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A b s t r a c t: This paper focuses on developing a real-time system for vibration analysis and resonance detection 

in stepper motors used in CNC machines. The goal is to optimize motor performance and reduce resonance effects, 

which impact precision and efficiency. The ADXL345 accelerometer is mounted near the motor shaft to measure vi-

brations, while the Arduino Mega 2560 serves as an interface. Vibration data is processed in LabVIEW using FFT to 

analyze frequency and time domains. A potentiometer controls the motor speed, powered by an L298N driver. Addi-

tionally, an Arduino Uno reads the potentiometer input and adjusts the speed. The TCST1230 optical sensor measures 

the motor’s RPM, allowing a detailed analysis of the relationship between speed and vibration frequencies. Results 

visualized in Excel help identify resonance frequencies, enabling better parameter selection. This system enhances the 

accuracy, efficiency, and longevity of CNC machines by minimizing harmful vibrations. 

Key words: resonance detection; CNC machine; accelerometer; FFT; Arduino 

РЕАЛНОВРЕМЕНСКА АНАЛИЗА НА ВИБРАЦИИ И ДЕТЕКЦИЈА НА РЕЗОНАНЦИЈА  

КАЈ ЧЕКОРНИТЕ МОТОРИ 

А п с т р а к т: Овој труд се фокусира на развој на реалновременски системи за анализа на вибрации и 

детекција на резонанција кај чекорните мотори во CNC-машини. Целта е да се оптимизираат перформансите 

на моторот и да се намалат негативните ефекти од резонанција, која влијае врз прецизноста и ефикасноста. До 

вратилото на моторот е поставен акцелерометар ADXL345 за мерење вибрации, додека Arduino Mega 2560 

служи како интерфејс. Податоците се обработуваат во LabVIEW користејќи FFT за анализа во фреквенциски и 

временски домен. Потенциометарот ја контролира брзината, додека драјверот L298N го напојува моторот. 

Дополнително, Arduino Uno го чита сигналот од потенциометарот и ја контролира брзината. Оптичкиот сензор 

TCST1230 ја мери брзината на моторот RPM, овозможувајќи анализа на врската меѓу брзината и вибрациите. 

Резултатите во Excel помагаат во идентификација на резонантните фреквенции, овозможувајќи подобар избор 

на параметрите и намалување на штетните вибрации во CNC-машините. 

Клучни зборови: детекција на резонанција; CNC-машина; акцелерометар; FFT; Aрдуино

1. INTRODUCTION 

Over the years, stepper motors have evolved 

significantly, with their commercial adoption begin-

ning in the 1960s. This was largely due to advance-

ments in silicon wafer fabrication, which enabled 

the development of devices capable of switching 

high DC currents in motor windings. Initially, step-

per motors were not considered a viable alternative 

to AC or DC servomotors because of their limited 

high-speed performance. However, as noted by 

Stout (2000), improvements in motor design and 

drive systems have made stepper motors highly ef-

fective actuators in digital control systems. Their 

operation can be described as inherently digital, as 

the rotor moves in precise, discrete steps when the 

motor windings are energized [1].  

Stepper motors enable various operating modes, 

such as Fullstepping, Halfstepping, and Microstep-

ping, which play a crucial role in their use in differ-

ent applications (CNC machines, robotic arms, 3D 

printers, etc.). In the context of research on frequen-

cy resonance detection, the characteristics of the 

Fullstepping mode are of particular importance and 
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will be used in this study. Below Table 1 is a ex-

plaining the different operating modes and their 

characteristics based on the specifications provided 

in the QSH4218 stepper motor datasheet [2]. 

T a b l e 1 

Different operating modes of stepper motors and 

their characteristics 

Driver scheme Resolution Velocity range Comment 

Fullstepping 200 steps  

per rotation 

Low to very 

high. 

Skip resonance 

areas in low to 

medium 

velocity range 

Audible noise 

and vibrations 

especially at 

low velocities 

Halfstepping 200 steps  

per rota-

tion*2 

Low to very 

high. 

Skip resonance 

areas in low to 

medium 

velocity range 

Audible noise 

and vibrations 

especially at 

low velocities 

Microstepping 200*(num 

ber of micro-

steps) per 

rotation 

Low to high Low noise, 

smooth motor 

behavior 

Mixed: Micro-

stepping and 

Fullstepping 

for high 

velocitites 

200*(number 

of micro-

steps) per 

rotation 

Low to very 

high 

At high 

velocities, 

there is no 

audible 

difference for 

fullstepping 

 

When a step motor is driven in the open-loop 

mode, pronounced velocity oscillations are ob-

served in certain input frequency ranges (steps/sec). 

In the low-frequency range, the step motor exhibits 

substantial oscillations at or near the natural fre-

quency and its subharmonics. This phenomenon, 

known as "low-frequency resonance", is well-docu-

mented in the literature. According to Higuchi, Mi-

zuno, and Oshima (1981), this resonance occurs due 

to the interaction between the motor's mechanical 

inertia and the electromagnetic forces generated 

during operation [3]. In this study, resonance is de-

tected by comparing the input frequency (derived 

from the optic sensor measuring RPM) with the vi-

bration frequency (measured using the ADXL345 

accelerometer). When these frequencies align, the 

system enters a resonant state, leading to increased 

vibrations and oscillations, as predicted by the the-

oretical framework described in [3]. Resonance in 

stepper motors can significantly affect their stabil-

ity, particularly at certain speeds, leading to unsta-

ble torque output. A common issue in motion con-

trol systems is the occurrence of vibrations at low 

speeds, which become especially pronounced when 

the motor operates near its resonance frequency. As 

demonstrated by Arva, Stanica, and Anghel (2018) 

[4], one of the primary causes of these vibrations is 

cogging torque, which arises from the interaction 

between the permanent magnet poles and the stator, 

generating unwanted oscillations. As the input fre-

quency approaches the motor's natural frequency, 

the system may initially appear to function normal-

ly; however, speed oscillations eventually emerge. 

This oscillatory behavior typically becomes notice-

able at frequencies higher than several hundred 

steps per second. In the literature, this phenomenon 

is commonly referred to as "medium frequency res-

onance" or "high frequency resonance". When the 

motor operates within its resonance frequency 

range, a sudden drop in available torque is observed, 

and the torque does not recover to its previous level. 

This effect, referred to as a torque drop on the 

torque-speed curve, severely limits the motor's op-

erational performance [4]. Additionally, Kenjo and 

Sugawara (1994) [5] highlight that the resonance 

phenomenon is exacerbated by the nonlinear dy-

namics of the motor's rotor-stator interaction, par-

ticularly in open-loop control systems where feed-

back compensation is absent [5]. In the context of 

CNC machines, resonance can have detrimental ef-

fects on machining accuracy and surface finish. As 

noted by Altintas and Weck (2004) [6], vibrations 

caused by resonance in stepper motors can propa-

gate through the machine structure, leading to chat-

ter and poor surface quality in machined parts [6]. 

This is particularly critical in high-precision CNC 

applications, where even minor oscillations can re-

sult in dimensional inaccuracies and increased tool 

wear. Smith et al. (2020) [14] further emphasize that 

resonance-induced vibrations in CNC systems can 

lead to reduced machining efficiency and higher en-

ergy consumption, highlighting the need for effec-

tive resonance suppression techniques [7].  

The study underscores the importance of miti-

gating resonance in CNC systems to ensure optimal 

performance and product quality. The present paper 

is structured as follows: The second section presents 

the operating mode and connections required to 

drive the stepper motor. The third section explains 

the selection of the sensor. The fourth section pre-

sents the experimental setup and experimental re-

sults, while the final section is reserved for conclu-

sions. 
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2. STEPPER MOTOR CONNECTIONS 

a) Stepper motor calculations 

The stepper motor's behavior is a critical factor 

in the Arduino coding process, and its implementa-

tion depends on the specific type of motor selected. 

As described in the research by Harun and Lim, to 

calculate the number of steps required for the motor 

to complete one full revolution, the following equa-

tion is used. For most standard stepper motors, the 

step angle is 1.8 degrees per step, which translates 

to 200 steps per revolution [8]. 

360 𝐷𝑒𝑔𝑟𝑒𝑒

1 𝑅𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
𝐷𝑒𝑔𝑟𝑒𝑒

𝑆𝑡𝑒𝑝

=
𝑆𝑡𝑒𝑝

𝑅𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 

As mentioned at the beginning, there are dif-

ferent operating modes for the stepper motor, but for 

the purpose of this study, we use the mode that is 

most suitable for vibration detection and frequency 

resonance analysis, which is the Full-step mode. 

This operating mode ensures a constant angular po-

sition of 1.8° per step. In our case, with an angle of 

1.8° per step, the number of steps per revolution will 

be: 

360°

1,8 °
= 200 𝑠𝑡𝑒𝑝𝑠/𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

For this research, a NEMA17 stepper motor 

(model QSH4218-35-10-027) was utilized. Accord-

ing to the datasheet documentation (see Figure 1), 

the wiring layout and the configuration of the two 

windings were identified, which is critical for ensur-

ing correct motor connections.  

 

Fig. 1. Documentation of the datasheet for stepper motor 

NEMA17 QSH4218-35-10-027 

The motor is equipped with UL 1007 wires, 

which have a thickness of AWG26. This wire spec-

ification is vital for maintaining sufficient electrical 

conductivity and minimizing resistance within the 

system. These parameters are particularly signifi-

cant in this study, as proper electrical connectivity 

and reduced losses are essential for obtaining pre-

cise motor speed measurements [9]. 

b) Stepper motor connections 

One of the critical aspects of stepper motor ap-

plications is the selection of a suitable driver for mo-

tor control. Operating a stepper motor involves 

switching the current between the stator windings, a 

function managed by the driver, which regulates and 

amplifies the control pulses. For this study, the 

L298N driver was integrated to power the motor, 

serving as the central component of the motion con-

trol hardware system. Based on the methodology 

outlined in Muain (2010) [10], the L298N driver 

acted as a power interface, enabling synchronization 

between the microcontroller and the NEMA17 step-

per motor. Powered by a 12 V and 2 A adapter, the 

L298N efficiently regulated and amplified the volt-

age and current, ensuring optimal motor performan-

ce. The motor windings were connected to the des-

ignated A and B pins on the L298N driver, follow-

ing the connection scheme described in Muain 

(2010). Additionally, the control pins were carefully 

linked to the corresponding pins on the Arduino, es-

tablishing a reliable communication pathway. To 

connect all components, 6 female-to-male jumper 

wires and 3 male-to-male jumper wires were used. 

A stable electrical environment was achieved by 

grounding the negative pins together with the Ar-

duino’s ground, as recommended in the referenced 

research [10]. To control the speed of the stepper 

motor, a 100 kΩ potentiometer was used, enabling 

precise speed regulation, which is essential for vi-

bration measurement. In this setup, an Arduino 

UNO was implemented, powered via an adapter, 

and served as the central control unit for managing 

the motor's operation. The connection diagram, in-

cluding the L298N driver, stepper motor, potenti-

ometer, and all necessary pins from the Arduino 

UNO, is shown in Figure 2. 

 
Fig. 2. Connection diagram of the stepper motor,  

L298N driver, Arduino UNO, and potentiometer 
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3. ADXL345 ACCELEROMETER 

The selection of the sensor is crucial for achi-

eving accurate results, with requirements for stable 

performance and a good frequency response. Ac-

cording to the study by Rodrigues et al. (2021) [11], 

Micro-Electro-Mechanical Systems (MEMS) are 

microdevices that combine mechanical and electri-

cal properties, creating an interface between me-

chanical and electronic phenomena at a microscopic 

level. Accelerometers developed using this technol-

ogy consist of three main components: (i) a seismic 

mass, (ii) a system of micro-springs that attach the 

mass to the circuit substrate, and (iii) a system of 

multiple parallel plate capacitors. When the seismic 

mass is subjected to acceleration, the springs allow 

the lateral plates of the mass to move into the die-

lectric region of the capacitors. The presence of this 

material within the electric field causes a variation 

in the system's capacitance, generating an electrical 

disturbance that can be detected by measuring the 

electric current between the plates in an intermedi-

ate circuit [11].  

The ability of an accelerometer to provide reli-

able responses under mechanical excitation is deter-

mined by five key criteria: 

i) Sensitivity, which relates the intensity of the 

electrical signal (in V) to the amplitude of vibrаti-

ons; 

ii) Frequency range, which defines the range of 

frequencies supported by the circuit; 

iii) Maximum supported vibration amplitude, 

which indicates the highest vibration level the ac-

celerometer can measure; 

iv) Shock limit, which specifies the maximum 

acceleration the MEMS device can withstand; 

v) Linearity, which reflects how well the accel-

erometer's responses align with a specific mathe-

matical model within the supported frequency 

range. 

The analysis of these characteristics, combined 

with the implementation costs, is ideal for selecting 

the most suitable accelerometer for our application. 

A list of key specifications for the desired applica-

tion has been established, as shown in Table 2. The 

acceleration range was determined based on re-

search by Saponara et al. (2015) [12]. The band-

width, or frequency range, is a critical factor in de-

termining which sensor to use. For digital MEMS 

sensors, the bandwidth is limited to half the data 

transmission rate of the signal processing circuit to 

satisfy the Nyquist frequency criterion. The operat-

ing temperature is also significant, as high tempera-

tures can occur during the operational mode of the 

stepper motor.   

T a b l e 2 

Desired sensor specification 

Specification Min Max 

Brandwidth 50 Hz 1 kHz 

Interface Digital or analog N/A 

Operating temperature –10°C 70°C 

Acceleration range 0.5 g 5 g 

Noise density Og/√Hz 10 mg/√Hz 

Cross axis sensitivity   

Cost 0 $150 

 

With these key characteristics in mind, a selec-

tion of commonly available sensors has been evalu-

ated in Table 3. All of these sensors come pre-

mounted on development boards that include basic 

circuitry and connection terminals. They are all de-

signed to function within a temperature range of -

40°C to +85°C, making them well-suited for the in-

tended application.  

T a b l e 3 

Comparison of MEMS sensors  

for vibration measurement 

Sensor Band. width.  

Hz 

Interface Noise density 

mg/√Hz 

Cost 

($) 

ADXL345 6.25 to 1600 SPI / I2C 3.9 

31.2 

84 

ADXL343 0.1 to 1600 SPI 4.2 

34.3 

60 

ADIS16209 0 to 50 SPI 0.19 161 

ADXL375 0 to 1000 SPI / I2C 5 60 

LIS331AL 0 to 1000 Analog 0.3 71 

BMA150 25 to 1500 I2C 0.5 42 

 

From the analyzed MEMS sensors, the most 

suitable for measuring vibrations on a stepper motor 

is the ADXL345, as it meets all the required criteria. 

The ADXL345 (Figure 3) is a compact 3 mm × 5 mm 

× 1 mm device with a selectable measurement range 

of ±2 g, ±4 g, ±8 g, and ±16 g. For this application, 
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the ±2 g range is used, as it offers the highest reso-

lution, which is ideal for detecting small vibrations 

in the stepper motor. It features a 32 level FIFO 

buffer, reducing microcontroller interaction and 

saving power. The block diagram below shows the 

3 axis MEMS sensor, ADC, digital filter, and FIFO 

buffer. It supports SPI and I2C communication, has 

interrupt logic for event detection, and includes a 

power management system for efficient operation. 

 

 
Fig. 3. ADXL345 sensor module and block diagram 

4. EXPERIMENTAL SETUP 

a) Hardware setup and description 

The hardware setup shown in Figure 4 consists 

of a stepper motor (NEMA17), Arduino UNO, Ar-

duino mega 2560, L298N driver, ADXL345 and 

TCST1230 optic sensor. The optical sensor is mount-

ed on one of the mounting holes of the stepper motor 

to measure RPM. A metal disk with a hole is at-

tached to the motor shaft, and the optical sensor de-

tects this hole to monitor the rotational movement. 

Additionally, the ADXL345 accelerometer is 

mounted on the other mounting hole of the stepper 

motor, allowing it to capture more accurate data for 

the RPM measurement. The experimental setup 

works as follows: The Arduino Mega 2560 is re-

sponsible for signal processing through LabVIEW. 

It communicates with the sensors via the SDA and 

SCL pins, collecting data from both the optical sen-

sor (for RPM measurement) and the ADXL345 ac-

celerometer (for more precise motion data). The 

data is processed in LabVIEW using FFT blocks to 

analyze the signals in both the time and frequency 

domains. This enables the display of RPM and other 

relevant metrics on the LabVIEW front panel. The 

Arduino UNO is used to drive the stepper motor, 

with a potentiometer allowing the motor’s speed to 

be varied from minimum to maximum in order to 

detect resonance frequencies. The optical sensor 

monitors the RPM, which is then displayed on the 

LabVIEW front panel through a gauge. 

 
Fig. 4. Hardware setup 

b) Signal processing and FFT implementation  

in LabVIEW 

For measuring the vibrations of a stepper mo-

tor using LabVIEW and Arduino Mega 2560, the 

Fast Fourier Transform (FFT) is essential for signal 

processing. Several parameters in the Virtual Instru-

ment (VI) play a key role in obtaining accurate mea-

surements. The sampling frequency (fs) defines the 

number of measurements or samples taken per unit 

of time during the digitization of the analog signal, 

and it must be greater than twice the highest fre-

quency of the vibration signal to avoid aliasing 

(false frequency). The FFT size (N) determines the 

number of points used for the FFT calculation, di-

rectly affecting both the frequency resolution (Δf) 

and the computational load. Specifically, a larger 

FFT size allows for a finer frequency resolution, but 

it also demands more computation time. For exam-

ple, when the sampling frequency (fs) is set to 3.7 

Hz and the FFT size (N) is 1024, the frequency res-

olution is calculated as shown in the literature by 

National Instruments (2020), where the relationship 

between fs, N, and frequency resolution is described 

in detail [13]. 

Δf = 
𝑓𝑠

𝑁
 = 

3,7

1024
  = 0.00361 Hz 

This implies that we can distinguish frequen-

cies with very small differences, which is particu-

larly important when analyzing vibrations with 

closely spaced frequency components. The chosen 
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parameters fs = 3.7 Hz and N =1024 are suitable be-

cause they provide sufficiently high resolution for 

analyzing the vibrations of the stepper motor, whose 

operating frequency ranges from 0 to 1.8 Hz. The 

sampling frequency fs = 3.7 Hz is greater than twice 

the highest frequency of the signal (1.8 Hz × 2 = 3.6 

Hz), meaning it satisfies the Sampling Theorem and 

ensures accurate reconstruction of the signal's fre-

quency components without aliasing. With this con-

figuration, the stepper motor's vibrations can be pre-

cisely analyzed in both the time domain using the 

Time Graph and in the frequency domain using the 

Frequency Graph. 

5. RESULTS AND DISCUSSION 

a) Vibration analysis along the X-axis 

In the experimental setup, the ADXL345 ac-

celerometer is mounted on the stepper motor’s 

mounting hole, with its X and Y axes aligned hori-

zontally, while the Z-axis is oriented vertically. 

Exeriments were first conducted at lower speeds, 20 

and 40 RPM, to analyze resonance effects. At these 

speeds, resonance was detected, causing the motor 

to stop due to mechanical instability. FFT analysis 

shown in Figure 5 revealed resonant frequencies of 

1.40 Hz (20 RPM) and 1.60 Hz (40 RPM), while the 

calculated rotational frequencies of the motor were 

0.30 Hz and 0.67 Hz, respectively. This occurred 

due to the alignment of natural vibration frequencies 

with harmonics generated by the motor’s rotation, 

amplifying vibrations and leading to instability. Fig-

ure 5 also shows amplified vibrations in the time do-

main, particularly along the X-axis, further confirm-

ing the presence of resonance. These data clearly in-

dicate that at 20 RPM and 40 RPM, the system en-

ters a critical operating mode, leading to significant 

mechanical disturbances and motor stoppage. 

Meanwhile experiments at higher speeds were also 

conducted, 60 and 120 RPM, where the frequency 

graph revealed dominant frequency which exactly 

matched the calculated rotational frequency. Unlike 

the previous speeds where resonance occurred, this 

time the motor continued to operate without inter-

ruptions. 

 

Fig. 5. Analysis of stepper motor vibrations at 20 RPM 

b)Vibration analysis along the Y-axis and Z-axis 

After completing the experiments around X-

axis, experiments were further conducted around the 

Y-axis, following the same approach as before, start-

ing with lower speeds 20 and 40 RPM. FFT analysis 

shown in the Figure 6, revealed a resonant frequen-

cy of 1.40 Hz (20 RPM) and 1.20 Hz (40 RPM), 

while the calculated rotational frequencies of the 

motor were 0.35 Hz and 0.67 Hz, respectively. Sim-

ilar to the observations along the X-axis, this overlap 

between the system's natural frequency and the har-

monics generated by the motor's rotation led to the 

occurrence of resonance. The consequences of reso-

nance were clearly visible: the motor exhibited sig-

nificant instability and eventually stopped function-

ing completely. In the time domain, pronounced os-

cillations were observed, particularly along the Y-

axis, further confirming the presence of resonance. 

To ensure system stability and safety, it is essential 

to avoid resonant frequencies. Following the exper-

iments around speeds of 60 and 120 RPM. Similar 

to the results along the X-axis, the frequency graph 

revealed a dominant frequency that exactly matched 

the calculated rotational frequency. At these speeds, 

the motor continued to operate stably without inter-

ruptions, unlike the lower speeds where resonance 
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occurred. This indicates that the system avoided  

resonance conditions, allowing for stable operation. 

The absence of significant amplitude changes in the 

frequency spectrum and the balanced vibration dis-

tribution along the Y-axis further confirmed the sys-

tem's stability under these conditions, consistent 

with the findings for the X-axis. In the analysis of 

vibrations around the Z-axis, it was observed that no 

significant oscillations occurred. This is due to the 

orientation of the ADXL345 sensor, which is posi-

tioned such that the Z-axis is directed upward and 

aligned with the coordinate origin. As a result, the 

motor does not exhibit acceleration or movement in 

this direction. This configuration ensures that all vi-

brations measured along the Z-axis are minimal or 

negligible. This configuration ensures that all vibra-

tions measured along the Z-axis are minimal or neg-

ligible. The measurements along all three axes (X, 

Y, and Z) align with findings in the research by 

Smith et al., where multi-axis vibration analysis is 

commonly employed to assess system dynamics and 

resonance conditions [14]. 

 
Fig. 6. Analysis of stepper motor vibrations at 40 RPM 

6. CONCLUSION 

From the measurements conducted around the 

X-axis and Y-axis, it has been confirmed that reso-

nance occurs only at low motor speeds. This was in-

itially mentioned when explaining the operational 

mode of the stepper motor, where in fullstepping 

mode at low speeds, frequency resonance occurs, 

leading to the interruption of the motor's rotation. 

The results of the analysis clearly show at which 

RPM values frequency resonance occurs. In Figure 

7, similar to the findings of Zhang et al. [15], who 

investigated RPM-frequency relationships in CNC 

machines using stepper motors, the graph illustrates 

the relationship between RPM and frequency, 

demonstrating that at low speeds, specifically 20 

RPM and 40 RPM (Figure 8), frequency resonance 

occurs (causing the motor to stop), while at higher 

speeds of 60 RPM and 120 RPM, the motor operates 

without interruptions. This is particularly important 

for CNC machines, where operating at speeds that 

match resonant frequencies can lead to mechanical 

instability, reduced precision, and potential damage. 

Therefore, it is not recommended for CNC systems 

to operate at speeds that align with these resonant 

frequencies. One of the major limitations of research 

within this field is the fact that the influence of tem-

perature on the sensor. It has been observed that the 

stepper motor generates significant heat during op-

eration, which directly impacts the precision of the 

measurements. The increase in temperature can 

cause changes in the sensor’s characteristics, result-

ing in inaccurate data (Figure 9). To minimize these 

effects, it is necessary to implement appropriate 

cooling methods or thermal isolation. Future devel-

opments should prioritize improving sensor stability 

and accuracy under varying temperature conditions, 

addressing the impact of heat on measurement pre-

cision. In addition, integrating high-speed ADCs 

with powerful processors, such as those from 

NVIDIA, could significantly enhance data pro-

cessing capabilities. This would enable faster, more 

accurate resonance detection and real-time analysis. 

Additionally, the use of advanced machine learning 

algorithms, combined with IoT technologies for 

continuous monitoring, could further enhance sys-

tem efficiency and reliability, ensuring precise vi-

bration measurements for industrial applications.  



56 M. Ademi, M. Anačkova, D. Šiškovski 

Mech. Eng. – Sci. J., 43, 1, 49–57 (2025) 

 

Fig. 7. Analysis of stepper motor vibrations at 20 RPM 

 
Fig. 8. Analysis of stepper motor vibrations at 40 RPM 

 
Fig. 9. Analysis of stepper motor resonance: RPM frequency correlation 
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