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Abstract
In additive manufacturing, the mechanical properties of materials play a vital role in designing and optimizing 

structures. We propose an acoustic calibration method for obtaining the material constitutive model by modal sound. It 
introduces the role of the material constitutive model in additive manufacturing, analyzes the relationship between the 
material constitutive model and modal sound, and proposes an optimization method of regressing the material constitutive 
model through modal sound. This method is helpful to realize the rapid evaluation of material properties without using 
complex instruments to improve the final design quality of products. 
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1. Introduction 

The development of additive manufacturing 
technology has triggered personal manufacturing and led 
to rapid prototyping and structural optimization design. 
Through 3D printing, individual users can enrich their 
living space with personalized structures; companies can 
achieve rapid design iterations to considerably shorten the 
product design cycle. With the continuous evolution of 3D 
printing structures from ornaments to functional parts, 
users have put forward higher requirements for structures’ 
mechanical performance, such as load-bearing and 
vibration. 

Introducing material constitutive models in the design 
process meets these growing demands. The material 
constitutive model describes the material's mechanical 
response under load by numerically correlating stress and 
strain. This relationship is of great significance for the 
design of parts with mechanical performance 
requirements. After obtaining the material constitutive 
model, users can choose materials that are more in line 
with product characteristics, or they can significantly 
improve the performance of materials by optimizing the 
structure design without increasing the consumption of 

printed materials [1], like the MBB beam (i.e., a supported  
 

 
Figure 1. Optimization of 2D MBB beam. With the material 

constitutive model, the structure is generated with stronger 
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loading performance and lower weight after iterations. 
beam which removes material to perform weight 
reduction while maintaining low compliance) [2] as 
shown in Figure 1. 

Previously, it was difficult to obtain the constitutive 
model of 3D printing materials. Most 3D printed material 
documents do not contain the corresponding constitutive 
model, and the traditional constitutive model calibration 
method requires complex experimental equipment and 
operations, such as using amplified audio and laser to 
force and record the material’s vibration [3] or use fixtures 
and machine tools to conduct groups of material 
deformation experiments [4]. In order to enable individual 
users to measure material properties easily, this research 
proposes a user-friendly acoustic calibration method that 
regresses the constitutive model of the material based on 
the modal sound of the 3D printed sample. 
 
2. Acoustic Calibration Method 

In this section, we first introduced the application of 
the constitutive model in structural design, followed by 
the calculation of modal sound through the constitutive 
model. Finally, we proposed the method of using modal 
sound to regress the material constitutive model. 

The material constitutive model describes the 
relationship between stress and strain. In practice, the 
constitutive model   is a   matrix of material 
constants [5], which includes normal and shear stress-
strain relationships , as shown in equation 2.1. 

       (2.1) 

When there is a precise demand for the force feedback 
of the structure, we need a more accurate constitutive 
model to complete the optimal design. For example, when 
designing the supporting flange of a shelf, we need a 
constitutive model to ensure that the structure looks 
elegant while having sufficient load-bearing capacity. 
Besides, when the structure is embedded in a more 
complex system, the constitutive model can be used to 
calculates and adjusts the natural frequency of the 
structure to avoid resonance. For example, in vehicle 
design, there are requirements of high NVH performance 
(noise, voice harshness), and structures’ frequency design 
is of great importance. 

In order to observe such stress-strain relationship to 
calibrate the material constitutive model, the conventional 
method deforms the material to observe the stress-strain 
relationship. However, the individual user does not have 
such experimental equipment. Therefore, we consider 

using modal analysis (to be more specific, modal sound) 
to observe loaded material's stress and strain relationship. 

 
Figure 2. The proposed acoustic calibration scheme of the 
material constitutive model. (a) The 3D printed structure for 
calibration. The red arrow is the external force, and the blue 
dots are constraints. (b) The vibrated structure under a 
particular mode. (c) The constitutive model calibration 
process, which aims to minimize the difference between 
simulated and recorded sound. 
 

Modal analysis is widely applied for measuring 
structural vibration in aerospace, vehicles, ships, and 
electrical appliances. Engineers often conduct finite 
element analysis according to the structure's CAD model 
and material parameters to obtain the computational 
modal. They then use the exciter to knock the vibration 
sensor attached to the structure's surface to obtain the 
experimental modal. The experimentally measured modal 
is also helpful to calibrate the material parameters. 
However, it is essential for individual users who cannot 
access industrial equipment to measure structural 
vibration more straightforwardly. Therefore, we propose a 
method to measure vibration using sound, which only 
needs a microphone. 

The modal sound is closely related to the constitutive 
model of the material. Derivation from the constitutive 
model to modal sound can be divided into two parts. The 
first part is the vibration process. That is, the object 
produces modal vibration under external force. For linear 
systems, this vibration can be decoupled into  
orthogonal single-degree-of-freedom vibration, 
corresponding to the  modes of the system. The second 
part is the acoustic transfer process, that is, the vibration 
of the object surface excites the surrounding air to produce 
a sound pressure change, and such sound pressure change 
will eventually radiate to our ears or the microphone and 
become the sound we perceive. During this process, the 
material constitutive model determines the vibration 
frequency of each mode, thereby determining the final 
tone of the sound. The force, constraints of the structure, 
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and the acoustic transfer process can be understood 
numerically as a filter for each modal frequency, which 
determines the amplitude of each sound frequency. In the 
experimental scenario of this article, amplitude change 
caused by acoustic transfer is tinier, so it is not considered 
in the modal sound simulation process. 

Through finite element analysis, we can establish the 
relationship between the constitutive model and the 
vibration. Using the constitutive model   and the 
structure shape, the element stiffness matrix   can be 
assembled, as shown in equation 2.2. 

        (2.2) 
Here   is the element stiffness matrix,   is the 

constitutive model.  is the element volume, and B is 
the strain matrix. These parameters depend on the finite 
element method. With , we can assemble the structure 
stiffness matrix . The mass matrix  is generated in a 
similar way with material density and the structure shape. 

Therefore, solving the structure modal vibration 
becomes a generalized eigenvalues problem, which is 

                (2.3) 
The solution consists of eigenvalue  and 

eigenvector  . Eigenvalue   is used to calculate the 
frequency of each mode, and eigenvector   represents 
the displacement of each node of the finite element under 
free vibration. Combined with the known external force 
and constraint, we can finally calculate the modal 
vibration of the structure as the weighted sum of each 
modal frequency and amplitude product [6]. 

Therefore, we associate the material constitutive 
model with modal sound. For ease of understanding, we 
can regard the modal sound as the dependent variable ; 
structure shape, external force and constraint as 
independent variable  . The constitutive model 
participates in the connection between the independent 
variable x and the dependent variable y as  . 
With groups of paired  , we can optimize the best 
constitutive model to minimize the difference between the 
simulated and real modal sound. The whole calibration 
process is illustrated in Figure 2. 

We use a conventional microphone to record the modal 
sound of sample parts printed with nylon material using 
the Fused Deposition Modeling (FDM) 3D printer 
(Ultimaker3). We initialize the material with orthotropic 
conditions based on Young’s modulus and Poisson ratio. 
During the experiment, we obtain multiple groups of data 
with different shapes and knocking positions. Specifically, 
we apply modal frequency with the highest amplitude 
difference as features to regress and estimate results. The 
experimental results are shown in Figure 3, where red 
lines show the feature frequency computed from the 
uncalibrated constitutive model, and blue lines show the 

feature frequency with the calibrated constitutive model, 
demonstrating a higher frequency than experimental 
results. It shows that calibrated constitutive model fits 
better to the ground-truth experimental results. 

 
Figure 3. Modal sound of two FDM 3d printed parts with 
different thickness, where (a) 6mm, (b) 4mm. Each part is 
knocked 5 times in case of operation error. Red and vertical 
lines demonstrate feature modal frequencies before and after 
constitutive model calibration. 
 
3. Conclusion 

The acoustic calibration of the material constitutive 
model proposed in this paper provides a convenient and 
low-cost method to figure out 3D printing material 
mechanical property for individual users and studios. This 
constitutive model will allow user for better material 
selection, optimized structure design, and improve 
mechanical performance. 
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