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On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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Interplay of Light, Mechanics, and Material in Light-powered
Actuation of Fibers

Alireza Ahmadi and Neda Maghsoodi

Abstract We investigate the self-sustained oscillatory behavior of azo-dye-doped liquid crystal elastomer (azo-LCE) can-
tilevers under constant illumination. A coupled photomechanical model is developed to capture photo-isomerization dynam-
ics, light absorption, and the resulting nonuniform strain distribution driving bending and flapping motion. Our simulations
reveal that the system evolves into a steady-state oscillation at frequencies close to the natural resonance of the structure. The
results highlight the interplay of light absorption, self-shadowing, and mechanical response in producing periodic motion,
offering insights into designing light-powered actuators and soft oscillators.

Keywords Photomechanical materials · Light-induced bending · Periodic motion

Introduction

Self-sustained oscillation occurs when periodic motion is generated and maintained by a power source that is not inherently
periodic. Self-sustained oscillations are non-equilibrium phenomena that interconvert between two or more kinetically stable
and metastable states of soft actuators [1]; the actuators directly sense a constant stimulus, deform to a position away from the
stimulus source, and autonomously return to their initial state based on an embedded negative feedback loop to obtain regular
energy to maintain their periodic motion [2, 3]. Interestingly, the frequency of oscillations depends only on the inherent
parameters of the structure [4, 5]. Recent developments in active materials have introduced new possibilities for designing
self-sustained oscillators. Liquid crystal elastomers (LCE) are one example of such materials that can respond to incident
light when proper photo-responsive moieties (like azobenzene molecules) are incorporated into their structure (Fig.1). The
mechanism by which azo-LCEs respond to light depends on illumination wavelength. Exposure to UV radiation at 365 nm
prompts the azobenzene linkage to transition from its trans to cis form, leading to macroscopic deformation (Fig.1). The goal
of this work is to investigate the photo-induced self-sustained oscillations of high modulus, glassy, monodomain azo-LCE
cantilevers via a self-shadow-induced negative feedback loop.

Methods

Consider an inextensible and unshearable monodomain long and thin LCE strip with a rectangular cross-section subjected
to the planar incident light intensity I0 (Fig. 1). Let s denote the coordinate along the centerline of the strip. The balance of
linear and angular momenta can be expressed as [6, 7]

m
∂2R(s, t)

∂t2
=

∂f(s, t)

∂s
+ fext(s, t) (1)

Π
∂2θ(s, t)

∂t2
=

∂q(s, t)

∂s
+ (t̂(s, t)× f(s, t)).ê3 + qext(s, t) (2)
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Fig. 1 Azo-LCE deformation under light.

where f and q are the internal force vector and moment, respectively, fext and qext are any external force vector and moment
per unit length applied to the strip, respectively, m and Π denote the mass and rotational moment of inertia per unit length,
respectively. Let nc denote the fraction of azo molecules in the cis state and nt denote the fraction of azo molecules in the
trans state. At a depth z at time t, the rate of change of the cis volume fraction is [8]

∂nc(s, z, t)

∂t
= AtI(s, z, t)nt(s, z, t)−AcI(s, z, t)nc(s, z, t)−

nc(s, z, t)

τ
(3)

where nt + nc = 1 and I is the absorbed light intensity at depth z at time t and point s. At any point s, the light intensity
diminishes with depth as it is absorbed by the azo molecules

∂I(z, t)

∂z
=

−I(z, t)

d0
(4)

where d0 is the penetration depth. For the definition of utilized parameters, refer to [7, 9]. The photo-isomerization of the azo
molecules leads to a light-induced spontaneous axial strain ε0(z, t) = λnc(z, t) in the material where λ is a material constant.
The non-uniform distribution of light-induced axial strain at each cross-section causes the strip to bend. Note that any part of
the strip may block light from reaching another part, a phenomenon known as self-shadowing. In the self-shadowed region,
I = 0; therefore, the cis molecules relax to the trans state, causing the strip to thermally relax in the shadowed area. The
initial-boundary-value problem above for a photomechanical strip is solved via a finite difference method by discretizing the
equations in both space and time.

Results and Discussion

Figure 2 shows the simulation results for a monodomain LCE cantilever illuminated perpendicularly from above with a
light intensity of I0 = 4000 W/m2. Other simulation parameters are listed in Table 1. Figure 2A shows that, beyond a
critical illumination intensity, the rod reaches a steady-state flapping motion with a frequency of 19 Hz. Interestingly, this
value is very close to the natural frequency of a clamped-free rod, which in this case is 18 Hz. Our analysis shows that
the strip largely bends up and makes shadow on the illuminated section near the clamped end, so the strip unbends to
relax the bending energy. Indeed, self-shadowing plays the role of negative feedback loop in self-sustained oscillation. As
expected, the oscillation frequency is independent of external stimulus (illumination intensity). Figures 2B, C also show that
the steady-state response, once reached, is symmetric, but as the velocity curve clearly shows, the symmetry point is not
exactly at x = 0. This is because the rod is initially placed in the positive x direction, and since it is clamped at one end,
it cannot bend completely to the other side, leading to a small asymmetry. Figure 2D shows the evolution of photo-induced
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spontaneous strain. As can be seen in this figure, the steady state photo-strain at the centerline is very small and can be
neglected, showing that the assumption of the rod’s inextensibility is correct. There are multiple parameters that can affect
the motion of the rod and its time scale. A more detailed analysis can lead to interesting results, paving the way towards a
self-sustained motion using light.

Table 1 Simulation parameters

Parameter (symbol) Value

Young’s modulus (E) 4 GPa
Poisson’s ratio (ν) 0.3
Mass density (ρ) 1400 kg/m3

Strip thickness (H) 15 µm
Strip width (W ) 1 mm
Strip length (L) 15 mm
trans absorption coefficient (At) 5 ×10−3 m2/J
cis absorption coefficient (Ac) 5 ×10−4 m2/J
Thermal relaxation time (τ ) 0.2 s
cis-strain proportionality (λ) -0.05 [10]

Fig. 2 Self-sustained flapping of the Azo-LCE under constant light illumination using typical parameters for Azo-LCE. (A)
The x coordinate of the end-point vs. time, (B) the transient and steady-state flapping of the rod. The red line indicates the
initial configuration, blue lines indicate the transient response, and green lines show the self-sustained steady-state flapping
of the rod. (C) The velocity of the end-point vs. the x coordinate. The dotted lines show the response in the transient state
and the solid blue lines show the steady-state response, (D) the evolution of the light-induced spontaneous strain ϵ0 in depth
and time, showing a very small strain at the centerline of the rod (z/H = 0.5, where H is the thickness of the rod). The light
blue lines indicate the steady-state response.



74 A. Ahmadi and N. Maghsoodi

References

1. Yu-Chieh Cheng, Hao-Chuan Lu, Xuan Lee, Hao Zeng, and Arri Priimagi. Kirigami-based light-induced shape-morphing and locomotion.
Advanced Materials, 32(7):1906233, 2020.

2. V Sangwan, A Taneja, and S Mukherjee. Design of a robust self-excited biped walking mechanism. Mechanism and machine theory,
39(12):1385–1397, 2004.

3. Sara Nocentini, Camilla Parmeggiani, Daniele Martella, and Diederik S Wiersma. Optically driven soft micro robotics. Advanced Optical
Materials, 6(14):1800207, 2018.

4. Xiao-Qiao Wang and Ghim Wei Ho. Design of untethered soft material micromachine for life-like locomotion. Materials Today, 53:197–216,
2022.

5. Wenqi Hu, Guo Zhan Lum, Massimo Mastrangeli, and Metin Sitti. Small-scale soft-bodied robot with multimodal locomotion. Nature,
554(7690):81–85, 2018.

6. A. Maghsoodi, A. Chatterjee, I. Andricioaei, and N.C. Perkins. A first model of the dynamics of the bacteriophage t4 injection machinery.
Journal of Computational and Nonlinear Dynamics, 11::041026, 2016.

7. Ameneh Maghsoodi and Kaushik Bhattacharya. Light-induced swirling and locomotion. Proceedings of the Royal Society A,
478(2267):20220545, 2022.

8. M. Warner and L. Mahadevan. Photoinduced deformations of beams, plates, and films. Physical Review Letters, 92:134302, 2004.
9. Neda Maghsoodi and Kaushik Bhattacharya. Optical penetration depth and periodic motion of a photomechanical strip. Extreme Mechanics

Letters, 73:102244, 2024.
10. D. Corbett, C. Xuan, and M. Warner. Deep optical penetration dynamics in photobending. Physical Review E, 92:013206, 2015.


	Chapter 10 Interplay of Light, Mechanics, and Material in Light-powered Actuation of Fibers
	Introduction
	Methods
	Results and Discussion


