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Vibration source localization is an interdisciplinary
topic with applications in both engineering and
biology. To inspire technologies for use in engineering
and understand how spiders may localize a vibration
source, we develop a bio-inspired vibration source
localization configuration and algorithm. The
algorithm first calculates leg inputs using a backward
filter forward smoother algorithm with leg responses;
it then estimates the source angle, source distance,
substrate wave speed and decay rate through
optimization, utilizing the time and amplitude
relationships between the calculated leg inputs.
The algorithm effectiveness is validated through
simulations. Results show that the algorithm gives
accurate estimation of the source angle and wave
speed with varying source distance, source angle,
wave speed and decay rate, with errors typically
within 3 deg (absolute) and 6% (relative), respectively.
The algorithm cannot estimate the source distance.
To locate the position, two spider-like agents would
be used collaboratively. The algorithm works well
even for leg responses with low signal-to-noise ratio.
Results also show that the four-leg combination which
includes front and back two legs is the minimum leg
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requirement. Increasing the leg–substrate contact damping can improve the algorithm
accuracy. These results also give us new insights into how spiders may localize a vibration
source.

1. Introduction
Vibration source localization has emerged as an interdisciplinary research topic that has
applications in both engineering and biology. In engineering, it is used as a technology to assist in
seismic studies and earthquake monitoring [1], to identify impact in equipment to avoid potential
failures [2,3] and for indoor vibration event localization [4,5], etc. In biology, many different
types of animals are good at vibration source localization, which enables them to detect prey,
find mates and avoid predators effectively [6,7], but spiders are arguably the vibration source
localization experts [8–10]. By exploring how animals localize the vibration sources, bio-inspired
vibration source localization configurations and algorithms can be developed for technological
applications. Simultaneously, the application of the algorithms helps us better understand the
biological localization behaviour of the animals that inspire it.

In engineering, one application of vibration source localization is the impact identification
on beams and plates, which can be classified into two categories: a model-based approach
[2,11,12] and a neural network approach [13,14]. The model-based approach requires an accurate
dynamic model of the system (i.e. the beam or plate), so the effectiveness is dependent on
the ability of the dynamic model to accurately represent the physical system. The advantage
is that it only needs the data in one measurement in the operating condition, which is much
less than the neural network approach that needs a large number of measurements in different
operating conditions. The neural network approach relies on large and diverse datasets for
effective training. It is a ‘black-box’ model that constructs a relationship between the responses
and the impact location, while the impact time history usually cannot be calculated. The first
step of the model-based approach is to inversely calculate the time history of the input using the
structural responses, which can be solved using the dynamic programming method [15–17] or as
a two-point boundary-value problem [2,11,12]. The second step involves using an optimization
algorithm to estimate the source location [2,11,12]. In most of the engineering applications, the
purpose is to identify the impact location or calculate the impact time history [18,19], which only
involves one input and is different from the configuration to be proposed, where multiple inputs
are transmitted from the vibration source to the spider’s eight legs via their spatially distributed
points of contact with the substrate.

Another popular engineering application of vibration source localization is the vibration event
localization in non-dispersive or dispersive substrates [4,5]. The configuration for vibration source
localization is to fix several spatially separated sensors on the substrate. It is usually seen as a
travelling wave problem in which the substrate properties are unknown. Localization methods
used in engineering can be generally categorized into time difference of arrival (TDOA) method
[20], direction of arrival (DOA) method [1], region localization method [4], energy decay method
[21], time-reversal method [22], etc. The TDOA method uses the time difference of arrival between
different sensors with the assumption of constant wave speed, so it is well-suited for localization
in non-dispersive substrates. The DOA method relies on sensors to measure in-plane waves to
estimate the source location, which is not applicable when an in-plane wave is not available
[1]. The region localization method determines in which region the vibration source is located
by partitioning the area into several disjointed regions by the sensors. It is more suitable for the
dispersive substrates and the case where the sensors encompass a large area [4]. The energy decay
method is based on the fact that the energy decays exponentially with the travelled distance as
the wave travels away from the source [21]. Its principle is fundamentally similar to the use of
amplitude difference but the use of energy decay makes it also applicable to dispersive substrates.
The time-reversal method is based on the principle of time symmetry of wave propagation, and its
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Nomenclature
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Υij
t/Υij theoretical/real amplitude ratio between the leg input i and input j

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fs sampling frequency
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

si response of leg i or sensor measurement at leg i
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

No/Np number of outputs/inputs
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

N number of generalized coordinates
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Nd number of data sequences
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

�t sampling time interval
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

R/α distance/angle of the vibration source from the centre of mass of the spider model/prototype
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

�ij cross-correction between leg input i and leg input j
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ui input of leg i
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

V wave speed
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

β decay rate of the substrate
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

�tij t/�tij theoretical/real time difference between the leg input i and input j
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

effectiveness depends critically on two conditions: (i) low vibration attenuation in the substrate;
(ii) knowledge of wave propagation characteristics. In practical applications where substrates
exhibit significant vibration decay and wave speeds are unknown, as in the case examined in
this study, the method may suffer from substantially reduced localization accuracy due to signal
distortion and impaired time-reversal focusing. In this paper, based on the assumption of non-
dispersive substrates, the use of time and amplitude difference is most straightforward and
suitable.

In the biological context, there are highly sensitive vibration receptors on spider legs, including
slit sensilla and lyriform organs, which enable them to sense vibrational stimuli with amplitudes
down to tens of nanometres [23,24]. Spiders use vibration receptors in their legs to enable them
to successfully locate a vibration source, enabling them to capture prey and find a mate [8,25].
Spiders localize the vibration source through comparison of vibrational inputs from lyriform
organs on all eight legs [8,26]. Across different spider species, it was found that both the amplitude
and time differences between leg vibrational inputs have a considerable influence on their
orientation to vibration sources [8,25], so do southern green stink bug [27] and deathwatch beetle
[28]. Amplitude differences arise due to signal attenuation through the substrates, which varies
with material properties and is dependent on the decay rate through the substrate [6,29,30].
Meanwhile, time differences depend on the propagation speed of vibration waves, which can
differ significantly between substrates [6,31]. Spiders’ strategy for orientation can depend on the
substrate’s properties and spider ecology [7,31]. If micro-second scale time differences are used
as a cue for orientation or vibration source localization, then the fidelity of the spider’s sensing
system must be very high [25]. Due to the small body dimension and fast wave speeds through
silk fibres, it is difficult to extract directional cues from the arrival time difference in the substrate-
borne vibrations [28,32]. It is indicated that the legs may be stretched to increase the distance
between the legs and the resulting time difference [31].

There are obvious similarities between the vibration source localization problems in
biology and engineering. Therefore, by leveraging engineering methodologies and technologies,
researchers can enhance the understanding of biological systems and potentially derive
inspiration for innovative engineering solutions. Likewise, insights gained from biological
processes may contribute to the development of more sophisticated and biologically inspired
vibration source localization algorithms or prototype for engineering applications. The biological
context of substrate-borne vibration sensing is interesting since animals have evolved optimized
structural and sensory mechanisms to utilize vibration sensing for biological functions, even
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under variable substrate properties and noisy environmental conditions [7]. This phenomenon
is broadly observed in natural systems that exhibit optimized vibration attenuation and sensing
mechanism as a result of biological evolution [33]. The limits of biological systems also provide
interesting insights for bio-inspired engineering. For spiders, high noise has negative influences
on vibration sensing outcomes [34] and spiders can use vibration sensing despite body damage,
including sensor ablation [35] or loss of legs [36,37], albeit with functional differences from intact
spiders. For similar purposes, researchers have developed computational models of orb webs
to investigate what vibrational information the spiders can obtain from the web for vibration
source localization in [38–40]. These studies aim to provide insights into the development
of novel sensing technologies based on spider web-like structures. Following this direction,
researchers have created spider web-inspired tactile sensors capable of localization [41], pressure-
strain detection [42], etc. Nevertheless, the development of spider-like prototypes and associated
algorithms for vibration source localization has received less research interest. This gap presents
an opportunity to create movable devices capable of real-time vibration source localization and
tracking, which would represent a significant advancement in the field.

To this end, the primary motivation of this study is to develop bio-inspired configuration and
algorithm that can be applied in engineering for vibration source localization. Along the way,
our mathematical approach also provides insights into how spiders may localize the vibration
source. A bio-inspired vibration source localization configuration is proposed and an associated
algorithm is developed in §2. The effectiveness of the algorithm is validated in §3. A discussion is
provided in §4, and some conclusions are drawn in §5.

2 . Methods
This section is to address the motivation of developing a configuration and algorithm for
vibration source localization in this study. Firstly, the bio-inspired vibration source localization
configuration is introduced in §2a, and the development of an associated algorithm for vibration
source localization is introduced in §2b. Finally, a summary of the localization algorithm is
provided in §2c.

(a) Configuration introduction
The bio-inspired configuration has a spider-like structure, which has a body and eight legs
connecting to the body, as shown in figure 1. The configuration is mainly based on functional
considerations rather than exact biological correspondence. There is at most one sensor embedded
in each leg for vibration sensing. The sensors are usually placed at the positions that exhibit nearly
maximum vibration responses to leg inputs, ensuring maximum sensitivity and signal-to-noise
ratio for vibration sensing. For convenience, the signal that the sensors acquire is assumed to
be velocity in this paper, noting that the sensors which are responsible for detecting vibrations
in spiders directly transduce cuticular strain. All eight legs rest on the vibrating substrate
during vibration source localization. The substrate is assumed to be an idealized unbounded and
continuous medium supporting non-dispersive out-of-plane travelling wave. This generalized
substrate is used to represent a broad class of engineering structures. The substrate and the spider-
inspired prototype are assumed to be dynamically independent. The out-of-plane displacement
of the substrate at the distance of L from the vibration source is exp(− βL)f (t − L/V), where β is
the decay rate, V is the wave speed, f (t) is the vibration source function with time. The decay rate
is used to characterize the spatial attenuation of wave amplitude during propagation through the
substrate, accounting for the combined effects of material damping, energy dissipation, etc.

(b) Algorithm development
The associated vibration source localization algorithm is introduced in this section. As shown in
figure 2, the first step is to use a backward filter forward smoother algorithm with the known leg
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Figure 1. The bio-inspired configuration proposed for vibration source localization: (a) schematic diagram; u1,u2,. . . , u8
represent the leg inputs, while s1,s2,. . . ,s8 denote the sensor measurements or leg responses. (b) Top view.

responses to inversely calculate the inputs of the legs. Then in the second step, an optimization
which uses the time difference and amplitude difference between different leg inputs and the
leg–substrate contact locations is carried out to estimate the vibration source distance, angle,
wave speed and decay rate. The detailed theory and method are introduced in the following
subsections.

(i) Calculation of inputs (first step)

In this step, it is assumed that the velocity responses of all the considered legs to the excitation of
vibration source are known. These responses are derived from the time-domain simulation of a
dynamic model in this paper, which, however, will be replaced by experimental response data in
real applications. This subsection introduces how to use the leg responses to inversely calculate
the leg inputs based on a spider dynamic model. Firstly, the dynamic model and its discrete-time
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Figure 2. The vibration source localization algorithm.

format are introduced; then, a backward filter forward smoother algorithm is derived to calculate
the leg inputs.

Introduction to the dynamic model. The lumped parameter spider dynamic model from a
previous study [43] is used. The model has 11 degrees-of-freedom, i.e. bounce of the eight legs and
the bounce, pitch and roll of the spider body. It is calibrated against a vibrometry experiment from
a real spider (Grammostola pulchra) in terms of natural frequencies, damping ratios, mode shapes
and vibration transmission in the frequency range of 20–200 Hz. Within the model, it is assumed
that there is only one point vibration source, which is defined by the distance from the centre of
mass (the origin) of the spider model (R) and an angle α with respect to the −y axis (positive if
anti-clockwise) (figure 1). It is also assumed that the vibration source is sufficiently distant from
the spider model so that it is not within the region of the spider model’s leg span. Furthermore,
the vibration in the substrate is assumed to be out-of-plane and exhibit travelling wave behaviour.
The vibration from the source transmitting through the substrate is non-dispersive, which means
that the wave speed V is constant, independent of the frequency. The vibration from the source
decays with a constant decay rate of β when it transmits through the substrate.

To solve the problem numerically, the continuous time equations are converted into discrete
time. The state space equations in discrete time are given by (refer to electronic supplementary
material S1 for details)

z(n + 1) = Φz(n) + Γ u(n) (2.1)

and
s(n) = D1z(n) + D2u(n) (2.2)

where z ∈ R
2N×1 is the state variable vector, u ∈ R

Np×1 is the leg displacement input vector, s ∈
R

No×1 is the leg response output vector, while Φ ∈ R
2N×2N , Γ ∈ R

2N×Np , D1 ∈ R
No×2N and D2 ∈

R
No×Np are coefficient matrices. The state variable vector z contains all the state variables used

to express the model dynamics. In the spider model, it is related to each leg bounce and body
bounce, pitch and roll as well as their time derivatives. The leg displacement input vector u refers
to a vector consisting of the leg inputs, i.e. u1, u2, . . . , u8 in figure 1. The leg response output vector
s refers to a vector consisting of the sensor measurements, i.e. s1, s2,. . . , s8 in figure 1.

Equations (2.1) and (2.2) give the generic form of the dynamic model, i.e. general
representation of any possible form of the same model type. The following development of the
localization algorithm is based on the generic form, so the localization algorithm is applicable to
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any model of the prototype in real applications as long as its dynamics is given in the generic
form. The choice of velocity output merely represents one convenient and representative form
of the model output. For other outputs, e.g. displacement and acceleration, the dynamic model
usually can also be expressed in this generic form, so the following algorithm can be used directly
without any further derivations.

Assume the velocity responses of all the considered legs are known, and they are se(n) ∈ R
No×1.

In real measurement using sensors, noise is prone to be introduced in the leg responses. The
signal-to-noise ratio (SNR) is defined as the ratio of the mean square of the signal to the mean
square of the noise as follows:

SNR = 20log10

(
E(signal2)
E(noise2)

)
dB, (2.3)

where E() represents the mean value.
If noise is considered, the leg responses se(n) are the summation of the real responses and the

noise.
Backward filter forward smoother algorithm. Since there are time and amplitude relationships

only between the leg inputs rather than leg responses, the objective of this section is to
develop an algorithm that can inversely calculate leg inputs using the known leg responses,
then the relationships between the leg inputs can be used to derive the information of the
vibration source. To this end, a backward filter forward smoother algorithm is derived through
dynamic programming. The derivation can be found in electronic supplementary material S3. The
backward filter algorithm runs as follows:

Yn−1 = −2EnQ−1
n ET

n + DT
1 WsD1 + ΦTYnΦ (2.4)

and

Tn−1 = 2EnQ−1
n Fn − 2DT

1 Wsse(n − 1) + ΦTTn, (2.5)

where En = DT
1 WsD2 + ΦTYnΓ ∈ R

2N×Np and Fn = 2DT
2 Wsse(n − 1) − Γ TTn ∈ R

Np×1. Qn = 2DT
2

WsD2 + 2Wu + 2Γ TYnΓ ∈ R
Np×Np is a symmetric matrix. Ws ∈ R

No×No and Wu ∈ R
Np×Np are

diagonal weighting matrices.
The backward filter algorithm starts from the following initial condition:

YNd = DT
1 (Ws − Ws

TD2P−1DT
2 Ws)D1 (2.6)

and

TNd = −2DT
1 (Ws − Ws

TD2P−1DT
2 Ws)se(Nd), (2.7)

where P = DT
2 WsD2 + Wu ∈ R

Np×Np is a symmetric matrix.
Then, the forward smoother algorithm runs, and the optimal inputs u, state variables z and

outputs s are updated as follows:

u(n) = −2Q−1
n+1ET

n+1z(n) + Q−1
n+1Fn+1, (2.8)

z(n + 1) = Φz(n) + Γ u(n), (2.9)

and s(n) = D1z(n) + D2u(n). (2.10)

The forward smoother algorithm starts from the known initial condition of z(1) = z0. Thus,
the optimal inputs u and model outputs s can be calculated using the backward filter forward
smoother algorithm.

(ii) Parameter estimation using time difference and amplitude difference (second step)

Using the backward filter forward smoother algorithm, the model input vector is calculated. In
this step, the leg inputs and the leg-substrate contact locations (xi, yi) (i = 1, 2, . . . · , 8) in figure 1 are
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used. Theoretically speaking, with the assumptions made in §2a, the input vector should satisfy
the following relationship:

⎧⎨
⎩ u =

[
u1 u2 u3 u4 u5 u6 u7 u8

]T

and ui = exp(−Liβ)f
(

t − Li
V

)
,

(2.11)

where β is the unknown decay rate, V is the unknown wave speed, f (t) is the unknown vibration

source function with time, Li =
√

(xi − x0)2 + (yi − y0)2 is the distance of the leg–substrate contact
location of leg i from the vibration source, (xi, yi) is the known coordinate of the leg–substrate
contact point of leg i (shown in figure 1), (x0, y0) is the unknown coordinate of the vibration
source (shown in figure 1), which can also be expressed using the vibration source angle and the
distance as {

x0 = R sin α,
y0 = −R cos α,

(2.12)

where R is the vibration source distance, defined from the centre of mass of the spider model
(origin) and α is the vibration source angle (shown in figure 1).

Once the inputs are calculated, the relationships between the leg inputs can be used to
estimate the wave speed V, decay rate β, vibration source angle α and distance R. The following
subsections show how to use the time and amplitude differences to estimate these parameters.

Time difference. There is a time difference between different inputs, because the vibration takes
a different time to travel from the vibration source to different legs. The real time difference can
be calculated first by calculating the cross-correlation �ij between two leg inputs ui and uj, which
is defined as

�ij(m) =

⎧⎪⎨
⎪⎩

Nd−m∑
n=1

ui(n + m)uj(n), m ≥ 0,

�ji(−m), m < 0.
(2.13)

Then, the real time difference is calculated by finding m for which the cross-correlation �ij(m)
reaches the maximum, and then dividing it by the sampling frequency Fs as follows:

�tij = arg
m

max �ij(m)/Fs, (2.14)

where �tij is the real time difference between ui and uj.
According to the relationships between the inputs in equation (2.11), the theoretical time

difference is given by

�tij
t(α, R, V) = �Lij/V, (2.15)

where �Lij = Li − Lj is the distance difference from the leg–substrate contact locations of leg i and
leg j to the vibration source.

The theoretical time difference should be a function of the wave speed V, source distance R
and source angle α. To estimate the wave speed V, source distance R and source angle α using the
time difference, the real time difference calculated by cross-correlation can be used as the target
and the parameters are optimized to make the theoretical time difference approach it as much as
possible, so the objective function is given by

obj1 =
∑
i∈G

∑
j>i,j∈G

|�tij
t(α, R, V) − �tij|, (2.16)

where G represents the set of leg sequence numbers whose responses are considered.
Through optimization, the wave speed V, source distance R and source angle α can be

estimated.
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The distance difference �Lij is given by

�Lij =
√

(x0 − xi)
2 + (y0 − yi)

2 −
√

(x0 − xj)
2 + (y0 − yj)

2

=
(x2

i + y2
i ) − (x2

j + y2
j ) − 2R(xi − xj) sin α + 2R(yi − yj) cos α√

R2 + x2
i + y2

i − 2Rxi sin α + 2Ryi cos α +
√

R2 + x2
j + y2

j − 2Rxj sin α + 2Ryj cos α

. (2.17)

It can be found that �Lij converges when the source distance R becomes very large, as follows:

lim
R→∞

�Lij = sin α(xj − xi) + cos α(yi − yj). (2.18)

This results in the theoretical time difference being independent of the source distance R when
the source distance is much larger than the leg span, so that the theoretical time difference is only
a function of the source angle α and wave speed V, given as follows:

lim
R→∞

�tij
t(α, R, V) = �tij

t(α, V). (2.19)

This indicates that when the source distance R becomes much larger than the leg span, the
change in source distance only results in negligible change in the theoretical time difference, so it
makes the estimation of source distance very difficult or even impossible. It can also be seen from
equation (2.15) that the theoretical time difference is in inverse proportion to the wave speed V,
so increasing the wave speed decreases the theoretical time difference between the inputs, which
will make the localization using time difference more difficult.

Amplitude difference. Due to the decay of the vibration in the substrate, there is also an
amplitude difference between different inputs. The real amplitude ratio between two inputs ui
and uj can be calculated first by finding the peaks of ui and then calculating the ratios with the
corresponding values of uj after shifting according to the cross-correlation, and finally calculating
the geometric mean of the ratios, given as follows:

Υij =
⎡
⎣ Ne∏

n=1

ui(ϕ(n))
uj(ϕ(n) − m)

⎤
⎦

1/Ne

, where ϕ = arg
n

peak ui(n), m = arg
m

max �ij(m), (2.20)

where peak ui(n) means finding the peaks of ui and ϕ = arg
n

peak ui(n) means the indexes of the

peaks of ui; ϕ(n) means the index of the nth peak of ui, and ϕ(n) − m stands for the corresponding
index of the value in uj, Ne is the total number of peaks considered.

According to the relationships between the inputs in equation (2.11), the theoretical amplitude
ratio is given by

Υij
t(α, β, R) = exp(−�Lijβ). (2.21)

It is a function of the decay rate β, source distance R and source angle α.
To estimate the decay rate β, source distance R and source angle α using the amplitude ratio,

the real amplitude ratio calculated in equation (2.20) is used as the target and the parameters
are optimized to make the theoretical amplitude ratio approach it as much as possible, so the
objective function is given by

obj2 =
∑
i∈G

∑
j>i,j∈G

∣∣ln Υij
t(α, β, R) − ln Υij

∣∣, (2.22)

where G represents the set of leg sequence numbers whose responses are considered.
Through optimization, the decay rate β, source distance R and source angle α can be estimated.
For the same reason, when the source distance is very large, the theoretical amplitude ratio is

only a function of the source angle α and decay rate β, as follows:

lim
R→∞

Υij
t(α, β, R) = Υij

t(α, β). (2.23)

Thus, when the source distance is very large, using amplitude difference to estimate the source
distance R becomes very difficult or even impossible. It can also be seen from equation (2.21) that
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when the decay rate β is close to zero, the theoretical amplitude ratio between inputs becomes
close to 1 and is not a function of the source distance R and source angle α any more. This will
make the vibration source localization using amplitude difference very difficult.

When both the time difference and amplitude difference are used, then the objective function
is given by

obj = w1obj1 + w2obj2, (2.24)

where w1 and w2 are the weighting factors.

(c) Summary of the vibration source localization algorithm
Based on the previous subsections, a bio-inspired vibration source localization configuration is
proposed and the associated algorithm is developed and illustrated in figure 2. The process is
described as follows:

1. The system dynamic model and leg vibration responses to the vibration source should be
available. The dynamic model is derived through mathematical modelling of a real spider
in this paper [43] or spider-like prototype in real applications, while the leg responses are
derived from the time-domain simulation of the dynamic model in this paper or from
real response data in real applications. The localization algorithm can be used directly as
long as the model is expressed in the generic state space form in equations (2.1) and (2.2).

2. Running the backward filter forward smoother algorithm (equations (2.4), (2.5), (2.8) and
(2.9)) using the system dynamic model and available leg responses to obtain the inputs u;

3. With the use of the leg–substrate contact locations, running an optimization algorithm
using the time and amplitude differences of the derived inputs, i.e. minimizing the
objective function in equation (2.24). The optimization is implemented with a global–
local mixed algorithm introduced in [44], with all the optimization variables (i.e. source
distance, source angle, wave speed and decay rate) constrained in reasonable ranges.

4. Obtaining source distance, source angle, wave speed and decay rate from the
optimization algorithm.

3. Results
To validate the effectiveness of the proposed vibration source localization algorithm, parameter
estimation is carried out with varying source distance, source angle, wave speed and decay rate.
Fundamentally speaking, the source distance can only be estimated in the given configuration
when the source distance is comparable to the spider leg span, since all the parameters can only
be estimated by comparing between the leg inputs. Therefore, the effectiveness of the algorithm is
evaluated mainly by its accuracy in estimating the source angle, while the estimation of the wave
speed and decay rate is not used as an evaluation criterion for the effectiveness of the algorithm.

The procedure of validating the effectiveness of the algorithm is shown in figure 3. Firstly, the
leg outputs are derived from the time-domain simulation of the dynamic model with the given
leg inputs generated through a substrate model. Then, the localization algorithm uses the leg
reponses and leg–ground contact locations as the inputs and outputs the estimated parameters.
Finally, the estimated parameters are compared with the real ones to validate the effectiveness
of the localization algorithm. In the time-domain simulation of the dynamic model, the vibration
source function is assumed to be a sinc function as follows:

f (t) =
⎧⎨
⎩

0.1 sin(200π(t−0.25)/3)
200(t−0.25)/3 ,

0,

0.1s ≤ t ≤ 0.4 s,
otherwise.

(3.1)

The sinc function has an ideal rectangular spectrum. Therefore, it is chosen to represent a
broadband excitation, enabling effective evaluation of the localization algorithm performance.
Since one of the advantages of the algorithm is that it is not dependent on the vibration
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Figure 3. The procedure of algorithm validation.

Table 1. The parameters of the reference operation condition and optimization range.

parameters value optimization range

source distance R (m) 3 0.05–100
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

wave speed V (ms−1) 10 0.1–200
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

source angleα (deg) 60 0–360
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

decay rateβ (m−1) 2 0–20
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

source function, the effectiveness of the algorithm can also be validated using other functions.
The dynamic model is simulated in Matlab/Simulink with the given vibration source function
equation (3.1) and parameters. All the model parameters are listed in [43]. The velocity responses
of the legs in the simulation are used to replace the actual measurement of the sensors se(n).
The simulation is carried out using a fixed-step ode4 solver with a step size of 1/30 000 s and a
duration of 1.5 s.

The parameters of the reference operation condition are listed in table 1. One of the parameters
is changed while the others are kept the same in the following studies. The weighting matrices
are Ws = INo×No and Wu = 10−3INp×Np . The matrix Wu is related to the regularization term,
so it is obtained empirically through trial-and-error to balance data-fitting accuracy and input
smoothness. All eight leg responses are considered except in §3f where different leg combinations
are considered. Noise is added in the leg responses only in §3e–3g. In the reference condition, the
results derived from the backward filter forward smoother algorithm are shown in figures 4 and 5.
Figure 4 shows the comparison between the calculated velocity outputs and real model velocity
outputs for all eight legs, which are s(n) and se(n), respectively. Since the backward filter forward
smoother algorithm aims to minimize their differences, the outputs show good consistency for
all eight legs. The calculated inputs and the real model inputs for all eight legs are compared
in figure 5, which are u. Generally, the inputs show good agreement, especially in terms of the
phase. Figures 4 and 5 show that the backward filter forward smoother algorithm is valid in terms
of calculating the real model leg inputs. However, some obvious difference in amplitude can be
seen, especially in the peaks. For this reason, the weighting w1 (chosen to be 50) is much larger
than w2 (chosen to be 1) in the objective function equation (2.24). This choice also makes sense
considering that amplitude difference can be affected by noise, drift, error of sensor sensitivity,
etc. in real measurements, while modern sensors can distinguish tiny time difference and is less
affected by these factors.

(a) Varying source distance
In this subsection, the source distance is changed while other parameters are kept the same as
the reference parameters in table 1. The parameter estimations with varying source distance are
illustrated in table 2. The estimation of the source distance (R) is only relatively accurate when the
distance is less than 0.1 m, about 1.25 times the leg span considering the model has an approximate
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Figure 4. The comparison between the real model outputs (red) and the calculated outputs (blue). The real model outputs are
the real model leg velocity responses, while the calculated outputs are the leg velocity responses calculated from the backward
filter forward smoother algorithm. The spider icon in each subfigure is only for illustration purpose with the red leg being the
leg corresponding to the subfigure.

Figure 5. The comparison between the real model inputs (red) and the calculated inputs (blue). The real model inputs are
the vibrations transmitted to the leg–substrate contact locations from the vibration source, while the calculated inputs are the
vibrations at the leg–substrate contact locations calculated from the backward filter forward smoother algorithm. The spider
icon in each subfigure is only for illustration purpose with the red leg being the leg corresponding to the subfigure. ‘t= 0’ is
the time when the simulation starts.



13

royalsocietypublishing.org/journal/rspa
Proc.R.Soc.A482:20250678

..........................................................

Figure 6. The change of the theoretical time difference and theoretical amplitude ratio between leg 1 and leg 5with the source
distance.

Table 2. Parameter estimationwith varying source distance. Errors for source distance,wave speed anddecay rate are expressed
as relative error, while error for source angle is given as absolute error.

source distance R source angleα wave speed V decay rateβ

actual source estimate rel err estimate abs err estimate rel err estimate rel err

distance (m) (m) (%) (deg) (deg) (ms−1) (%) (m−1) (%)

0.06 0.070 16.7 61.52 1.52 10.35 3.5 1.29 35.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.1 0.107 7.0 60.63 0.63 10.59 5.9 1.20 40.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.15 0.216 44.0 60.75 0.75 10.12 1.2 1.23 38.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.2 0.358 79.0 60.71 0.71 10.20 2.0 1.25 37.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.5 90.89 �100 60.41 0.41 10.17 1.7 1.27 36.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1 75.63 �100 59.80 0.20 10.17 1.7 1.28 36.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3 90.12 �100 59.77 0.23 10.17 1.7 1.28 36.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 95.41 �100 59.77 0.23 10.17 1.7 1.28 36.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7 54.25 �100 59.78 0.23 10.17 1.7 1.28 36.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9 90.84 �100 59.77 0.23 10.17 1.7 1.28 36.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10 89.69 �100 59.77 0.23 10.18 1.8 1.28 36.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

leg span of 0.08 m. When the distance is larger than 0.1 m, the theoretical time differences and
amplitude ratios do not show much difference with the increase of source distance, which makes
the estimation of source distance difficult or even impossible. Figure 6 shows the change of the
theoretical time difference and theoretical amplitude ratio between leg 1 and leg 5 with the source
distance. Both converge and do not show much difference with the increase of source distance.
Since the estimation of the source distance R is not good at the reference distance of 3 m, its
estimation values are not illustrated in the following subsections. The estimation of the source
angle (α) is very accurate with an absolute error less than 2 deg even when the source distance
is up to 10 m. The estimation of the wave speed (V) is also accurate with a relative error within



14

royalsocietypublishing.org/journal/rspa
Proc.R.Soc.A482:20250678

..........................................................

Table 3. Parameter estimation with varying source angles. Errors for wave speed and decay rate are expressed as relative error,
while error for source angle is given as absolute error.

source angleα wave speed V (ms−1) decay rateβ (m−1)

actual estimate abs err estimate rel err estimate rel err

angle (deg) (deg) (deg) (ms−1) (%) (m−1) (%)

0 0 0.0 9.85 1.5 0.93 53.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10 9.65 0.35 9.84 1.6 1.16 42.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

20 19.31 0.31 9.88 1.2 1.36 32.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

30 29.05 0.95 9.93 0.7 1.40 30.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

40 38.91 1.09 10.05 0.5 1.37 31.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50 49.25 0.75 10.13 1.3 1.33 33.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

60 59.78 0.22 10.17 1.7 1.28 36.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

70 70.55 0.55 10.17 1.7 1.24 38.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

80 80.62 0.62 10.12 1.2 1.21 39.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

90 90.16 0.16 10.13 1.3 1.16 42.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

100 99.97 0.03 10.13 1.3 1.37 31.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

110 109.82 0.18 10.11 1.1 1.44 28.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

120 120.06 0.06 9.89 1.1 2.33 16.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

130 130.70 0.70 9.97 0.3 2.68 34.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

140 140.34 0.34 9.94 0.6 3.46 73.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

150 150.60 0.60 9.90 1.0 3.28 64.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

160 160.35 0.35 9.78 2.2 3.21 60.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

170 170.51 0.51 9.74 2.6 3.19 59.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

180 180.00 0.0 9.80 2.0 3.23 61.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6%. The estimation of the decay rate (β) is less accurate with relative error reaching 40%, which is
ascribed to the fact that there is amplitude difference between the real inputs and the calculated
inputs.

It should be noted that when the source distance becomes large, the vibration transmitted to
the spider model becomes small in magnitude, so the leg responses are prone to be influenced by
the noise. For example, when the source distance is 10 m, the displacement input magnitude for
the legs is in the order of 10−10 m. Thus, it can be concluded that the localization algorithm gives
an estimation of the source angle accurate to within 2 deg with varying source distance as long
as the vibration transmitted to the spider model is large enough in magnitude to be successfully
detected above noise.

(b) Varying source angle
In this subsection, the source angle is changed while other parameters are kept the same as the
reference parameters in table 1. Due to the symmetry, the source angle is changed from 0 to
180 deg (see the definition of source angle α in figure 1). The parameter estimations with an
angle increment of 10 deg are illustrated in table 3. The estimation errors of the source angle (α)
and wave speed (V) are within 1.5 deg (absolute) and 3% (relative), respectively. The relative
estimation error of the decay rate (β) is relatively large, up to 73%. These results prove that the
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Table 4. Parameter estimation with varying wave speed. Errors for wave speed and decay rate are expressed as relative error,
while error for source angle is given as absolute error.

wave speed V source angleα decay rateβ

actual wave estimate rel err estimate abs err estimate rel err

speed (m/s) (ms−1) (%) (deg) (deg) (m−1) (%)

5 5.15 3.0 59.77 0.23 0.47 76.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10 10.17 1.7 59.78 0.22 1.28 36.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

20 20.09 0.5 60.95 0.95 1.52 24.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

30 29.94 0.2 61.53 1.53 1.61 19.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

40 39.67 0.8 62.30 2.30 1.66 17.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50 49.56 0.9 63.37 3.37 1.84 8.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

60 58.74 2.1 63.21 3.21 1.87 6.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

70 67.87 3.0 63.73 3.73 1.86 7.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

80 77.90 2.6 64.68 4.68 1.82 9.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

90 88.26 1.9 64.75 4.75 1.80 10.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

100 101.09 1.1 64.54 4.54 2.14 7.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

localization algorithm gives an estimation of the source angle accurate to within 2 deg for all
source angles.

(c) Varying wave speed
In this subsection, the wave speed is changed while other parameters are kept the same as
the reference parameters in table 1. The parameter estimations with varying wave speed are
illustrated in table 4. When the wave speed is increased to 100 ms−1, the errors of the source angle
estimation (α) and wave speed estimation (V) are always within 5 deg (absolute) and 3% (relative),
respectively. The results show that the absolute error of the source angle estimation becomes
large with the increasing wave speed. This is because increasing wave speed reduces the time
difference, which makes the estimation using time difference more difficult (§2b(i) Introduction to
the dynamic model). The time difference is in proportion to the size of the spider model according
to equation (2.15). Therefore, a larger spider model size leads to a larger time difference, which
enables accurate estimation under higher wave speeds. The estimation of the decay rate (β) is still
less accurate, especially for low wave speeds. The relative estimation error reaches 76.5% when
the wave speed is 5 ms−1, but the error reduces with the increasing wave speed. These results
prove that the localization algorithm gives an estimation of the source angle accurate to within 5
deg for a wide range of wave speeds.

(d) Varying decay rate
In this subsection, the decay rate is changed while other parameters are kept the same as the
reference parameters in table 1. The parameter estimations with varying decay rate are illustrated
in table 5. The absolute error of the source angle (α) estimation is within 1 deg, while the relative
error of the wave speed (V) estimation is within 3%. There is relatively high absolute error for
the decay rate (β) estimation, and the error reaches 100%. It should be noted that when the
decay rate is too large, the vibration transmitted to the spider model becomes very small, so
the responses are prone to be influenced by noise. For example, when the decay rate is 9 m−1, the
displacement input magnitude for the legs is in the order of 10−13 m. Thus, it can be concluded
that the localization algorithm gives an estimation of the source angle accurate to within 1 deg
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Table 5. Parameter estimation with varying decay rate. Errors for wave speed and decay rate are expressed as relative error,
while error for source angle is given as absolute error.

decay rateβ source angleα wave speed V

actual decay estimate rel err estimate abs err estimate rel err

rate (m−1) (m−1) (%) (deg) (deg) (ms−1) (%)

0 0 0.0 59.51 0.49 10.23 2.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.5 0 100 59.50 0.50 10.23 2.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1 0.35 65.0 59.45 0.55 10.17 1.7
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2 1.28 36.0 59.78 0.22 10.17 1.7
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3 2.21 26.3 59.78 0.22 10.17 1.7
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4 3.14 21.5 60.05 0.05 10.11 1.1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 4.11 17.8 60.05 0.05 10.10 1.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6 5.08 15.3 60.31 0.31 10.11 1.1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7 6.09 13.0 60.24 0.24 10.04 0.4
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8 7.07 11.6 60.27 0.27 10.04 0.4
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9 8.06 10.4 60.15 0.15 9.97 0.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

with varying decay rate as long as the vibration transmitted to the spider model is large enough
in magnitude to be successfully detected above noise.

(e) Influence of noise
The previous calculations are carried out in ideal conditions where there is no noise in the leg
responses. However, noise is inevitable in real measurement using sensors. In this subsection, the
influence of noise on the effectiveness of the localization algorithm is studied. The noise used is a
random noise under a uniform distribution between − Ap and Ap. The mean of the noise is always
0, while the variance of the noise is A2

p/3. The same level of noise is added to the eight leg velocity
responses. The noise is randomly generated, so it is different for different legs.

The comparison between the inputs and between the outputs using the backward filter
forward smoother algorithm in the case of uniformly distributed noise with a mean of 0 and
variance of 3.33 × 10−5 is illustrated in electronic supplementary material, figures S1 and S2
(supplementary material S4). The addition of the noise in leg responses introduces the noise
in the calculated inputs, especially for legs 6, 7, 2 and 3 (due to the low leg–substrate contact
damping). The parameter estimations with different noise levels are illustrated in table 6. Since
the noise is randomly generated, the estimation results are different for each run of the localization
algorithm. The ranges, means and standard deviations of the estimated parameters in 10 runs of
the localization algorithm are listed. The standard deviations show an increasing tendency with
the increasing noise level, which is consistent with the increasing uncertainty with the increasing
noise level. The absolute error of the source angle (α) estimation is within 3 deg, while the relative
error of the wave speed (V) estimation is within 5%. There is still high absolute error for the decay
rate (β) estimation. These results show that the localization algorithm gives an estimation of the
source angle accurate to within 3 deg even under high noise level.

(f) Influence of leg number and combination
In previous subsections, all eight leg responses are considered. However, eight legs may not be
the minimum number for accurate vibration source localization, raising the possibility that some
legs can be neglected while the localization accuracy does not reduce much. To investigate the
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minimum number of legs needed and the corresponding leg combinations, parameter estimations
with different leg combinations are illustrated in electronic supplementary material, table S1
in the electronic supplementary material S5, which is carried out in the case of uniformly
distributed noise with a mean of 0 and variance of 1.33 × 10−6. The ranges, means and standard
deviations of the estimated parameters in 10 runs of the algorithm are listed due to the randomly
generated noise. Some of the results are also illustrated in table 7. For details, refer to electronic
supplementary material S5.

The comparison between different leg combinations shows that for any combinations that
include the front (1 and 5) and back two (3 and 7) legs, the localization algorithm can always give
accurate estimations of the source angle and wave speed, whose errors are usually within 4 deg
(absolute) and 8% (relative), respectively. Increasing the number of legs to this basis can increase
the estimation accuracy, but more equipment is needed (e.g. sensors) and the running time of the
algorithm will be increased. Therefore, the 1–3–5–7 combination can be seen as the minimum leg
requirement. The estimations will not be accurate with absolute error of source angle estimation
beyond 4 deg if one or two or three legs are removed from legs 1, 3, 5 or 7.

(g) Influence of leg–substrate contact damping
The model parameters that may influence the effectiveness of the localization algorithm are
the leg–substrate contact damping. In order to study its influence, all the leg–substrate contact
damping is increased to 0.44 Nsm−1, the same damping as the original damping of legs 1 and 5.
electronic supplementary material, figure S3 (in the electronic supplementary material S5) shows
the comparison between the real leg inputs and calculated inputs when the leg–substrate contact
damping is increased. Compared with electronic supplementary material, figure S2, the noise in
the calculated leg inputs is obviously reduced. The parameter estimations with different noise
levels after increasing the leg–substrate contact damping are illustrated in table 8. Compared
with table 6, increasing the leg–substrate contact damping reduces the noise in the calculated leg
inputs, so the estimation accuracy of the source angle, wave speed and decay rate shows obvious
improvement.

4. Discussion

(a) Biological relevance and implication
Although the present study is based on simulations rather than biological experiments, the
analyses and results in the previous sections give insight into how spiders may localize vibration
sources in a naturally occurring context. The discussion below aims to interpret the engineering
results in a biological context and to propose testable hypotheses for future biological studies.

As expected, a spider is theoretically able to use either time difference or amplitude difference
to determine the direction of the vibration source, as we have shown that source angle can be
estimated by either method. In addition, analyses in §2b(ii) show that if the spider uses the time
or amplitude difference between the legs for localization, it can also theoretically estimate the
wave speed and decay rate. However, it remains unclear whether the spider could derive any
practical benefit from estimating wave speed and decay rate beyond orientating to the source.

In the real animal, physiological constraints act to determine whether time or amplitude
differences between two vibration inputs at different mechanosensor locations across the body
can be detected or distinguished. It is reported that the minimum time difference that spiders
(Cupiennius salei) can detect is around 2–4 ms [8,45,46]. If the wave speed in the substrate is high,
which depends on substrate properties [25,45], it will be difficult for the spiders to localize using
time difference, as is proposed for orb weaving spiders on silk webs [25,45]. However, for ground
dwelling spiders such as tarantulas, upon which our simulations are based [43], the wave speeds
will be lower and thus time differences can be above the physiological threshold, so can be used
for orientation. For the same reasons, if the decay rate of the substrate is very small, it will be
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hard for the spiders to localize using the amplitude difference. Again, however, the decay rate
is dependent on substrate choice and is less well studied for ecologically relevant substrates.
Broadly speaking, decay rates of more flexible and freely vibrating substrates like plant stems
and spider webs will be lower than stiffer soil/sand or rock-based ground substrates.

Our analyses also suggest distance-dependent constraints acting on source localization: that
the spider may only be capable of estimating the source distance when the distance between
spider and source is very close (about 1.25 times the leg span in this paper). Furthermore,
the high decay rate of ground-based substrates in the natural environment, combined with the
low amplitude of prey-generated vibrations, limits the distance over which biologically relevant
vibrations propagate, possibly to the centimetre scale, depending on noise. We suggest that this
is tolerable for the spider in its natural context. Tarantulas are sit-and-wait predators where
moving in the right direction quickly might be sufficient for a successful ambush, where knowing
distance to prey vibration sources might not be important to achieve prey capture. Triggering
of a predatory response when the prey is more body lengths away from the spider may not be
desirable as the ambush will take longer, so prey is more likely to escape and the spider will waste
energy. For orb weaving spiders, it has also been suggested that knowing distance to the vibration
source is not necessary for successful prey capture [45]. Although other cues may come into
play for spider predatory behaviour, in our model animal Grammostola pulchra, vision is poorly
developed and chemical sensing is likely to be too slow to aid in distance estimation. Hence, the
most important parameter for the spider is likely to be vibration source angle, and not distance.

The analyses in §3f show that leg combinations that include the front and back two legs are the
minimum leg requirement for source localization. Theoretically speaking, it is because these two
pairs of legs are most distant from each other, so the time difference is maximized. Biologically
speaking, these two pairs of legs are strategically positioned on spiders’ bodies to maximize
their exposure to vibrations across a planar surface. These legs are often extended forward and
backward in a stereotypical posture, allowing spiders to pick up subtle changes in vibrations [47].
This is consistent with what is known from studies of spider orientation responses [8].

These results also indicate that our localization algorithm inspired by spiders is robust to noise
and body damage. There are various circumstances where the spider vibration sensing can be
affected by noise disturbances, e.g. external vibration from nearby machinery, vibration due to
spider’s own movement, and wind-induced vibration [34]. The results support that the spider
may still be able to estimate the source angle accurately even if noise is relatively high, which
needs further study. In terms of body damage, leg autotomy is a common occurrence in many
spiders, and typically happens during moulting or in response to predator attack [48]. Some
species also have the ability to regenerate lost legs over successive moults [49]. Our analyses
show that the spider can still theoretically calculate source angle to a high degree of accuracy if
some legs except the front and back pairs of legs are lost (table 7 and electronic supplementary
material, table S1), which is commonly observed in wild spiders.

In theory, the leg stiffness and damping can be actively controlled by the spider via muscle
action and/or hydrostatic pressure [50,51]. The analyses in §3g imply that the spiders may be
able to improve the localization accuracy by increasing the leg–substrate contact damping.

Overall, these interpretations are intended to bridge our bio-inspired method and simulations
with biological hypotheses. Further biological experiments with spiders will be needed to test
these proposed biological implications. For example, behavioural studies with different spider
species should aim to unpick the relative influences of noise, body morphology and posture
(e.g. leg loss), substrate properties (i.e. decay rate, wave speed, dispersion) and sensor tuning
(frequency-dependent sensory thresholds) on the predatory response behaviour.

(b) Advantage and disadvantage of the algorithm and configuration
Direct comparison among different vibration and impact localization studies is inherently
difficult because the reported results can vary widely according to experimental setup, substrate,
boundary conditions, sensor configuration, excitation type, assumptions, noise level, etc. Table 9
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lists the comparison with some representative methods. Although this study is simulation-based,
the achieved angle accuracy (less than 3 deg) up to a source distance of 10 m corresponds to a
normalized spatial error on the order of 5%, better than the performance reported in large-scale
experimental studies [4,20,21]. Unlike neural network methods [14], the proposed approach does
not rely on extensive training data. Unlike the time-reversal method [22], it remains applicable to
damped substrates. Unlike the energy decay method [21], it is more robust to noise.

The advantage of the algorithm is that it is applicable to any vibration source signal, rather
than only applicable to certain types of signals, e.g. pulse in [52]. Rather than using spatially
separated sensors attached on the substrate for vibration source localization, we propose that
the sensors for vibration sensing are embedded and integrated into a spider-like prototype
system. This configuration is more compact, convenient for signal synchronization and fusion,
advantageous for movable applications (e.g. integrated into multi-legged robots [53]), and allows
for real-time implementation of the algorithm and feedback. This configuration may potentially
lead to a movable device capable of real-time localization and tracking of vibration sources. The
drawback of this configuration is that it is not possible to estimate the source distance using one
prototype, and it is difficult to localize the vibration source under high wave speeds unless the
distance between the sensors is larger. However, the distance information may not be necessary
in some scenarios, e.g. obstacle avoidance in robotics, where the robot only needs to turn away
from the source to avoid collisions, search and rescue where rescuers only need to move towards
the vibration source until they make direct contact, and security intrusion detection where guards
only need to know the direction of the intrusion for investigation.

To allow for real-time tracking and localization of the vibration source, the running time of
the localization algorithm should be short, which is dependent on many factors, e.g. number of
sensors, sampling frequency, signal duration, optimization algorithm, etc. These factors will be
considered to reduce the running time in real applications, but have not been considered in this
paper.

The consideration of solely out-of-plane wave is based on the fact that the out-of-
plane component constitutes most of the generated wave’s energy compared to the in-plane
components in some applications, e.g. in plates [54]. This is also based on the consideration that
the out-of-plane waves monitoring is usually easier to be implemented and more robust to noise
compared to in-plane waves in most applications.

The limitations of the algorithm are: (i) It is only applicable to non-dispersive waves, i.e. wave
speed independent of frequency. This is a simplistic assumption, but it can still be reasonable
for substrates or frequency ranges where dispersion is weak and the wave speed remains
approximately constant. However, most real substrates exhibit some degree of dispersion, e.g.
the floor in an indoor environment [4]. The dispersive property can distort the wave shape as the
wave travels away from the vibration source [55], which can make the localization algorithm less
effective. (ii) It is only applicable to substrates with constant decay rate. Constant decay rate is a
reasonable assumption when the decay rate does not change significantly with the frequency [21],
however, the decay rate may change significantly with the frequency in some cases. (iii) It is only
applicable to the case with one vibration source. However, there can be multiple vibration sources
in some situations. (iv) The limitation of the configuration itself, e.g. being unable to estimate the
source distance, as discussed above.

According to the previous analyses, there are some suggestions that can be considered to
improve the accuracy of localization in real application. Firstly, to use in substrates with high
wave speeds, the distance between the sensors can be increased by increasing the leg span.
Secondly, it is suggested to symmetrically embed sensors on six or eight legs which include the
front and back two legs.

(c) Estimation of source distance
From the previous analyses, the algorithm based on one spider-like model cannot be used to
estimate the vibration source distance when the source distance is much greater than the leg
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Figure 7. Diagram of generic engineering application to localize vibration source.

span, but the estimation of the source angle is accurate. In a real engineering application for
localizing a vibration source, we suggest that two spatially separated spider-like models can be
used concurrently. It is assumed that the actual source is not on the line connecting two models.
Both models give an estimation of the source angle, so the estimated source location is at the
intersection of these two directions, as shown in figure 7. The estimated source angles for model
1 and model 2 are α1 and α2, respectively. The distance between model 1 and model 2 is l. The
estimated distances from model 1 and model 2 to the vibration source are l1 and l2, respectively.

The relationships are derived as follows:⎧⎨
⎩

l22 = l21 + l2 + 2l1l sin α1,

l21 = l22 + l2 − 2l2l sin α2.
(4.1)

The estimated distances from model 1 and model 2 are solved from equation (4.1) as follows:⎧⎨
⎩

l1 = −l cos α2
sin(α1−α2) ,

l2 = −l cos α1
sin(α1−α2) .

(4.2)

Using two spider-like models, the source distance can be successfully estimated. Considering
the error of the algorithm in estimating the source angles, there is a difference between the
estimated source location and the actual source location. The error of the source angle estimation
is dependent on many factors, e.g. noise, source distance, decay rate, wave speed. In real
applications, it is also dependent on the modelling accuracy of the spider-like prototype.
However, it gives a possible region where the actual source is located, as shown in figure 7.

5. Conclusion
The motivation of this paper is to develop technologies and algorithms that can be applied in
engineering and understand how spiders may localize vibration sources. To this end, we develop
a bio-inspired vibration source localization configuration and algorithm. The effectiveness of the
algorithm is validated through simulations. The following conclusions can be drawn:
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1. The localization algorithm gives accurate estimation of the source angle and wave speed
with varying source distance, source angle, wave speed and decay rate, whose errors
are usually within 3 deg (absolute) and 6% (relative), respectively. The estimation of the
decay rate is less accurate.

2. The localization algorithm can only estimate the close source distance (less than 1.25 leg
span), but it cannot estimate the distance when the distance becomes large (above 1.25 leg
span) because both the time difference and amplitude ratio converge when the distance
becomes large. Therefore, to locate the vibration source in a real engineering context, we
suggest two spatially separated spider-like models used concurrently.

3. The localization algorithm is robust to leg responses with low signal-to-noise ratio.
4. By comparing different leg numbers and combinations, it is shown that the four-leg

combination (including front and back two legs) is the minimum leg requirement for
localization using the spider-like configuration, and adding legs to this basis would
more or less increase the accuracy of the source angle prediction but at the expense
of more equipment and increasing the computational cost. Any combinations without
the consideration of the front and back two legs will not give satisfactory estimations.
Increasing the leg-substrate contact damping would reduce the noise in the calculated
leg inputs, thus improving the accuracy of the localization algorithm.

The results presented help us understand the mechanism and give us new insights into how
spiders may localize the vibration source, particularly robustness of the system and distance-
dependent constraints. Future research will be focused on the case of algorithm development for
use in dispersive substrates and multiple vibration sources, prototype design and experimental
validation.
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