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Abstract. The interactions of structure-human and those of human-human would change the 
macroscopic behavior of human walking on the structure and which, would further result the change of   
walking forces. The complexity of walking forces during the interaction process is the reason that lively 
structures exhibit some special vibration behaviors under the crowd excitation. The walking forces 
observed through the traditional indoor footfall experiments can’t fully reflect the interaction process. 
However, a biomechanics based walking force models can establish the relationships between human 
macroscopic activities and walking forces so that it can server as an alternative method. The 
biomechanical models describing human body dynamics and walking forces are reviewed and the 
problems to be studied in the field are suggested from the views point of human-human interaction and 
human-structure interaction.  

Introduction 
The pedestrians induced structural vibrations is a worldly focused problem and which is widely solved 
by the forced vibration theory (FVT). However, recent studies have shown that some special structural 
vibration phenomena under crowds’ excitation are resulted by human-human interaction (HHI) and 
human-structure interaction (HSI). These two interactions would change the normal gaits of human 
and further result the change of frequency, amplitude and phase of walking forces. However, the 
indoor footfall tests can’t fully consider the influences of the interactions because of the experimental 
conditions. Combining the simulation of pedestrians’ macroscopic movements, the biomechanics based 
walking force model (BWFM) could serve as an alternative solution. 

The studies on human induced structural vibrations, human behaviors on pedestrian structures and 
BWFMs are reviewed in this paper. From view point of HHI and HSI, four important aspects 
associated with BWFMs are summarized as follows:  

(1) The study of walking forces on a moving surface. 
(2) The study of walking forces under different walking velocities. 
(3) The study of walking forces under the change of walking directions. 
(4) The study of walking forces considering the human synchronization. 

Human induced structural vibrations and human behaviors 
Human induced structural vibrations is a widely concerned problem [1, 2], and the forced vibration 
theory (FVT) which is a primary analytical method has been used in varies standards domestic and 
overseas [3, 4]. According to this theory, the walking forces are treated as external excitations, and the 
pedestrians induced vibrations are solved through forced vibration equations. Based on this theory, 
some similar methods have been developed, such as the time history method [5], the dynamic 
amplifying factor method [6], the response spectra method [7], and others [1, 8]. In these methods the 
walking forces are treated as external excitations and obtained from indoor footfall experiments, while 
the body weight is treated as the added mass [9]. During the footfall experiments, testers are required 
to walk in a customary way or a specific pace that the frequency prompter indicated. Therefore, the 
walking forces obtained from the experiments generally reflect the features of freedom walking on a 
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fixed surface, not the case on an oscillatory surface, in other words, the FVT ignores the effects of HSI. 
Furthermore, the Monte Carlo simulation method is adopted to analyze crowd induced vibrations 
based on the FVT [10], however, the walking forces used in this method are also obtained from footfall 
experiments, which indicates that pedestrians’ walking velocities or directions could not change even if 
the existence of obstacles, thus the FVT also ignores the effects of HHI. 

The successive studies also shown that there are some special vibration phenomena, such as the 
change of structure dynamic characteristics [11, 12], human-structure phase synchronization (or 
“lock-in”) [1, 13, 14], excessive lateral structure vibration [1, 15, 16], and the sudden termination of 
vibration [17], when the crowd walking on a lively structure that the FVT can’t make a clear 
interpretation. At the same time, several researches also shown that with the varying of crowd density 
and structure vibrating amplitude, pedestrians’ walking velocity [18, 19], walking direction [20], and 
the rate of synchronous people among crowd [1, 19, 21] could change, further, the change of 
pedestrians’ macroscopic behaviors would lead the change of frequency, amplitude, and the phase of 
walking forces. Thus, the walking loads actually acting on the structures are different from those 
obtained from indoor footfall experiments. In order to interpret these phenomena, researchers are 
trying to study human induced vibrations with the consideration of HHI and HSI. 

The study of HSI could be traced to 1960s, and researchers found the effects of the active crowd on 
structures could lead the increase of structure’s damping ratio [22], the decrease of fundamental 
frequency [23], and the introduction of new vibration modes [24]. However, these phenomena 
couldn’t be explained through regarding the human body as added mass to structures completely, and 
this promoted the study of human body dynamics. The single degree-of-freedom mass-spring-damper 
system is the simplest model describes the dynamical characteristics of human body. The researches of 
Matsumoto indicated that the two degree-of-freedom mass-spring-damper system showed a good 
agreement with the measured apparent masses and phases. Thus, it’s not necessary to employ a 
mass-spring-damper system with more than two degree-of-freedom to simulate the dynamical features 
of human body [25, 26]. Based on Matsumoto’s studies, many researchers adopted the 
mass-spring-damper model analyzed the dynamical characteristics of coupled human-structure system 
under different number of pedestrian with different spatial distributions [27, 28, 29]. In spite of the fact 
that the mass-spring-damper model only reveals the dynamical features of standing human body, and it 
can’t obtain the walking forces directly. This model opens the way to describe human body dynamics 
and makes some contributions to the development of bipedal walking model. The closure of London 
Millennium Footbridge on its opening day due to large amplitude lateral vibrations made researchers 
consider that the synchronization of pedestrians’ gaits to the bridge vibration frequency, or so-called 
“pedestrian lock-in” is the precondition mechanism leads instability of lateral vibration [9, 13]. 
However, the mechanism has been suffered many suspects in successive studies. On the Changi 
Mezzanine Bridge (CMB), Brownjohn noted that pedestrians were not observed to synchronize their 
motions while the bridge lateral amplitude increased significantly, however, if the “lock-in” is true, 
there would be at least 26% of pedestrians synchronized their paces [30]. Also, on the Clifton 
Suspension Bridge (CSB), Macdonald cast doubts on this assumed mechanism as follows [31]: (1) the 
natural frequency of the remarkable mode to be excited (0.524HZ) was half the natural walking 
frequency, and it seemed unlikely that pedestrians would adjust their gaits to synchronize to this low 
frequency, while there were two other modes closer to normal walking frequency (mode 3, 0.746HZ 
and mode 4, 0.965HZ); (2) If there were synchronizations to the lateral walk frequency, there would be 
also synchronization of vertical force at twice this frequency, while this was hardly evident in the 
spectra of vertical response. According to the Brownjohn’s and Macdonald’s work, some researchers 
abandoned the mechanism of synchronization during the study of human induced lateral vibrations, for 
example, the lateral force model based on the social force model proposed by Song [20]. Song’s model 
considers the characteristics of pedestrian’s movement on a lateral vibrating footbridge, and well 
predicates the critical pedestrian number that causes the instability of lateral vibration of some bridges. 
Further, Song combined the concept of relaxing time in social force model to explain why there was no 
structure with the fundamental lateral mode frequency higher than 1.2 Hz became lateral instability. 
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However, Song’s model can’t provide an interpretation about the mechanism of relaxing time and 
added force because of only the macroscopic movements, such as, velocity and walking direction, of 
pedestrians are considered and the elaborate characteristics of gait are ignored. 

The study of HHI concentrates on revealing the laws of human macroscopic movements. In the last 
two decades, many experimental technologies or simulative models, such as the technique of video 
capture [32]  and the compressible hydrodynamic models [33], proposed in this field have been 
successfully applied to simulate the evacuation processes of pedestrians in the case of emergency 
situations [34, 35]. Among these studies, the development in the field of transportation engineering is 
outstanding. The crowd behaviors are analyzed from the views point of macroscopic or microscopic 
[36]. The microscopic models, such as the social force model [37] and the cellular automata model 
[38], concentrate on the behaviors of individual. Not only can these models describe the individual 
movements, such as spatial position, walking velocity and walking direction precisely (Fig.1) [39], but 
also the crowd collective behaviors, for example, the quantitative relationship between crowd density 
and average walking velocity (Fig.1) [40] . Specially, these microscopic models can simulate the 
self-organization phenomenon, which is a typical behavior when the crowd density reaches a certain 
level (Fig.1) [41]. However, the study of pedestrian macroscopic behaviors can’t directly obtain the 
walking forces that needed for the analysis of human induced structural vibrations, and how can we get 
the walking forces based on the pedestrians’ macroscopic behaviors needs to further study. 

 
Fig.1. Individual’s velocity (after [39]), the relation between crowd density and velocity (after [40]) 

and self-organization phenomenon (after [41]) 
Obviously, both HSI and HHI are important questions that the field of human induced structural 

vibrations should consider. The former changes the behaviors of individual through interactions 
between human and structures, while the latter influences the pedestrian’s bipedal gait by external 
interferences. The change of pedestrians’ gait would eventually lead the walking forces different from 
the indoor footfall experiments. Naturally, it’s worthwhile to build the relationship between 
pedestrians’ macroscopic behaviors and walking forces based on the precisely study of bipedal gait. To 
the authors’ knowledge, the biomechanics based walking force model (BWFM) that discussed in the 
next chapters would be a finer approach to solve the problems that mentioned above. 

The biomechanics based walking force model (BWFM) 

The inverted pendulum model (IPM). Both the inverted pendulum model (IPM) and the bipedal 
walking model (BWM) discussed next parts are primary forms that simulate human body’s structure in 
the field of biological engineering. In the early days, these two models were used to simulate the 
mechanisms of pedestrians’ movements, the IPM for walking and the spring-mass model which is the 
predecessor of the BWM for running (Fig.2) [42]. As presented in Fig.2, the IPM simply comprising a 
lumped mass at the center of mass (COM) supported by a rigid massless leg. In the early times, the 
researches about walking mainly concentrated on building mechanisms that maintaining a stabilized 
bipedal gait [43]. It’s worth noting that all of these studies were only considered the motion in the 
sagittal plane, and ignored the coupling with movement in the frontal plane. In fact a relative study has 
shown that such interconnection was weak [44]. In 2002, in the first international conference about 
human induced footbridge vibrations, Barker proposed that the IPM could be used to simulate the 
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lateral walking force [45]. Based on Barker’s idea, further adopted the balance control mechanism 
suggested by Hof [46], Macdonald used the IPM simulated the process of human body’s lateral 
movement during walk (Fig.2), and extracted the lateral walking force [47]. 

 
Fig.2. The inverted pendulum model (after [42]), the spring-mass model (after [42]) and the model 

used to simulate lateral walking movement (after [47]). 
As fig.2, Macdonald established the kinematic equation about the model’s COM and deduced the 

expression of the lateral walking force (see Eq.1 and Eq.2 respectively) when walking on a fixed 
surface. The position of foot placement for each step based on the lateral balance control mechanism is 
decided by Eq.3, which guarantees the horizontal projection of COM wouldn’t exceed the zones 
between the placement positions of two legs during walk, as a result, the human body couldn’t dump in 
one side [46]. 

ÿ + Ωp
2(u-y) = 0.                                                                                                                                    (1) 

H = -m ÿ = mΩp
2(u-y).                                                                                                                                     (2) 

u = y0 + v0/Ωp
2 ± bmin (+for right foot, -for left foot).                                                                           (3) 

Where Ωp = (g/L)0.5, m and L are the body mass and leg length, while y0 and v0 are, respectively, the 
initial position and velocity at the beginning of a step, and bmin is defined as the “margin of stability” 
[47]. Combining the equations described above the lateral walking force H can be solved, and its time 
history as represented in Fig.3. The distinguished feature of the simulation lateral walking force 
compared with the measured value which also described in Fig.3 represented in dotted curve is that it 
can’t reflect the double support dynamic phase, which is the result of using of rigid legs. What’s more, 
as showed in Fig.3, the rigid legs make the simulative vertical displacement of COM represented by 
dotted curve larger than measured value represented by solid line during walking. These discrepancies 
indicate that the IPM can’t reflect the basic dynamic characteristics of human body during walking. 

Further, both the first five dynamic load factors (DLFs) of the lateral walking force simulated by the 
IPM and the measured values offered by different authors are presented in Table 1. It can be seen that 
there are no components in the even multiple walking frequency of simulative values, however, 
Macdonald didn’t make an explanation about it, and based on the analysis mentioned above this could 
be the result of using of rigid legs. 

 
Fig.3. The lateral walking force history (after [47]) and the vertical displacement of center mass 

(after [42]). 
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Table 1. Dynamic load factors of Fourier components of lateral force (after [47]) 

 
Dynamic load factors (% body weight) 

bf  2 bf  3 bf  4 bf  5 bf  
Inverted pendulum model 3.9 0 1.6 0 1.0 

Schneider & Chao 3.9 0 1.8 0 0.4 
Bachmann & Ammann 3.9 1.0 4.3 1.2 1.5 

Pizzimenti & Ricciardelli 4.0 0.8 2.3 0.4 1.1 
Dallard et al. 4.0 - - - - 

 
Based on Macdonald’s work, Bocian simulated the lateral walking forces under different walking 

frequencies, and the results similar with Macdonald’s [48]. 
Macdonald’s work offers a method to simulate lateral walking forces under different walking 

frequencies. However, in the development of the IPM there are several problems needed further 
studies: 

(1) As mentioned previously, the rigid legs make it impossible to reflect the double support dynamic 
phase and the basic dynamical characteristics of human body during walk, which result in the 
discrepancies between simulative lateral walking forces and measured values, for example, no 
components in the even multiple walking frequencies of simulative values. 

(2) Without the consideration of influences that the structure vibration on bipedal gait. Although 
Macdonald considered the effects that the structure vibration frequencies on lateral walking 
forces in successive studies, but these work are based on the condition that the vibration 
amplitudes are small, and there are no influences on bipedal gait. In reality, there exists the HSI, 
and the bipedal gait, such as stride length, walking frequency and walking direction, would 
change if the vibration amplitude reach a certain level, and automatically the walking forces 
would vary with bipedal gait. 

The bipedal walking model (BWM). As mentioned above, the spring-mass model which is the 
predecessor of the BWM is used to simulate running. Considering that the inverted pendulum model 
can’t reflect the basic dynamical characteristics of human body, Geyer built the famous bipedal walking 
model, as Fig.4,  by adding a second leg to the spring-mass model [42], further, used this novel model 
achieved the simulation of walking under different walking velocities. Geyer’s studies show that not 
only can the bipedal walking model reflect the double support phase and the vertical displacement of 
COM similar with measured values, but also have the ability to simulate the longitudinal walking force 
and the M-shaped vertical walking force (Fig.4).  

 
Fig.4. The bipedal walking model, walking force, and the vertical displacement of center mass (all after 

[42]). 
Considering that the traditional walking force models ignored the HSI, Qin introduced the damping 

parameter to Geyer’s bipedal walking model (Fig.5) [49], and built a coupled human-structure dynamic 
system to analyze the interaction between single pedestrian and footbridge. 
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Fig.5. The bipedal walking model with damping parameter (after [49]) 

Due to the damping parameter, the energy would dissipate in the process of walking, and pedestrian 
that in the coupled dynamic system would stop movement after several walking cycles. In order to 
maintain a successive and stable walking gait, Qin applied a horizontal control force Fctrl(t) (as Eq.4) as 
balance control mechanism to maintain the total energy of the human body during walking. In the 
equation 4, E0, E(t) and  Δu(t) are the initial energy input, energy of the human body and horizontal 
displacement increment of COM at time ‘t’, respectively. 

Fctrl(t) = (E0 – E(t)) / Δu(t).                                                                                                                   (4) 

Using the proposed dynamic interaction model, Qin compared the footbridge dynamic response of 
the consideration of HSI with the case without the consideration of interaction. The results showed 
that the former is larger than the latter, and it’s necessary to consider HSI when structures are flexible. 
Moreover, in the consideration of interaction the footstep force is larger than the case without 
consideration of interaction (as Fig.6). Also, with the pedestrian moving towards mid-span of the 
footbridge, the walking force gradually increase due to the increase of structure vibrations, obviously, 
the structure vibration affects the walking force. 

 
Fig.6. The vertical walking force with or without consideration of HSI (after [49]) 

The studies of Geyer and Qin show that the BWM is a thorough biomechanical model, and the 
coupled human-structure dynamic system based on this model has the ability to analyze the interaction 
between pedestrian and structure. However, there is a broader space for the development of the BWM: 

(1) Just as other bipedal gait model, the BWM needs a balance control strategy, like the control 
force proposed by Qin, to maintain a stable gait during walking. However, Qin didn’t analyze 
the effectiveness of the simulative walking force under the control of external force, and whether 
it has the similar dynamic characteristics with the measured values needed further study. 

(2) Qin has studied the interaction between single pedestrian and structure, and the results indicated 
that the structure’s vibration affects bipedal gait. In reality, there would be many people walking 
on the structure, and with the increase of crowd density the interaction among pedestrians 
would also influence the bipedal gaits, such as the decrease of walking velocity or change of 
walking direction, and the change of walking direction would lead the vary of walking force 
components that relative to a certain direction (Fig.7) [50]. What’s more, there would be a 
phenomenon of synchronization among pedestrians, namely pedestrians walk in the same pace, 
when the crowd density reaches a certain high level, and the change of the rate of 
synchronization would multiple increase or decrease the walking loads exerting on structures 
compared to the case of single pedestrian’s action [9]. How to make the bipedal walking model 
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reflect the influences that the structural vibrations, at the same time the environmental 
interferences, on pedestrians’ gait needed further study. 

 
Fig.7. The walking force component relative to a certain direction (after [50]) 

Conclusions and expectations 
The dynamic system consists of crowd and structure is a complex coupled dynamic system, which 
should consider the HSI and the HHI when discussing the human induced structural vibrations. In this 
system, the pedestrians’ walking forces are the key factors that lead structural vibration. However, this 
process is different from the forced vibration. The structural vibrations and external interferences could 
lead the change of pedestrians’ bipedal gaits, such as the change of walking velocity, walking 
frequency, walking direction and the rate of synchronization among crowd. Further, the change of 
bipedal gaits would lead the change of walking loads exerting on structures. Naturally, a sound walking 
force model should reflect the influences that the change of bipedal gaits on walking loads. As 
mentioned previously, the BWFMs have the potentials to solve these problems, and these types of 
models have been reflected several advantages in application as follows: 

(1) These models can simulate the process of walking and the walking forces under different 
velocities or frequencies, such as Bocian used the IPM simulated the lateral walking force under 
different walking frequencies, while Geyer used the BWM simulated the vertical and 
longitudinal walking forces under different velocities. 

(2) The coupled dynamic system based on the BWM can analyze the interaction between pedestrian 
and structure, such as reflecting the influence the structural vibration on walking force. 

However, there is no doubt the fact that the space for the development of these biomechanical 
models is broader. As mentioned previously, the current studies concentrate on the simulation of 
walking forces or interactions between single pedestrian and structure in a certain movement direction, 
and do reflect the influences that the structure vibrations on bipedal gait. However, there are more than 
one pedestrian, sometimes crowd acting on structures, and the interactions among crowd could also 
lead the change of pedestrians’ macroscopic behaviors, such as the change of walking velocity, walking 
direction and the collective behaviors. Though the biomechanical models have the ability to interpret 
the macroscopic behaviors to walking forces, for example, the walking forces in different walking 
velocities or frequencies, but themselves can’t simulate the interactions among crowd. Thus, there 
needs a model, which can simulate the HHI, and offer the macroscopic parameters that the 
biomechanical models need to simulate bipedal gait. Fortunately, the evacuation modeling of 
pedestrian flow in the field of transportation engineering provides the way to simulate HHI as 
mentioned above, and an alternative way to analyze the crowd induced structural vibration is to 
combine the biomechanical bipedal walking models with the simulation of pedestrian flow models. 
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