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Abstract
This article presents Namazu, a low-cost tunable shaking table framework for uniaxial vibration experiments in engineering
education and research. All components and corresponding assembly are detailed. The design is easy to use and requires
minimum maintenance. Open-source software covering signal generation and microcontroller programming is proposed
to prescribe the motion of the table. There is no restriction in the programming language used to interface with the table.
Communication with the microcontroller is performed via a serial interface, which eliminates the need for additional software.
Besides, any displacement signals, including random ones, can be chosen. Due to the open-source nature of the Namazu table,
users can also implement custom methods for signal generation and modify the table hardware. Suggestions are given in the
paper. Accuracy is analyzed through displacement measurements. In addition, the Shinozuka benchmark is proposed and
applied to test the table accuracy in the frequency domain. The results show good consistency of the signals obtained with the
setpoints. Thus, Namazu, including the shaking table and a software suite, offers a versatile, accessible, and accurate solution
for vibration experiments.

Keywords Experimental · Vibration · Stochastic dynamics · Shaking table · Earthquake engineering · Spectral representation
method

Introduction

Vibrations are omnipresent, be it in the computer caused by
a fan, in the car due to the road and the engine, in the airplane
because of a turbo-fan engine and wind, or on the moon and
earth due to seismic activity. Structures ormachinery undergo
vibrations of different magnitudes and durations. A specific
topic of vibration analysis in structural engineering is the
design of earthquake-resistant structures. Experiments are
conducted to test designs or gather insights into dynamical
and material behavior and structural responses under spe-
cific loads. Among the most practical testing setups, shaking
tables are of great interest. On shaking tables complete build-
ings, load-bearing components, or smaller specimens with a
particular function undergo dynamic single- or multi-axial
displacements in a controlled environment [1]. Therefore,
many shaking tables use large-scale devices that reach length
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scales of severalmeters [2–7]. Several applications also allow
for smaller scales or scaled tests. They include tests for
sensing methods [8–10], material property calibrations [11,
12], structural health monitoring (SHM) [13–16] or general
response analysis [17–19]. All of these research topics under-
line the importance and necessity of experimental analyses to
validate methods and test hypotheses in structural engineer-
ing. However, large-scale vibration experiments need to be
prepared carefully, are often costly, require a tight schedule,
and thus come with a limitation on the number of experi-
ments that can be performed. All the presented applications
do not account for a stochastic signal generation embedded in
a generalized uncertainty quantification framework, which is
of high advantagewhendesigning earthquake-resistant struc-
tures.

Some low-cost, small-scale shaking tables have been
recently developed to minimize costs and raise the practica-
bility of dynamic experiments to a larger audience, which
may include research teams as well as teachers. Among
small-scale low-cost shaking tables, [20] have proposed a
shaking table with a bipolar stepper motor for actuation and
Arduino-based hardware for control. Themountable payload

http://crossmark.crossref.org/dialog/?doi=10.1007/s40799-024-00727-8&domain=pdf
https://orcid.org/0000-0003-1820-1372
http://orcid.org/0000-0001-5156-3821


Experimental Techniques

and achievable acceleration are noteworthy. However, the
controller code must be changed based on the desired input
signal. It needs more versatility and robustness for general
test procedures. In [21], the open-source Robotic Operating
System (ROS) controls a small shaking table with a feedback
loop consisting of accelerometers and a camera for position
tracking of the table. Even though the usage of ROS ensures
high accuracy by, e.g., offering standardized means to utilize
a feedback loop in the control of the shaking table motion,
ROS is not particularly suited to implement algorithms for
structural analysis. These small-scale shaking tables lack a
generalized interface to standard programming languages,
such as Python orMATLAB, used to develop algorithms and
perform simulations. Additionally, the cost of both tables is
still comparatively high at over 1000 USD each [21].

We propose a small-scale tunable shaking table embedded
in a framework called Namazu, which offers versatility in
terms of input signals, cost, and hardware. Namazu is specif-
ically tailored for a seamless connection to other scientific
frameworks used for structural simulations or stochastic anal-
yses. Any arbitrary loading scenario can be directly uploaded
to the controller by any programming language that offers a
serial connection to microcontrollers. Most currently used
languages and frameworks support serial ports, thereby pro-
viding an easy-going integration of Namazu. Additionally,
there is no restriction on the used operating system. The
present implementation uses MATLAB [22] to prescribe
time-displacement signals and to control the table; examples
for Python are also provided.

Details about the hardware and software components of
the shaking table design are listed. Off-the-shelf compo-
nents, such as a bipolar stepper motor and driver, apply the
motion to the table. The table is scalable in dimension and
performance quantities, such as achievable maximum accel-
eration andmaximum speed. This implementationmakes the
presented shaking table adaptable for specific user needs.
Different hardware layouts are discussed with advantages
and disadvantages toward the mentioned quantities, such as
achieved acceleration, speed, and possible payload. With the
presented shaking table layout it was opted for reasonable
accuracy under minimal costs.

The accuracy of the table motion with respect to desired
motions is verified with linear variable differential trans-
former (LVDT) measurements. Additionally, the so-called
Shinozuka benchmark is introduced [23]. The latter rep-
resents a formalized procedure to analyze the transfer of
specific frequency components of stochastic signals to the
shaking table motion. It is based on the well-known Spectral
Representation Method (SRM) [24].

In the research field of stochastic dynamics and more
specifically risk analysis of stochastic dynamic systems,
large-scale experiments are usually not regarded in the

early stage of algorithmic developments. Developing them
in close connection with experimental validation even at
the early stages of the studies is beneficial, including per-
forming dynamic tests for stochastic signals. A tunable
small-scale shaking table enables researchers to quickly
develop vibration experiments and validate some methods
since the hardware is generally less complex than larger-scale
tables. The small-scale experiment fits on a tabletop and is
fast to assemble and disassemble whenever needed. Addi-
tionally, safety measures are less restrictive when working
with small-scale specimens, and there is less requirement for
specialized operator training. Algorithms targeted to analyze
vibrations, i.e., those used in SHM or response analyses, can
be tested and enhanced faster before applying them to large-
scale tests.

The design files of the table as well as the control software
implementation of the framework in MATLAB and Python
are publicly available on Github and Zenodo [25]. Further
documentation for the whole project is found at https://www.
namazu.de/.

The whole flowchart of the Namazu framework is sum-
marized in Fig. 1. The techniques for generating harmonic
and random signals are summarized in Section “Prescrib-
ing Complex and Random Signals”, prescribing complex
and random signals is the main goal of the software. The
post-processing required for the safe usage of the shak-
ing table is also explained. Section “Namazu Hardware”
details the shaking table hardware (frame, motor, motor
driver, and microcontroller specifications) and explains
the technical choices. Variants for personalizing the shak-
ing table for specific budget or experimental requirements
are also suggested and commented on. Section
“Control System” gives the key features of the control sys-
tem i.e., the signal generation in a microcontroller readable
script, serial interface to the microcontroller, and the micro-
controller firmware itself. Sections “Prescribing Complex
and Random Signals”, “Namazu Hardware” & “Control
System” make up the core part of the Namazu frame-
work, the relation between these parts, highlighting the
flow of consecutive parts and their functions. All terms
shown in Fig. 1 are explained in the referenced sec-
tions. Experimental results based on LVDT measurements
are presented in Section “Proof of Concept: Validation of
Table Accuracy”. Several signals including the Shinozuka
benchmark are employed for evaluating the accuracy of the
shaking table.

Prescribing Complex and Random Signals

Generating complex signals, particularly random signals, is
necessary for earthquake engineering and risk simulations.
We adapt the corresponding signal generation techniques

https://www.namazu.de/
https://www.namazu.de/


Experimental Techniques

Fig. 1 Flowchart and design concept of the Namazu framework, from signal generation via the software over the control system to plate motion

[26–28] in order to preprocessing the data that will be then
transferred to the shaking table (Section “Control System”).
The goal is to prescribe complex and random motion to the
table with a software including in Namazu. To seamlessly
connect the data to the software architecture, signals will be
discretized as a set of positions (or displacements consider-
ing the initial position is zero) for a set of equally discretized
time instants. In this section, the continuous description of the
signal as a function xg(t) is discussed for any time t ∈ [0, T ]
with T the end time of the signal.

Generating Input Signals

Any arbitrary time-displacement signal could be of interest
and used in the Namazu framework. Two classes of signals,
namely harmonic and stationary stochastic signals, are pre-
sented hereafter.

Harmonic signals

First, harmonic signals are considered. They consist of the
sum of frequency components and are closely related to
Fourier series. Choosing a number n� of frequencies, the
position xH (t) is calculated as the finite sum

xH (t) =
n�∑

k=1

Ak sin(2π�k t), (1)

where�i ∈ R≥0 are the frequencies of interest andAi ∈ R≥0

the corresponding amplitude values with i ∈ [1, n�]. Thus,
a fixed harmonic signal with a single frequency is depicted
in Fig. 2(a), whereas a mixed harmonic signal with three
superimposed frequency components is depicted in Fig. 2(b).
These signals are deterministic.

Stationary stochastic signals

Another class of signals of interest in structural engineering
consists of univariate stationary Gaussian stochastic pro-
cesses. They can be described by the Spectral Representation
Method (SRM) from a functional frequency content, the so-
called Power Spectral Density (PSD) function. The SRM
and its variations, such as the Stochastic Harmonic Function
(SHF) representation [26], are commonly used to simulate
artificial ground motion [27, 28].

Any PSD function can be used in the Namazu framework
according to the user preferences.Amongpossible PSD func-
tions, the Shinozuka and Deodatis frequency content [24]
given by

SxS (ω) = 1

4
σ 2b3ω2e−b|ω|, −∞ < ω < ∞, (2)

is chosen. The constant σ corresponds to the standard devia-
tion of the stochastic signal and b a parameter that models the
correlation distance of the stochastic signals [23]. The val-
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Fig. 2 Signals: (a) single harmonic signal with n� = 1,A1 = 5mm, �1 = 2Hz, (b) Mixed harmonic signal with n� = 3,A = {5, 2, 1}mm, � =
{1.6, 4.3, 7}Hz
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ues σ = 1 and b = 1 are chosen. From the reference PSD, a
realization of the stochastic signal denoted xS(t) reads

xS(t) = As

N−1∑

n=0

√
4SxS (ωn)�ω cos(ωnt + ϕn). (3)

The angular frequencies ωn in rad/s are defined as ωn =
n�ω with n ∈ [0, N − 1] and �ω = ωu/N . The angular
frequency ωu = 4π rad/s is the upper cut-off angular fre-
quency, directly linked with the upper cut-off frequency as
fu = ωu/2π beyond which the PSD function vanishes. The
corresponding time discretization is �t = π/ωu in [s]. The
number of terms N is a choice that governs the accuracy
of the approximation. The phase angles ϕn are independent
realizations of a uniform distribution between 0 and 2π [24].
The SRM offers two features for the Namazu framework.
First a way of generating stochastic signals from arbitrary
PSD functions related to a frequency space. Second, with
this specific choice of PSD function as in equation (2) and the
choice of the specific parameters e.g. the cut-off angular fre-
quency, time discretization, etc. presented above, a suitable
benchmark problem is constructed. The signal magnitude is
scaled by the factor As ∈ R≥0 to achieve the displacement
amplitude desired by the user. For instance, to reach a max-
imum amplitude of ca. 18mm, the scaling factor As = 3
has been chosen. One realization, i.e. a stochastic signal for
the Shinozuka benchmark generated via SRM is shown in
Fig. 3.

The periodogram [29–31] is used to estimate the signal
PSD based on the discrete Fourier transformation of the ran-
dom signals (equation (3), Fig. 3), as detailed in Appendix
A. The direct approximation of the signal PSD by an estima-
tor like the periodogram is usually not possible, as the target
PSD is not known exactly for natural processes [32].

The Shinozuka benchmark is of high interest because the
approximation of the Shinozuka PSD can be used to assess
the shaking table accuracy. Figure 4 shows the approximation
of the Shinozuka PSD by the periodogram compared to the
target PSD originally used to simulate the signal (equation
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Fig. 3 One realization of a random signal with the Shinozuka PSD
(equation (3)) for N = 128, ωu = 4π,�t = π/ωu , T = 64 s,As = 3

0 2 4 6 8 10 12
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
target PSD
approximated input PSD

Fig. 4 Shinozuka benchmark: scaled periodogramof one arbitrary real-
ization (equation (3)) and target PSD (equation (2))

(2)). All frequency components in the signal are preserved
and thus the approximation is accurate. The accuracy of the
table can thus be evaluated by simulating one (or more for
variance estimation) realization with the Shinozuka PSD,
measuring the displacement, and then comparing the mea-
sured PSD to the original one. For an accurate motion, both
PSDs should coincide. Therefore, the shaking table motion
can be validated for the prescribed range of frequencies and
accurate artificial groundmotions of the shaking table will be
expected for other stochastic signals generated by the SRM
with similar frequency ranges to the Shinozuka benchmark.

Post-processing Input Signals for the Shaking Table

Some generated signals may require large initial accelera-
tions or velocities due to the underlying numerical proce-
dures. As an example, the formulation in equation (1) has
as a consequence that the initial velocity of the table is non-
zero. However, at the start of each experiment, the table has
no velocity. To circumvent these issues, post-processing pro-
cedures are introduced to ensure the safe usage of the shaking
table.

First, for harmonic signals xH (t), artificial linear acceler-
ation and deceleration phases based on a window function
are implemented. The acceleration phase lasts from t = 0 to
t = tu and the deceleration phase lasts from t = td to t = T
such that the durations of acceleration and deceleration are
tu and Td = T − td , respectively. Then, the harmonic signal
xH (t) is adjusted from these two windows as

x̂H (t) =

⎧
⎪⎨

⎪⎩

t
tu
xH , t < tu,

(1 − t−Td
T−Td

)xH , t > Td ,

xH , otherwise.

(4)
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Fig. 5 Post-processing artificial linear acceleration and deceleration phases with tu = td = 1 s on signals from Fig. 2: (a) single harmonic signal
with n� = 1,A1 = 5mm, �1 = 2Hz (b) Mixed harmonic signal with n� = 3,A = {5, 2, 1}mm, � = {1.6, 4.3, 7}Hz

Considering tu = td = 1 s, the single harmonic signal
from Fig. 2(a) is corrected to have adequate acceleration and
deceleration as depicted in Fig. 5. The maximum accelera-
tions occurring are in Fig. 5(a), max(| ˆ̈xH (t)|) = 0.79m/s2

and in Fig. 5(b), max(| ˆ̈xH (t)|) = 3.8m/s2.
Second, the position for the first time instancemust always

be zero, whereas it may not be a priori the case for the
stochastic signal. The correction is achieved by zero padding
for all signals, adding a zero position for the time instance
t = 0. Only one time instant is added and not an accel-
eration ramp because the frequency content of the signal
has to be preserved. It results in x̂S(t) = [0, xS(t)] and the
time discretization is adjusted to t ∈ [0, T + �t] (Fig. 6).
Other post-processing procedures, such as different window
functions for the ramp up and down, are possible due to the
open-source nature of Namazu, but they are not implemented
yet.

Namazu Hardware

A 3D rendering of the table is shown in Fig. 7. The basic
hardware components of the shaking table are an aluminum
frame 1 , linear rails 2 , linear bearings 3 , the plate 4 ,
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Fig. 6 Comparison of an unmodified SRM signal xS(t) and the zero-
padded signal x̂S(t)

themotor 5 with its driver and the driving assembly, aswell
as the necessary electrical components. Each component is
described in this section and some details on their function-
ality are given. Since different choices can be made for each
part, some comments about possible variants are given.

Pictures of the bare table and the table with a 3D-printed
specimen prepared for measurements with digital image cor-
relation (DIC) [33] are shown in Fig. 8.

A technical drawing with dimensions is shown in Fig. 9.
The mass of the table is 6.80 kg. Its footprint is about
400mm × 500mm and it takes one person about one hour
to fully assemble it. Table 2 gives a list of hardware compo-
nents and the associated costs. The properties, as found in
[21], obtained with Namazu, are given in Table 1. 1

Frame and Rails

The frame is made up of standard 30mm × 30mm I-Type
aluminum extrusions. They make assembly and disassem-
bly of the table very practical and allow for flexibility in
the design since hardware components can be mounted any-
where the user desires. The plate is designed with different
mounting holes for a large variety of mock-up specimens.
The plate is attached to the frame by two low-maintenance
friction bearings and rails (igus drylin®h W). The frame has
to be fixed to some object with high mass to avoid vibrations
of the surroundings, e.g., it can be bolted to a rigid high-
mass table. As shown in Table 1, the table is mounted on an
anchor (experimental table, see also Fig. 8(b)) with a mass
of 121 kg. The anchor mass must provide sufficient inertia
to prevent unwanted vibrations. Therefore, it depends on the
used hardware, payloads and accelerations (Table 2).

1 The Namazu specifications can be adapted to the user choices by
changing the used hardware.
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Fig. 7 3D rendering of the table CAD model

Motor and Driver

The displacement is applied to the plate by a bipolar stepper
motor through a belt-gear system. Through a gearwheel, the
motor provides linear motion to the belt, which in turn is
clamped to the table, moving the table as the motor induces
a rotation. The belt is displayed in Fig. 8(a). Bipolar stepper
motors are made up of two sets of coils. By switching the
current through the coils and, therefore, the polarity of the
induced magnetic fields, a turn by one step is applied. The
motor driver is a specialized electronic circuit, which handles
the necessary operations for the electrical current output to
achieve this careful switching. It acts as an interface between
the controller and the motor.

Under ideal circumstances, the position of a stepper motor
is known at all times, and a feedback loop is not needed. The
setup is thus cost-effective and overall simple. In addition, the
driver is able to perform so-called microsteps which enable
the motor to be set to positions that do not correspond to full
steps.Microstepping is achieved by interpolating the coil cur-
rent. Using microsteps enhances the resolution of the motor
without changing the hardware components. It also increases
the versatility of the setup.

An important characteristics of the table is the number of
steps n/disp that the motor performs for a given displace-
ment, often taken as the number of steps per millimeter. This
characteristics depends on the motor, the microstep setting,
and the hardware i.e., the driving components. It is calculated
from the number of steps the motor performs per revolution
and the displacement of the plate during one revolution of
the motor

n/disp = number of steps per motor revolution

plate displacement per motor revolution
. (5)

The current setup uses a NEMA23 motor, where the coils
are 1.8◦ apart. The DM542-driver is set to amicrostep setting
of 32 microsteps between two coils, thus 6,400 microsteps
per revolution. This setup was chosen to match the accuracy
of the LVDT measurements (see Section “Proof of Concept:
Validation of Table Accuracy”). Further, we chose aGT2 belt
and gear, which means that the gap between the teeth is 2
mm. The chosen gear has 20 teeth in total, so the belt moves
by 40 mm per revolution. Therefore, the resolution of the
Namazu setup with the features detailed before is n/disp =
160 steps per millimeter; one microstep corresponds to a
displacement of 6.3µm. To reduce the effort for changes in
microstep settings or hardware, this feature is directly set via
a serial command to the motor without the need to reprogram
the controller (see Section “Microcontroller Code”). Note
that it is recommended to verify the correct settings with a
simple test to ensure for safe operations.

For stepper motors, a trade-off has to be accepted between
speed and available torque.With higher speeds the driver has
less time to switch the coil current between steps and the
inertia of the payload and the table assembly may perturb the
control. If the motor torque is not adequate for the applied
loads, it may result in loss of steps and therefore loss of accu-
racy. There are many different sizes of motors available with
torque ratings ranging from as low as a fewNcm (e.g. NEMA
11) to large motors capable of achieving a few tens of Nm
(e.g. NEMA 42). A similar comment can be made about the
microstep setting. More microsteps per revolution decrease

Fig. 8 Pictures of the table, (a) Table without specimen, (b) Table with 3D-printed specimen prepared for DIC measurements [33]
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Fig. 9 Technical drawing of the table, dimensions in millimeters

the available torque and also slightly decrease the accuracy
since the driver needs to interpolate the coil current between
two full steps. Another possible solution is using planetary
gearboxes with different ratios available for various motors.
These gearboxes increase the resolution without the need
for microsteps. The drawback is that the gearboxes usually
introduce some backlash, the ratios are not adjustable and
they increase the cost.

Microcontroller

The microcontroller is the core element of the Namazu
control system. It is the interfacing element between the hard-
ware (driver) and software. The microcontroller is respon-
sible for setting the motor velocity and rotation direction
as well as storing, starting, and stopping an experiment.
A desired displacement signal (e.g. the ones introduced in
Section “Generating Input Signals”) are uploaded to the con-
troller via the serial interface. Once the experiment is started,
the controller pulses the STEP-pin of the motor driver at a
certain frequency that depends on the desired speed, which in
turn is dependent on the desired displacement. The necessary
calculations are performed by the microcontroller during the

Table 1 Namazu specifications

Tested payload: 2 kg

Maximum acceleration with payload: 2 g

Maximum speed with payload: 0.4m/s

Mass of anchoring support: 121 kg

experiment. For each STEP-pulse the motor turns by one
step, i.e. changing the frequency of the pulse allows for the
definition of arbitrary signals, which is the core functionality
of Namazu.

The compatibility of the microcontroller with the free
real-time operating system (FreeRTOS) and the Arduino
framework is mandatory to use the provided code. Further,
we recommend a high-resolution hardware timer for the
microcontroller such that the motor is controlled with high
precision. The chosen microcontroller is an ESP32 devkit
module. A processor clock rate of 250MHz enables for the
motor velocity and direction of rotation up to 200 times per
second.Moreover, the ESP32module provides a second core
that can handle interrupts and provide a control interface,
without interfering with the motor update rate. Thus, the
experiment is isolated from interfacing operations, which
improves the repeatability of experiments.

Variants

The Namazu shaking table that is presented here comprises
various pieces, which could be upgraded/downgraded inde-
pendently depending on the user’s budget and research needs.
This versatility makes the shaking table tunable. It can be
personalized to fit desired performance or operational con-
ditions. Some variants are gathered in Table 3. Note that
variations in hardware make it necessary to recalculate the
steps per millimeter setting for the motor, as this property
depends on the physical properties of the table as well as
the microstep settings in the driver. As an example, changing
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Table 2 Costs of shaking table hardware (2022-2023, Germany)

Nr. Hardware Description Price

1 Frame 30x30 I-Type aluminium extrusions (4x 400 mm, 2x 300 mm, 4x 70 mm) 21.64 C

2 Linear rails igus drylin W, WS16_0.4M 31.74C

3 Linear bearings igus drylin W, WJ2000UME-01-16 41.48C

4 Plate 300x300x4 aluminium plate 42.69C

5 Motor NEMA23 (ACT 23HS8430D8P1) 21.60C

6 Driver ACT DM542 33.10C

7 Gears GT-2, 20 teeth gear and idler 5.00C

8 Belt GT-2, 1m 4.99C

9 Power supply PEAKTECH 6227 123.17C

10 Microcontroller NodeMCU ESP32-WROOM32 11.49C

- Misc. Attachment plates, screws, nuts, etc. (price is an estimate) 60.00C

Total: 396.90C

The cables and tools used for assembly are not listed

the belt and gear assembly of the current setup to a 1610 ball
screw assembly (1610 referring to a screw diameter of 16mm
and a screw lead of 10mm) means that the table is moved
by 10mm per revolution of the motor. Together with the 200
steps per revolution of the motor, this leads to a resolution
of the shaking table of n/disp equal to 20 steps per mm (see
equation (5)), if no microstepping is used.

Most limitations on payload capacity, acceleration, and
speed are only due to the hardware components. Tests have
shown that the Namazu table with current components per-
forms well with the physical properties reported in Table 1.
The tested payload is 2 kg. This small payload fits some
research projects. Besides, for teaching purposes, we find
that using the table in combination with 3D-printed struc-
tures offers a versatile and low-cost solution to give students
some experiencewith designing and testing parts. 3D-printed
structures, when fabricated with materials such as polylac-
tic acid (PLA) or thermoplastic polyurethane (TPU), are
cheap and lightweight. Therefore, a low-torquemotor already
achieves satisfying performances, with low-cost hardware
and simple handling of the Namazu framework. As a refer-
ence, the payload limitations on the SARSAR shaking table
[20] are given as 200 kg capacity while also using a (more
capable) stepper motor and a ball screw instead of the belt
gear driving system.

The table can also be tuned to decrease the cost. A motor
with a lower torque such as the NEMA17 motor could be
employed. These motors are very common since they are
standard parts used in 3D printers. There exists a wide variety
of motor and driver combinations, thus we can not provide
a comprehensive list.2 Table 2 shows that the highest cost in

2 The costs highly depend on the availability of the components.

the setup comes from the adjustable power supply. It could
be changed to a fixed voltage power supply to save cost.

Control System

The shaking table is equipped with a control system to apply
any single-axis displacement to the plate as shown in Fig. 1.
The software generates (Section “Prescribing Complex and
Random Signals”) or loads a discretized time-displacement
signal, translates it into Marv-code3 for the motor, and sends
it to the microcontroller via the serial interface. The code is
then saved on the microcontroller such that the experiment
can be started or restarted at any point. The processing of
Marv-code as well as the interface with the microcontroller
and the microcontroller itself make up the control system.

From Signal to Motion

Starting from a (theoretically) continuous displacement sig-
nal x(t) as described in equation (1) for harmonic signals
and equation (3) for stochastic signals, there are two dis-
cretization layers needed for the motor control. The process
is illustrated in Fig. 10, where the discretization process is
greatly exaggerated for the sake of clarity. The continuous
signal (solid blue line) is first discretized to obtain the digital
signal (dashed red line), i.e. an array of size nt consisting of
numbers that specify the desired positions in a fixed interval
�t . The seconddiscretization occurs in themicrocontroller to
determine the stepping rate of the motor. Programmatically,

3 We refer to the motor-code as Marv-Code, in close resemblance to
the name G-code and the third author’s name.
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Table 3 Possible hardware variants

Original piece Upgraded piece Advantage of the upgraded piece

Belt & gear assembly Trapezoidal screw Higher accuracy and payload capabilities, more rigid construc-
tion due to rigid parts, no imprecisions due to belt slipping

Ball screw Even higher accuracy and payload capabilities, smoother opera-
tion than trapezoidal screws, no imprecisions due to belt slipping

Friction bearings Roller bearings (SBR16UU etc.) Higher payload capabilities

Frame Pre-built linear positioning table Higher manufacturing accuracy, multiple variants available

NEMA23 motor, DM542 driver NEMA34 motor, DM860T driver Higher torque, higher payload

themicrocontroller is given a list of positions and the timedis-
cretization �t . Therefore, the firmware linearly interpolates
between the positions in time, where the distance between
two positions determines the desired velocity and therefore
the stepping rate. Note that the motor is only able to move
one step at a time, which results in a piecewise constant posi-
tion signal (dotted black line). However, choosing �t small
enough results in a good accuracy of the motion. We found
that using �t = 5ms gives good results without pushing the
limits of the microcontroller’s speed.

Microcontroller Code

The microcontroller code (called firmware) is the interfac-
ing element between the software, an optional operator, and
the motor. As shown in Fig. 11, the firmware provides two
interfaces:

• USB: A serial interface, which processes readable com-
mands and floating numbers in ASCII. An exemplary
sequence of commands is shown in Algorithm 1.

• PIN: A set of electrical lines to trigger certain signals.
These pins allow for the installation of an optional control
panel with buttons to start, stop, and adjust the table, or
optional limit switches to protect the hardware.

Algorithm 1 Example of Marv-code to move the table lin-
early to +10mm, then −10mm, then 0mm with a speed of
10mm/s.
# clear previous positions from memory
reset
# set steps per mm
set spmm 160
# set instructions per second
set rate 1
add 10 # add positions (in mm)
add 0
add -10
add 0
start # start the experiment

The commands and signals are processed by the Inter-
face component of the firmware. There are three classes of
commands to differentiate:

• Configuration, beginning with set
• Definition of the experiment, beginning with add
• Actions, like start or stop.

A full list of supported commands is listed in Table 4.
A previous version of the motor control firmware used the
programming language G-code, which is a standard already
existing and widely used in 3D printers and CNC machines.
Thus, G-code could be used to communicate with the motor.

Fig. 10 From a continuous signal to the motor motion
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Fig. 11 Control system architecture

However, we found that there is some overhead (such as
acceleration limits) in the implementation of G-code itself
that is not needed for the shaking table but interferes with
the accuracy of the timings. We therefore introduced Marv-
code, which is a similar but slimmer approach. It provides
the most important settings (such as steps per millimeter,
the discretization length �t) and a list of positions to the
controller. It is possible to change the settings without the
need to interfere with the controller firmware itself. This
process is independent of the used programming languages
and operating systems, as long as they can interface with a
serial port (i.e. a USB port). The firmware is designed to
work with any kind of stepper motor/driver combination that
uses the same STEP/DIR interface (e.g., A4988, DRV8825,

TMC2208, TMC2209, DM542) and therefore also with a
wide range of stepper motors.

The displacement of the table is applied by the motor
through a sequence of discretized positions for a series of
constant elapsed times between two consecutive positions
(�t) during the whole signal. The firmware uses two so-
called timers to drive the motor correctly. The first timer,
CmdTimer, is configured to trigger at a static rate during
the experiment. This rate is received by the Interface (c.f.
rate command in Table 4). The Interface sets up the Cmd-
Timer and gets activated at a start command. Each time
the CmdTimer triggers, it loads the next prescribed position
of the experiment and calculates the velocity and direction of
the motor necessary to reach it. Then the CmdTimer triggers

Table 4 Marv-code syntax

Syntax Description

start Starts motor motion with previously defined positions at the previously set rate.

stop Immediately stops motor motion.

info Writes out information about machine state to serial, OK: Info: state: READY,
mode POSITION, command 25 of 25, rate: 20hz, spmm: 10 .

set rate nnn.nnn sets the amount of positions to handle in one second.

set spmm Specifies how many steps the motor has to drive to move the plate one millimeter.

add nnn.nnn Adds a position at the end of list.

reset Resets all positions from memory.
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again. The CmdTimer also sets the driver DIR pin according
to the required direction. The calculated velocity multiplied
by the step resolution (steps per millimeter) gives the rate
of the so-called StepTimer to trigger. Thus, each time the
CmdTimer processes the next position, it reconfigures the
StepTimer. The StepTimer generates a rectangular signal and
sets the STEP pin of the driver accordingly. Thus, Marv-
code allows for the precise description of arbitrary, uniformly
sampled signals directly via the serial interface. There is no
need to re-upload the controller firmware for a new experi-
ment. Furthermore, changes in the hardware setup are fully
described by the spmm setting given in equation (5).

Microcontroller Interface

To upload the signal to the motor, it is translated into
microcontroller-readable code via a simple interpreter that
takes the pre-calculated time-displacement signal and gener-
ates a sequence of strings to be sent to the controller via serial.
To ensure safe operating conditions, for each new experiment
i.e., each time one loads new data, one resets the current
experiment data and prescribes the steps-per-mm setting and
the rate (see the reset, set spmm and set rate com-
mands in Algorithm 1). Afterward, the interpreter writes the
desired positions as a sequence of add instructions. Note
that one does not need to prescribe the time since the signal
is discretized uniformly. The rate is given by rate n i.e.,
the controller uses n positions per second.

The start command can be sent simultaneously or sep-
arately without sending all of the previous commands again,
e.g. to make sure that the table is safe to operate before start-
ing the experiment. The experiment can also be interrupted at
any point using the stop command, or, after the experiment
is finished, restarted by sending start again. All gener-
ated data such as input signal, Marv-code, and parameters
can be stored on disk to re-run experiments that were previ-
ously generated. This operation is currently performed with

a custom class, which also makes handling of all settings and
parameters easy.

Any programming language or framework that can use
serial interfaces can communicate with the controller, which
makes this approach very versatile. Already existing meth-
ods for signal generation can be employed without rewriting
functions for different software packages or operating sys-
tems. A code base and interpreters for MATLAB and Python
are provided [25], and the general functionality is the same
if another software environment is chosen. It is expected that
translating the existing implementation to other languages is
straightforward.

Pre-/post-processing Code and Restrictions

Input harmonic and stationary random signals are generated
with the algorithms introduced in Section “Generating Input
Signals”.However, the input signals are not restricted to these
algorithms. Any signal could be considered. For instance,
onemay generate non-stationary signals including frequency
sweeps or increasing amplitude, or load pre-recorded data
from vibration experiments or earthquakes. The only restric-
tion is that the signal is discretized with a constant sampling
rate (i.e. �t = const.). Besides, the desired amplitudes and
frequencies should not exceed safe operating conditions,
especially when no limit switches are used. To avoid sud-
den acceleration spikes, it is advised to use the linear ramp
up and ramp down shown in equation (4) whenever possible.

For the Shinozuka benchmark, the scaling factor needs to
be considered. A change of the signal in the time domain
also leads to a change in the frequency domain. This point is
further discussed in Section “Test 3: ShinozukaBenchmark”.

Proof of Concept: Validation of Table
Accuracy

The accuracy of the table was tested during a measure-
ment campaign at theLaboratoire deMécaniqueParis-Saclay

Table 5 Experimental
campaign for table validation

Prescribed displacement Measurement Structure
Amplitude Signal Quantity Method Uncertainty

Calibration

Test 0 ±20mm Triangular Displacement LVDT 4μm No

Harmonic signal

Test 1-1 ±5mm Single-frequency Displacement LVDT 4μm No

Test 1-2 ±7.5mm Mixed-frequency Displacement LVDT 4μm No

Stochastic signal

Test 2 ±2mm Stochastic Displacement LVDT 4μm No

Shinozuka benchmark (10 tests)

Test 3 ±10mm Stochastic Displacement LVDT 4μm No
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Fig. 12 Table set up for LVDT measurements

(LMPS) at ENS Paris-Saclay. The goal is to evaluate if
the measured displacements, accelerations, and frequencies
correspond with the prescribed ones. The different tests of
the campaign are summarized in Table 5. Their complexity
varies, ranging from simple displacement tests to the Shi-
nozuka benchmark, where the focus is put on error statistics
both in measured displacement and frequency.

For all measurements, two LVDTs (see Fig. 12) are uti-
lized to measure the displacement of the plate. The LVDTs
are attached to the plate at two corners to also measure the
rotation of the plate. Data are acquired at a rate of 4.8 kHz,
then downsampled to 200Hz to match the motor sampling
rate. No other filtering is performed.

Test 0: Calibration Test

The table was tested during Test 0 with a triangular displace-
ment with a constant speed equal to 8mm/s. Results are

shown in Fig. 13. In the top graph, the red line represents
the LVDT-measured displacement whereas the blue line rep-
resents the desired displacement. The absolute displacement
error is depicted in the bottomfigure.Thedisplacementsmea-
sured by theLVDTs are very close to the prescribed ones. The
mean absolute error and maximum error over the 20 seconds
are about 0.03mm and 0.11mm, respectively. It is observed
that the error fluctuates, the peaks occur during changes of
direction, which indicate the presence of backlash in the sys-
tem. Yet, the error does not accumulate over time and the
plate does not drift far from the prescribed displacement.

Test 1: Harmonic Loading

To check that the table achieves the desired frequencies and
to test the displacement accuracy with higher speeds we con-
duct two testswithout specimens using harmonic signalswith
a single frequency and mixed frequency content. The pre-

Fig. 13 Measured displacement and absolute displacement error for triangular loading, Test 0
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Fig. 14 Measured displacements and absolute displacement errors for harmonic loading, (a) Test 1-1: single 2Hz frequency, (b) Test 1-2: mixed
frequency

scribed loads are a harmonic load with a frequency of 2 Hz
and an amplitude of 5 mm for Test 1-1 (cf. Fig. 2(a)), and a
harmonic with mixed frequencies of 1.6, 4.3, and 7 Hz with
corresponding amplitudes of 5, 2, and 1 mm respectively for
Test 1-2 (cf. Fig. 2(b)). The input signal is sampled at 200 Hz
which corresponds to the aforementioned�t of 5ms (Section
“From Signal to Motion”). The resulting displacements and

the absolute errors for both tests are shown in Fig. 14. The
behavior is similar for both tests. The overall performance
of the table is satisfactory, as the measured displacements
follow closely the prescribed ones. The backlash that was
observed in Test 0 is also present. However, its magnitude is
very low. The same error occurs periodically for each cycle.
Moreover, the measured displacement never deviates signif-

Fig. 15 Measured acceleration spectra for harmonic loading, (a) Test 1-1: single 2Hz frequency, (b) Test 1-2: mixed frequency
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Fig. 16 Measured displacement and displacement error for random loading, Test 2

icantly from the prescribed signal, there is no visible phase
shift.

Figure 15 shows the prescribed and measured accelera-
tion frequency spectrum for both loadings in the stationary
region of the test. The frequency resolution is 1

6 Hz. The
diagrams show frequencies up to this accuracy. The accel-
eration frequency spectra are obtained by differentiating the
displacement twice in time and then applying the fast Fourier
transform (FFT). Here, we apply the acceleration spectrum
rather than position to emphasize the high-frequency uncer-
tainties. Due to the differentiation in time, the discrepancy is
amplified. In addition, the FFT diagrams show data from 0
to 30 Hz, which is a good compromise between the frequen-
cies most relevant to earthquake engineering and structural
mechanics, and those achievable with the table. Excitations
at higher frequencies may be present due to the setup natural
frequencies or non-linear effects. These effects depend on
the table, its support, or the driving mechanism. Excitations
in the 45-55 Hz region are observed in the present setup for
some tests. For example, Fig. 15(a) shows excitations at mul-
tiples of the 2Hz input frequency, indicating some non-linear
effects. However, the highest peaks show that the measured
frequencies match the desired frequencies precisely. Noise
levels in the relevant frequency ranges are low enough to be
handled by filters.

Fig. 17 Acceleration spectra for random loading, Test 2

Test 2: Random Signal

To test a more complicated signal, a randomly generated sig-
nal with a customized PSD function is defined as

S f ≤7Hz( f ) =
{
0.01 0 ≤ f ≤ 7 Hz,

0 otherwise.
(6)

A single draw is obtained from SRM. Results for the mea-
sured displacement and the corresponding error are shown in
Fig. 16. The error due to backlash is less pronounced than in
Tests 1-1 and 1-2 since the displacement amplitude is lower
than in the previous tests. The mean absolute error is 37µm,
which corresponds to 1.5% of the maximum displacement,
and the maximum error is 0.16mm i.e., 6% of the maximum
displacement. Furthermore, any error is quickly recovered.
The table does not deviate from the prescribed signal and the
error does not accumulate over time, which could be a risk
for open-loop systems. In addition, no phase lag is visible.

Fig. 18 Ten realizations of the random signal with the Shinozuka PSD
and N = 128, ωu = 4π, T = 64 s,�t = π/ωu ,As = 3
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Figure 17 shows the prescribed and measured acceler-
ation frequency spectrum. The sharp decrease in the PSD
function above 7Hz due to the shape of the prescribed PSD
(cf. equation (6)) is visible. The PSD function in equation
(6) is given in terms of displacement. Therefore the result-
ing target PSD function has for prefactor the square of the
frequency. As a further note, although the frequency content
is not random in this particular PSD function, the underly-
ing stochastic process is just an approximation by SRM. The
FFT of the selected signal of the SRM only gives an esti-
mation of the underlying PSD function. This remark also
motivated the development of the Shinozuka benchmark, as
it makes it possible to ensure a more predictable outcome
of the PSD estimation. Discrepancy at higher frequencies is
again present but generally low.

As a general remark, structures exhibit the most relevant
responses in thefirst fewmodes.Therefore, theNamazuoper-
ating range is concentrated on low frequencies reproduced
with a good agreement. Depending on the natural frequen-
cies of the structure of interest, a closer examination of the
achievable frequency range may be necessary.

Test 3: Shinozuka Benchmark

Test 3 aims at validating the accuracy of the tablemotionwith
desired stochastic signals in the frequency domain with the
Shinozuka benchmark (Section “Stationary stochastic sig-
nals”). The benchmark consists of ten different displacement
signals, each from one realization of the PSD in equation
(2). Each signal is called an individual experiment and num-

1 2 3 4 5 6 7 8 9 10
0
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0.2

0.3

0.4

0.5
Abs. error range
mean error
max error

Fig. 19 Measured displacement and absolute displacement error for the Shinozuka loading, Test 3, (a) Experiment #4, (b) statistics of the instan-
taneous displacement error for the ten experiments
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Fig. 20 Target and input PSD functions compared to PSD estimations
of themeasured displacements in experiments #1 to #10, (a) Direct PSD
comparisons. (b) Statistics of the PSD errors per frequency range for
the ten experiments

bered from #1 to #10. One experiment therefore consists of a
specific input signal and the corresponding LVDT measure-
ments of the plate motion. As mentioned before, the exact
PSD is theoretically obtained by the periodogram if the table
motion during one experiment is accurate. Deviations in the
measurements directly indicate inaccuracies in the table. The
ten signal realizations depicted in Fig. 18 are generated from
equation (3) and applied to the plate. Themaximumdisplace-
ment for the ten experiments is about 10mm. The signals
have been scaled by the factor As = 3 to increase the true
displacements. A Monte Carlo simulation of 106 signals uti-
lizing SRM with As = 3 resulted in a maximum absolute
amplitude of 18mm, which was chosen to have a reasonable
range of the plate displacements.

Scaling of the signal in the time domain to achieve larger
displacements results in larger values of the estimated PSD
function. To perform the Shinozuka benchmark, such that
one can compare how well the target PSD is reproduced, and
before applying the periodogram equation (7), the measured
displacements need to be divided by the factorAs . This oper-
ation has been done for the input signal in Fig. 4 to match
the targeted PSD.

The first step of the benchmark focuses on the LVDT dis-
placement measurements of the plate (Fig. 19). The results
of experiment #4 for the measured displacement compared
to the input signal of the plate motion is plotted in Fig. 19(a).
The statistics of the absolute displacement errors of each time
instance for the ten signals is shown in Fig. 19(b). These data
are represented by standard box-whisker plots. Information
on the boxplot parameters is provided in Appendix B.

From this sample set, experiment #4 exhibits the largest
maximum absolute error of 390µm, whereas experiment #3
exhibits the largest mean absolute error of 81µm. The mean
error over the whole set of experiments is 62µm. This obser-
vation shows that the shaking table provides the targeted
absolute displacements in an acceptable range of error.

Fig. 21 Measured angle as given by the difference between the two LVDT measures for the harmonic and random loading, (a) Test 1-2: mixed
frequency loading, (b) Test 2: Sω≤7Hz
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In the second step of this analysis, the PSD function esti-
mations i.e. the signal frequency contents are analyzed in
Fig. 20. ThePSD functions, estimated from themeasured dis-
placements, for the ten experiments, are given in Fig. 20(a). A
deviation is observable comparedwith the target PSD (Fig. 4)
for all the experiments for angular frequencies greater than
1.8 rad/s. Some energy is dissipated by the shaking table due
to friction, other sources of inaccuracies could stem from
the material behavior, belt flexure, or bearing clearances for
instance. These phenomena result in a lower power for all fre-
quencies and can be of significant influence, especially for
higher angular frequencies, ω > 9 rad/s. It may happen that
these frequencies do not exist in the table motion because the
estimated PSD values of the measurements are converging
faster to zero than the target PSD.

The statistical analysis of the errors over the ten exper-
iments is shown in Fig. 20(b). Both mean and maximum
errors do not fluctuate significantly between the different
realizations of the Shinozuka benchmark. They are within
acceptable ranges. Overall, the estimated PSD functions are
in good accordance with this target.

Summary and Discussion

In all tests, the table has been able to closely follow the pre-
scribed signal and with no phase lag. The largest errors have
been observed during changes in direction, indicating back-
lash is present in the belt gear assembly. From the Shinozuka
benchmark, it is concluded that frequencies above a certain
threshold are dampedmore than others. However, the desired
PSD is matched with a good accuracy.

Overall, the errors are mostly due to mechanical phenom-
ena, e.g. friction, belt flexing, misalignment of the rails, and
bearing clearances, and not due to the controller software.We
also note that it is not required to perform another calibration
but just setting the resolution of the table in steps per unit
displacement (equation (5)). As shown in Fig. 21, some rota-
tion of the plate due to bearing clearances is observed for the
mixed harmonic (Test 1-2) and the PSD (Test 2) tests, which
contributes to the difference in displacement. However, the
total rotation remains small.

Conclusion

Namazu, a low-cost shaking-table framework for dynamic
and stochastic dynamic analysis, is presented. All hardware
parts are off-the-shelf components, making the table con-
struction accessible to many teachers and researchers. Any
desired time-displacement signal (harmonic, random exci-
tation, seismic ground motion, and other vibrations) can be
prescribed. The open-source control software is specially tai-
lored for generating and applying stochastic signals. Some

elements of the shaking table, such as themotor or the driving
system, can be changed depending on the user’s needs with-
out any software change since a standard interface for bipolar
stepper motors was used. Moreover, table usage is possi-
ble through any programming environment that can interface
with serial ports since the controller code has been developed
from the ground up.

The shaking table is designed for testing 3D-printedmock-
ups. Due to their low weight, it is possible to use motors
with low torques so that this low-cost shaking table can be
used for teaching and research purposes. We have assessed
the accuracy of the table motion with respect to the desired
acceleration signals through various loadings LVDT mea-
surements. Experiments with a high accuracy in terms of
time and frequency have been performed for various signals,
including the Shinozuka benchmark.

It is planned to use Namazu for the verification of reli-
ability analysis algorithms, predicting and analyzing failure
mechanisms of specificmaterials or small-scale load-bearing
components.

A Periodogram

The periodogram [30] is an estimator to determine PSD func-
tions from stochastic signals. It is defined as the squared
absolute value of the discrete Fourier transform of a time
signal X(t)

ŜX (ωk) = lim
T→∞

�t2

T

∣∣∣∣∣

T−1∑

t=0

X(t)e−2π ikt/T

∣∣∣∣∣

2

, (7)

where T is the total number of discretized signal points and
�t the time increment. The time instant in the record t is just
an index and k is the angular frequency discretization with
ωk = 2πk

T .

B Boxplot Parameters

Figures 19(b) and 20(b) comprise boxplots. The horizontal
line inside the box corresponds to the median of the analyzed
samples. The top and bottom edges of each box represent the
upper and lower quartiles i.e. 0.75 and 0.25 quantiles of the
data, respectively. The distance between the top and bottom
edges is the interquartile range denoted I QR.

The outliers are values that are more than 1.5 · I QR away
from the top or bottom of the box. The whiskers are lines that
extend above and below each box. The top whisker connects
the upper quartile to the non-outliermaximum (themaximum
data value that is not an outlier), and vice versa for the lower
whisker.
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