a fluctuating mean speed. 
They eliminated the effect of tempo by considering 
speed change in same tempo pieces. The result was 
interesting: The musical pieces caused a significant 
increase in walking speed, compared to the metronome 
clips in the same tempo. This increase in the walking 
speed was independent from synchronization, because it was 
also seen on people that could not adjust their walking tempo 
to the piece with higher tempo. The idea that follows is that 
music near a certain frequency resonates with some of our 
periodic daily activities such as walking and makes us faster 
and better motivated. 
  
The resonance behavior can be seen better in Figure 3, where 
step sizes of all subjects are aggregated in a single plot that 
relates step size to the walking tempo. It shows that people 
walk in larger steps with a tempo near 147 BPM. Note that 
this effect is independent from the success in matching to 
the tempo and phase of the music. Just like an object 
vibrating to a certain frequency, the subjects walked with 
larger steps, i.e. responded with an increasing amplitude in 
oscillation upon walking in a near critical frequency. The change in oscillation amplitude is 
formulated as a function of resonance frequency, external frequency and a damping factor. This is 
the same model used to explain resonance in previous tapping experiments [6]. Therefore, as the 
biomechanical structure of tapping a finger is separate than that of walking, the authors speculated 
that perception of musical pulse may be due to an internalized model of the locomotion system. 
They think this can be a generalized movement model, independent from the person's own body 
metrics, because previous work showed no effect of personal body parameters to long-term 
movement spectrum [5]. 
 
 

Adjusting to the structure 
 
In biomechanics, the reaction force that pushes our feet is an important factor that our muscles act 
against. In most phases of walking, when GRF acts as a flexor, our muscles try to extend our leg, 
and when it acts as an extensor, our muscles oppose this effect by flexing the joint to conserve 
body posture. This is a well-known involuntary motor response to control the situation of our body. 
However, every GRF is a reaction to the body force we apply on the ground that should not be 
overlooked. As stated by Newton's third law, this is a force vector with a magnitude equal to GRF 

Figure 2. Synchronization errors  
decrease near 114 BPM ~ 2 Hz 

Figure 3. People walk with larger steps 
while listening to pieces near 147 BPM 



in the opposite direction. If the ground is static, we can ignore this force. But if the ground is 
moving, we have to reconsider walking from a completely relative standpoint: Not only the person 
can be perceived to be walking on the ground, but also the ground can be considered to be walking 
beneath the person. 
 

 

   (a)      (b) 
 

Figure 4. The Millennium (a) and the people synchronizing and wobbling the bridge in its opening (b) 
 
Millennium Bridge was a very special construction in London that opened in 2000, but closed just 
after the opening due to unforeseen consequences of several civilians crossing it [7]. If the 
architects and engineers that built the bridge considered and calculated the kinetic interaction 
between the people walking near 2 Hz on a steel bridge that has a natural lateral oscillation 
frequency of 1 Hz, they could predict a synchronization that would amplify the oscillations to a 
lateral swaying amplitude to make it unbearable to walk on the bridge. Vertical frequency of the 
people was approximately 2 Hz. This is two times 1 Hz, the lateral frequency of walking (due to 
two feet), which is the same with the fundamental lateral frequency of the structure itself. This 
resonance caused a sideways swaying up to 7 cm, which is visible in the video recordings of the 
official opening of the bridge at [8] (see also Figure 4). When hundreds of people started to cross 
the bridge, it obtained an initial oscillation. This in turn caused an oscillation in GRF rightward and 
leftward in turn. The swaying made people adjust their steps so that when they put their left foot, 
the GRF would push them rightward, and when they put their right foot, the GRF would push them 
leftward. They also widened their steps sideways to exert a greater lateral force on the bridge to 
balance the additional ground force due to the oscillation. As the oscillation built up gradually, 
people had no problem unconsciously adapting to the moving ground beneath them and further 
amplifying the oscillation of the bridge. Thus, by synchronizing to the bridge, they all 
synchronized to one another, forming a whole. As the bridge determined the fundamental 
frequency of the movement, the people eventually formed a ground for the bridge to walk beneath, 
not the other way around as it should have been.1 
 
Racic et al. [3] studied the problem of human-structure interaction in a multidisciplinar approach, 
specifically in the half way between biomechanics and civil-engineering. The paper begins with a 
detailed description of human gait, including general terms in biomechanics. Then, individual 
phases and sub-phases of gait, the mechanisms behind the ground reaction forces are explained, 
                                                 
1 It is almost a metaphor to the modern society, in which people build beautiful structures with undetermined 
dynamics, and then each person in the crowd conforms her behavior to these man-made structures around her, 
becoming increasingly similar to one another, while mystifying the artificial and arbitrary nature of these sources of 
their shared way of life. 



and the typical function of GRF in a gait cycle is presented, with additional information about the 
techniques that allow us to measure these forces. Then the paper continues with references to 
previous experiments on measuring GRF in flexible structures such as bridges and stairs, as 
opposed to a solid ground that is a rigid structure. This flexibility is simulated by an instrumented 
treadmill device that can be used to record GRF in a full sequence of walking in different ground 
flexibility levels. The experiments showed that the flexibility softened the vertical forces, and 
improved performance in running on the surface, but made it impossible to jump (damping and 
converting it into bouncing). Other works showed that synchronization between the bridge and the 
people may cause a positive feedback called lateral excitation as in the Millennium Bridge 
discussed above. These experiments were limited to small amounts of data and assumed that 
vertical forces increased with gait speed. Other work [9] showed that in certain speed near 3.5 m/s 
while jogging, the vertical GRF reached a maximum value that did not increase with speeding up 
and running, and they approximated vertical GRF normalized to body weight as a function of gait 
speed.  
 
As opposed to force plates, treadmill measurements allowed to record the GRF variability among 
the gait cycles of the single gait sequence of a person. The experiments showed that vertical and 
lateral GRF variability increased with speed, but anterior-posterior variability reached a minimum 
around a certain optimum speed near 5.6 km/h which is near usual self-selected speeds discussed in 
previous studies. Note that this value is also close to the resonance walking frequency of 147 BPM 
that caused larger steps in [2]. 
 
The study proceeds by describing time-domain and frequency-domain models of human forces on 
the structure. In time-domain problems with low-frequency structures, vertical walking force is 
defined as the sum of fourier components that represent the effect of different harmonics of the 
fundamental frequency of footfalls. Each component is weighted by the strength of that harmonic 
(called dynamic loading factor - DLF) and body weight. Several deterministic and probabilistic 
models to simulate human effect on low and high-frequency structures are explained in detail. 
 
The fifth section is devoted to the synchronization phenomenon, which is also called the lock-in 
effect. This is a relatively new problem, introduced by new architectural trends to use light material 
to provide slender and aesthetic design.2 Thus, our current knowledge is not based on many 
experiments. The study examines the popular belief that involves a critical density of people that 
changes the nature of interaction. According to this approach, for less dense crowds, 
synchronization only occurs if there is a perceivable oscillation x>xC. For more dense crowds, an 
additional factor comes into play, which is the group behavior of people imitating and copying the 
movements of other people walking in front of them (similar to flocking behavior [12]). This 
introduces a new and harder physical threshold of the total mass of people that would induce the 
amplitude of structural vibration MC, which must not be exceeded to prevent synchronization. The 
conditions are shown as a decision tree in Figure 5. 
 
 
 

                                                 
2 The millennium bridge had a scence-fiction theme, like a bridge of the future. So, the problematic scenes from its 
opening can be considered as science-fiction triggering the actual science itself , or alternatively, the surfacing of our 
lack of science to support our fictitious desires. 



 
 

Figure 5. Common belief on the synchronization phenomenon 
 
 
To understand the problem better, controlled experiments were conducted to investigate interaction 
between a single person and a structure with lateral vibration. It was shown in [10] that in a 1 Hz 
swaying of 5 mm amplitude, it is 40% probable for a person to lock-in to the oscillation. However, 
more experiments must be conducted with help from the field of biomechanics and possibly 
psychology to obtain a better theory of human-structure and human-human interaction and 
synchronization. 
 
 

Anxiety and balance control 
 
The last input channel we will discuss is an internal one. Most of the time, we walk automatically 
based on our previous experience of estimating how a terrain will react our movement. However, 
there is also a mechanism for us to feel the probability and danger of falling to adjust our balance. 
If you recall a moment when you were standing near a high cliff or a balcony without fences, you 
know the perception of danger that causes an increased control on body balance. 
 
 In [4], Brown et al. conducted experiments to determine 
the effect of fear of falling on bodily muscles. They set up 
a platform on which subjects stood up for a while. The 
platform could be lowered or heightened or the subject 
would stand up either on the middle or on the edge of the 
platform (Figure 6). Both considerations were to control 
the amount of anxiety. The subjects included a young 
group and an older group. Each subject filled 
questionnaires about their perceived fear of falling and 
their previous falling experiences to isolate the effect of 
anxiety from external factors. As each subject stood on the 
force plate, body center of mass (COM) and body center of 
pressure (COP) were calculated. Galvanic skin 
conductance (GSC) was also measured to infer the 
anxiety in different testing conditions. As a result, 
following changes were detected as the subject stood up on a higher platform, or to the edge of the 
platform: 
  

Figure 6. Experiment setup to measure the 
effect of anxiety on balance control 



(a) GSC significantly increased, implying raised anxiety.  
(b) Mean COM and COP in anterior direction decreased, as the subjects leaned backwards. 
(c) Standard deviation in COM and COP decreased, pointing to increased control over body 

balance.  
(d) And lastly, a significant increase in mean power frequency (MPF) of COP.  

 
The changes can be interpreted by utilizing the inverted pendulum model of postural control [11]. 
This model dictates that a decrease in sway variability (as in c) combined with an increase in sway 
frequency (as in d) reflects increased stiffness at the ankle joint, probably achieved by contracting 
the agonist and antagonist muscles at the same time. The experiments showed a correlation of these 
indicators of ankle stiffness to the actual anxiety of falling, reflected by skin conductance. 
 
Contrary to previous work that considered fear as a negative factor in posture control, this study 
suggests that balance anxiety may be beneficial for an increased control of posture. 
 
 

Conclusion 
 
In this paper, we examined different types of environmental interactions that affect walking 
movement. We firstly investigated the general behavioral pattern of locomotion that is shared with 
other progressive activities that require spatiotemporal awareness. Then, we focused on music as 
an exciter of changes in walk behavior, namely the synchronization of walking tempo to the music 
and spatialization of the music in walking style. The third part involved reactionary forces which 
are already studied through their role in certain phases of gait, but require more in-depth analyses 
of their cumulative effects that may cause forward feedback between the walking person and the 
environmental structure. Finally, we discussed the psychological effects of anxiety that encourage 
increased muscular stiffness to control balance. 
 
These effects are studied through different approaches and theorizations of human behavior and 
mechanics. However, all of these disciplines share a common object of study: A walking human 
being. The body movement through gait cycles primarily belongs to the field of biomechanics, but 
there are also other fields of study that create knowledge related to body movement. In conclusion, 
we can say that the biomechanical study on the phases on gait can be enriched by considering more 
complex interactions by the walking person with the environment. 
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