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Abstract: In this paper, dynamic and vibration characteristics of a newly developed 5-degrees-of-
freedom (5-DOF) long-reach robotic arm for farm applications is studied through finite element
analysis (FEA), as well as experimentally. The new manipulator is designed to be light and compact
enough that it can be mounted on a small vehicle for farm applications. A finite element model of
this novel manipulator was established using a commercial FEA software. FEA was carried out for
two different configurations of the manipulator (fully-extended and vertical half-extended). The
fully-extended configuration provides the longest reach of the arm and is one of the most commonly
used poses in farm applications; vibrations of this configuration are highly affected by its base
excitation. The FEA results indicated that the first six natural frequencies of the manipulator for the
two configurations considered were between 4.4 to 41.6 (Hz). Modal analysis on the fully-extended
configuration was completed using experimental modal analysis to verify the finite element results.
In the experiments, acceleration data were obtained utilizing sensors, and were post-processed using
Fast-Fourier Transforms. The first six natural frequencies and their corresponding mode shapes were
obtained using FEA and also experimentally, and the results were compared; the comparison showed
good agreement, with less than 10% difference. Our verified FE model provides a reliable basis for
future vibration control for the newly developed robotic arm for different applications. A harmonic
response simulation was also carried out using an experimentally corrected FE model; this provides
a good understanding of the dynamic behavior of the newly developed arm under base excitation.
This paper offers an experimentally corrected FEA model for a large manipulator with base excitation
for farm applications.

Keywords: vibration of robot manipulator; model corrected finite element analysis; experimental
modal analysis

1. Introduction
1.1. Motivation and Background

Vibration analysis and identification are used to investigate dynamic characteristics
in a wide range of areas such as biomedical, agricultural, condition monitoring in railway
technology [1], and manufacturing. Finite Element (FE) analysis of complex dynamic
systems provides an opportunity for building useful computer models to advance research
in different aspects of such systems’ behavior. High-degree-of-freedom robot manipulators
are complex dynamic systems, and vibrations can have adverse effects on both trajectory
tracking performance and their stability; the former results in positioning errors and the
latter results in damage to actuators and other components and poses safety risks during
operation. Multiple research works employed vibration analysis using FEA for robot arms
including the works by [2-7]. In [2,3], the researchers performed finite element modal and
harmonic analysis on robotic structures to analyze dynamic performance using commercial
software. Sahu et al. [4] investigated the effect of cracks in the structure of an industrial
robotic arm on vibration by comparing modal analysis results of the robot with and without
cracks. Zhou et al. [5] used finite element modal analysis for a robot manipulator in a
farming application for its different typical poses with the aim of providing a foundation
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for an optimized design. Cheng et al. [6] introduced a planar multi-joint handling robot and
investigated the vibration of this robot using finite element modal analysis with SolidWorks.
A modal matching analysis of the robot key components was also presented. He et al. [7]
used FEA for structural static analysis and modal analysis on a humanoid robot arm. Their
results were used for optimum design of the arm. In another research work on humanoid
robots, Zhang et al. [8] worked on designing an optimized lightweight structure of a calf
structure for a hydraulic biped robot. They performed finite element static and modal
analysis on their proposed structure.

In [9], a method was presented for modal analysis and spectrum construction that
yielded harmonics and structural modes of vibration. The authors then performed numeri-
cal simulations for a 3-DOF system and experimental tests on a 6-DOF flexible manipulator.

In another research work presented in [10], the vibration behavior of a multi-joint
flexible robotic arm was analyzed based on obtaining modal parameters using both finite
element and experimental methods. Tang et al. [11] performed finite element and experi-
mental modal analysis on a SCARA robot and then attempted to isolate the vibration of the
arm by changing the shape of its base to reduce vibration. Liao et al. [12] also established
a FE model for the base of a welding robot; finite element modal analysis was conducted
for design optimization of the welding robot. Modal experiments along with simulations
were also used for assessing vibration reduction efforts for flexible robot links like in [13].
In another study for a biomedical application, Faieghi et al. [14] utilized an empirical
approach to study tool vibrations in a robot-driven human glenoid reaming procedure.
In [15], experimental modal analysis was used to investigate the effects of non-linearities in
joints, different operational poses and the dynamic behavior of a 7-DOF harvesting robot
manipulator. In [16,17], the authors presented dynamic models of flexible-joint 6-DOF
robot manipulators. They used experimental modal analysis to validate predictions of their
dynamic models and the vibration of the manipulators. There are other research works
incorporating vibration analysis of robotic manipulators in motion planning or dynamic
modeling such as works [18-20].

In [18], vibration analysis was used for a trajectory planning strategy aimed at reducing
residual vibration and execution time in industrial manipulators. Min et al. [19] presented
a collision detection method and identification scheme for robot manipulators using results
from vibration analysis. In [20], the results of a selective modal testing on an industrial
robot manipulator were used to identify the stiffness of joints. A dynamic model of the
manipulator was also developed. An analytical approach and finite element method
were used in [21] to analyze vibration behavior of cable-driven parallel robots. Free
vibration results from their methods were compared with results from commercial software.
Ivanov et al. [22] performed an analytical study on the problem of protecting a robot arm
from small base vibrations. In their research work, they presented a mathematical model
for the manipulator motion with small vertical periodic vibrations of the base as well as
a model for the vibration isolation of the manipulator. The analytical solution for such a
vibration problem incorporated non-linear and complex mathematical equations even for
these small base excitations.

In our paper, free (FE and experimental modal analysis) and forced vibration analy-
sis are conducted for a newly-developed 5-DOF long-reach robot manipulator, which is
mounted on a moving vehicle traveling on uneven terrain in a farm setting. The problem
studied here is somewhat close to the vibration isolation problem presented in [22]; how-
ever, base excitation in our application cannot be considered as small vibrations, because
farm terrain is rough and produces large amplitude vibrations. In finite element harmoni-
cally excited forced vibration analysis, vertical sinusoidal base excitation is numerically
modelled. In our work, the aim is to provide useful data for the practical vibration damping
of the 5-DOF robot arm and reduce the complexity of the analytical approach to this type
of problem.
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1.2. The Developed Manipulator

The dynamic system in this study is a 5-DOF hybrid robot manipulator with a compact
structure, which has recently been developed and tested as shown in Figures 1 and 2. The
main sections of the manipulator are shown; the “upper arm” includes a prismatic upper
links and an end-effector. The lower arm includes two parallel links. Detailed kinematics
and dynamics analysis of this manipulator is presented in our previous published work
in [23]. This manipulator has four rotational joints and one prismatic joint. Constrains for
each joint are presented in Table 1. The parallel structure of the manipulator lowers center
of gravity of the arm, which reduces the torque requirements for other joints, with the same
payload. Each section of the arm’s structure is about one meter long; the prismatic joint
provides another one-meter reach, which gives the manipulator a total reach of about three
meters. The manipulator is designed to be light (less than 100 kg) and compact enough that
it can be fitted onto a small vehicle for farm applications for crop monitoring. These aspects
make this manipulator novel, since it is designed to be mounted on a mobile platform.
Such a mobile manipulator does not exist commercially [23].

(a) (®)
Figure 1. 5-DOF robotic manipulator used here: (a) its DOF; (b) its angles and lengths.

(a) (b)

Figure 2. CAD models of the 5-DOF robot manipulator, (a) detailed and (b) simplified.

Table 1. Position Constrains for the manipulator Joints.

Joint Position Constraints
1 0° < 6y <360°
2 0° <6, <120°
3 0, < 03 <180°
4 0<Ly;<1m
5 —90° < 05 <90°
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2. Finite Element Vibration Analysis

In this section, two types of finite element vibration analysis, including modal analysis
and harmonic (forced) analysis are performed to assess the vibration of our 5-DOF robot
manipulator; these analyses will shed some light for the future damping of the vibration of
this arm.

2.1. 3D Model of 5-DOF Robot Manipulator

Our system is a 5-DOF robot manipulator. For complex geometry models, it is neces-
sary to simplify the models for finite element analysis. The key point is to ignore geometry
complexities, which have minor effects on results of specific analysis of interest. A sim-
plified model of the robotic manipulator was used with the following simplifications
and assumptions:

1.  To prevent meshing complications, most bolts, nuts and bearings were removed and
some parts (motors, gear box and upper link) were replaced with similar simpler
geometries having similar masses by removing tiny features such as fillets and screw
threads, or removing holes and reducing the thickness of beams to compensate for
the added mass.

2. Deflections are assumed to be small. This assumption is verified by finite element and
experimentally; the manipulator’s tip deflection compared with its overall length are
small based on Euler-Bernoulli beam theory.

3.  The system is assumed to be linear for modal analysis. The vibration of the manip-
ulator in the fully extended-configuration is similar to the vibration of a cantilever
beam with small deflections. This means that the ratio of tip deflection over length
of cantilever is less than 10%, and Euler-Bernoulli beam theory is valid in this case;
superpositions can also be used for this system, as for linear systems.

Detailed and simplified models of the robot manipulator are shown in Figure 2. The
geometry of the robot manipulator in the present paper is divided into two main areas
named “lower arm” and “upper arm” to discuss the effects of vibration. The “upper arm”
includes the linear actuator, the extension upper links and the end-effector. The lower arm
includes the parallel lower links.

2.2. Modal Analysis Process

The 3D simplified CAD model of the manipulator for two configurations of the robot
structure were created using SOLIDWORKS (2020 SP3.0 Education Edition, SolidWorks
Corp., Waltham, MA, USA) and were imported to ANSYS (2021 Edition, Ansys, Inc.,
Canonsburg, PA, USA), a commercial finite element analysis software package [24]. Two
different configurations of the robot structure, which are the two that will most probably
be used in the field, were chosen as the targeted geometries in modal analysis (shown
in Figure 3). Structural steel was assigned to most parts in the lower arm area of the
manipulator and for the upper area, the material was mostly aluminum alloy. All automat-
ically defined connections were manually checked and corrected to achieve the highest
possible accuracy. The next step was mesh generation. Here, “Automatic” grid division
and the sizing function of “Adaptive” with different element sizes ranging from 7 mm
to 20 mm were defined to prevent bodies with one element pass through the thickness,
while obtaining a high-quality mesh. The fully-extended configuration (Figure 3a) struc-
ture was divided into 60,565 elements and 227,493 nodes; the half-extended configuration
(Figure 3b) was divided into 60,593 elements and 227,768 nodes. The meshed structure for
the fully-extended configuration is also shown in Figure 4. Due to the different number
of elements produced by the automatic method in each configuration, the total number of
elements and nodes are different for the two configurations. The fixed support was used as
a boundary condition for modal analysis, as shown in Figure 5.
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() (b)
Figure 3. CAD model for (a) Fully-extended Configuration, (b) Vertical Half-extended Configuration.

(]
¥
500.00 1000.00 {mm)
T | \

250.00 750.00

Figure 4. Fully-extended Configuration meshed structure.

P: FullyextendedModal
Fixed Support
Frequency: N/A

. Fixed Support

0.00 350.00 700.00 (mm) @
I 1

17500 525.00

Figure 5. Fixed support is used for modal analysis of the fully extended configuration.

2.3. Modal Analysis Results

The first six natural frequencies and their corresponding mode shapes were obtained
using modal analysis for both configurations. Our 5-DOF robot manipulator was developed
for a farm/crop breeding setting with rough terrain. The intended application is crop
monitoring for plants such as canola and wheat. The manipulator with some sensors
attached to its end-effector is designed for a moving vehicle such as a tractor or unmanned
ground vehicle traveling roads that collects data from targeted crops for phenotyping
(monitoring traits of crops). The frequency range of ground excitation induced to the
manipulator base was measured in field tests. This real base excitation frequency range
is important for forced vibration analysis and vibration control of the manipulator. The
dominant measured excitation frequencies were closer to the lower natural frequencies
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P: FullyextendedModal
Total Deformation
Type: Total Deformation
Frequency: 4.8377 Hz
Unit: mm

27.92 Max
24818
21.716
18614
15.511
12.409
9.3068
6.2045
3.1023
0 Min

obtained using finite element analysis. By gathering the first six natural frequencies and
their corresponding mode shapes, we will have sufficient results and there will be no need to
consider higher frequencies for our farm application. The first six natural frequencies for the
two configurations are presented in Tables 2 and 3. The first six corresponding mode shapes
for the fully-extended configuration are demonstrated in Figures 6—11. Each mode shape
is shown from two different views to demonstrate 3D movement. Figures 6 and 7 show
the total deformation of the arm when the first and the second mode shapes are excited,
dominated mostly by the upper arm lateral motion. Figures 8 and 9 show deformation for
the third and the fourth modes; maximum deformation occurs at both ends of the upper
arm due to torsional vibration. Figures 10 and 11 show the deformation for the fifth and
the sixth modes, when bending dominates; this results in deformation at the middle of
the upper and lower arm where maximum bending occurs. Figure 12 shows location of
base excitation of the fully-extended robot configuration for harmonic analysis. Similar
observations are true for Figures 13-18, which come later.

Table 2. Natural frequencies of the fully-extended configuration.

Mode Frequency [Hz]
1. 4.83
2 7.10
3 12.25
4. 18.84
5
6

29.91
41.63

Table 3. Natural frequencies of the half-extended configuration.

Mode Frequency [Hz]
1. 5.21
2 7.16
3 14.86
4. 18.12
5
6

33.49
38.82

P: FullyextendedModal
Total Deformation

Type: Total Deformation
Frequency: 4.8377 Hz
Unit: mm

27.92 Max
. 24818
21716
18.614
15.511
12.409
9.3068

6.2045

I 3.1023
. z

0 Min

L
Y
.
X
000 200,00 400,00 (mm)
—

—
25000 75000 —

50000 100000 fmm}

200,00

(a) " (b)

Figure 6. The 1st mode shape of vibration for the Fully-extended configuration, arm is fixed at the
base (a) side view & (b) front view.
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P: FullyextendedModal
Total Deformation 2
Type: Total Deformation
Frequency: 7.1004 Hz
Unit: mm

P: FullyextendedModal

28.412 Max
25.255
22,098
18.941
15.784
12.627
94706
63137
3.1569
0 Min

Total Deformation 3

Type: Total Deformation

Frequency: 12.248 Hz

0.00 50000 100000 tmmy
- .

P: FullyextendedModal
Total Deformation 2
Type: Total Deformation
Frequency: 7.1004 Hz
Unit: mm

28.412 Max
! 25.255
22,098

— 18.941

15.784

12.627

9.4706

63137

3.1569

N 0 Min

b, x
@ (b)

Figure 7. The 2nd mode shape of vibration for the Fully-extended configuration, arm is fixed at the

z
-l
000 20000 40000 ()

100.00 30000

base (a) top view & (b) front view.

P: FullyextendedModal
Total Deformation 3
Type: Total Deformation
Frequency: 12.248 Hz

Unit: mm Unit: mm
B 74.929 Max 74.929 Max
66.604 66.604
58278 58278
49,953 49933
g a7 ;;‘goz
33302 24976
e
83254 8.3254 ,
- z 0 Min
0 Min o
L. -l
Y 0.00 20000 400,00 (mm)
0.00 500.00 1900.00 (mm} T
— —— 1 100.00 300.00
250.00 750,00
(a) (b)
Figure 8. The 3rd mode shape of vibration for the Fully-extended configuration, arm is fixed at the
base, (a) side view & (b) front view.
P: FullyextendedModal P: FullyextendedModal
Total Deformation 4 ) Total Deformation 4
Type: Total Deformation Type: Total Deformation
Frequency: 18.838 Hz Frequency: 18.838 Hz
Unit: mm Unit: mm
. 13.038 Max 13.038 Max
11.589 11.589
10141 10.141
— 8.6921 86921
. 7.2434 7.2434
5.7947 5.7947
— 4346 4.346
28974 2.8974
I 1.4487 v 1.4487 2
0 Min 0 Min
I . . I
0.00 500.00 1000.00 (mm) 0.00 200.00 400.00 {mm}
—_— T
25000 75000 00.00 30000

(a) (b)

Figure 9. The 4th mode shape of vibration for the Fully-extended configuration, arm is fixed at the
base (a) top view & (b) front view.
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P: FullyextendedModal P: FullyextendedModal
Total Deformation 5 Total Deformation 5
Type: Total Deformation Type: Total Deformation
Frequency: 29.915 Hz Frequency: 29.915 Hz
Unit: mm Unit: mm
35.005 Max 35.005 Max
31.116 . 31.116
27.226 — 27.226
23337 23.337
19.447 . 19.447
15.558 15.558
11.668 - 11668
7.7789 77789
3.8895 I 3.8895
0 Min ; 0 Min z
Lo Py
0.00 500,00 1006.00 (mm) 0.00 50000 ml)lﬂ 00 (mm) Y
ﬂ,{)ﬁ 75000 25000 750.00

(a) (b)

Figure 10. The 5th mode shape of vibration for the Fully-extended configuration, arm is fixed at the
base (a) side view & (b) isometric view.

P: Ful Iyextend_edModal P: FullyextendedModal

Total Deformation 6 ) Total Deformation 6

Type: Total Deformation Type: Total Deformation

Frequency: 41.63 Hz Frequency: 41.63 Hz

Unit: mm Unit: mm

. 18.996 Max 18.996 Max
16.886 16.886

14.775
12.664

14.775
12,664
10.554

10.554
‘ 84429 8.4429
63321 6.3321
42214 4.2214
l 21107 2 21107
0 Min 0 Min z
L. BY
Y

0.00 500.00 1000.00 (mm) 0.00 500.00 1000.00 (mm)
— — — —

25000 75000 25000 75000

(a) (b)

Figure 11. The 6th mode shape of vibration for the Fully-extended configuration, arm is fixed at the
base (a) side view & (b) isometric view.

0o 35000 700.00 (mm) L]
| — 1
175.00 525.00

Figure 12. Harmonic analysis, base excitation is applied in upward Z-direction to the base of robot.



Vibration 2022, 5 593

Q: FullyextendedHarmonic
Total Deformation
Type: Tolal Deformation

Frequency: 4.8 Hz 3
Sweeping Phase: 0. °
Unit: mm
116.4 Max
F 103.49
I 90.577
| 77.667
64.757
51.847
38.937
26.027
13.117 & =
0.20722 Min I<

000 50000 1000.00 imin) X
—

I
25000 750,00

Figure 13. Total deformation (in mm) of the fully-extended configuration of the manipulator, resulting
from the harmonic analysis at the first natural frequency (4.8 Hz).

Q: FullyextendedHarmonic g
Total Deformation N
Type: Total Deformation
Frequency: 7. Hz
Sweeping Phase: 0. *
Unit: mm
5.8022 Max
. 5.2098
= 46173
40248
. 34323
2.8389
B 22474
1.6549 o
I 1.0625 §
0.46998 Min I(
0 X

.01 500.00 1000.00 immi
I 2
250,00 75000

Figure 14. Total deformation (in mm) of the fully-extended configuration structure resulting from the
harmonic analysis at the 2nd natural frequency (7 Hz).

Q: FullyextendedHarmonic
Total Deformation

Type: Total Deformation
Frequency: 12.2 Hz
Sweeping Phase: 0. °

Unit: mm

22.676 Max
20.165
17.653
15141
12629
10.118
7.6058
5.0941

2.5823 v
0.070569 Min k
0.00 500.00 1000.0Q (mm}) x

B .
25000 750,00

Figure 15. Total deformation (in mm) of the fully-extended configuration structure resulting from the
harmonic analysis at the 3rd natural frequency (12.2 Hz).
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Q: FullyextendedHarmonic
Total Deformation

Type: Total Deformation
Frequency: 18.8 Hz
Sweeping Phase: 0,

Unit: mm

0.92981 Max

0.83052

073124

063195

053266

043338

0,33409

0.23481

0.13552 %

0.036232 Min ](
oo 500.00 1000.00 (mm) X

250,00 750,00

Figure 16. Total deformation (in mm) of the fully-extended configuration structure resulting from the
harmonic analysis at the 4th natural frequency (18.8 Hz).

Q: FullyextendedHarmenic
Total Deformation

Type: Total Deformation
Frequency: 29.9 Hz
Sweeping Phase: 0. *

Unit: mm

. 55.026 Max
48912
42.799
36.685

30.571
B s
o 18344
1223
I 6.1163 .
0.002548 Min k
0.0¢ 500.00 1000.00 (mm) X
Figure 17. Total deformation (in mm) of the fully-extended configuration structure resulting from the
harmonic analysis at the 5th natural frequency (29.9 Hz).

Q: FullyextendedHarmenic
Total Deformation

Type: Total Deformaticn
Frequency: 41.6 Hz
Sweeping Phase: 0. ©

Unit: mm

. 15.374 Max

13.666

— 11958
10.25

. 8.5415

6.8333
5.1252
3417

I 17089 e
0.00080515 Min I<

0.00 50040 1000.00 {mm) Lo

e =
25000 75000

Figure 18. Total deformation (in mm) of the fully-extended configuration structure resulting from the
harmonic analysis at the 6th natural frequency (41.6 Hz).

The maximum displacement shown on the mode shape figures using FEA in the
modal analysis is not a real value (as no specific loading input is defined in the simulation).
This could be used as a relative value between different parts of the model as well as an
indicator for the most affected parts of the model.

2.4. Harmonic (Force) Vibration Analysis Process

In a harmonic response analysis, steady response of the system with sinusoidal vary-
ing input force is determined. The excitation function is a sine function with constant
amplitude [2].
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A harmonic forced response simulation was also carried out using our experimentally
corrected FE model and based on the results obtained from the experimentally verified
modal analysis; this provides a good understanding of the dynamic behavior of the newly
developed arm under base excitation.

In this part, FEA for harmonically excited base motion for the fully-extended config-
uration model of the robot manipulator is presented. External base excitation is present
in the farm application considered. It is of great significance to investigate this situation
for the investigation of the damping of vibrations. This type of analysis was carried out
with the aim of finding the effects of harmonic excitation on the structure. This type of
analysis uses a mode-superposition method. The first step for this analysis is modal anal-
ysis. Next, the modal results are transferred to the harmonic analysis and a frequency
response of the system to the applied harmonic excitation is obtained. For our specific
application, the base excitation induced from the moving vehicle traveling on the uneven
terrain would not be an accurate harmonic excitation; however, it could be estimated as
harmonic excitation with simplification. The input base excitation frequency range was
defined as between 1 to 50 Hz, which covers the range of the first six natural frequencies in
modal analysis; this frequency range includes specific values close to the first six natural
frequencies to simulate semi-resonance situations. Several vibration tests were carried out
in a target field to estimate the average excitation acceleration amplitudes transferred to
the base of the robot manipulator. Based on the average measured vertical acceleration
at the manipulator’s base during field tests, the amplitude of 1 m/s? was selected; this
value is a good approximation to the real maximum excitation at the base and can be used
for the simulated harmonic analysis; also, acceleration data from the IMU attached to the
base at the field trials, confirm our selection. As shown in Figure 12, input excitation is
applied to the base of the fully-extended robot configuration; this excitation comes from the
moving vehicle. This is the boundary condition that is applied instead of the fixed support
considered in the modal analysis.

2.5. Harmonic (Force) Vibration Analysis Results

The first six natural frequencies of the fully-extended configuration of the robot are
given in Table 2; these values were used for the harmonic analysis. The total deformation
of the fully-extended configuration of the arm at the first six natural frequencies, obtained
from harmonic analysis, are shown in Figures 13-18; a summary of these results is given
in Table 4. The frequency responses of the end-effector deformation in three different
directions resulting from the harmonic analysis are shown in Figure 19. For this harmonic
analysis, external base excitation was a sinusoidal acceleration with frequencies close to the
natural frequencies. The results for this analysis will be discussed further in Section 4.

Table 4. Harmonic (forced) analysis results, maximum total deformation values and their locations
at the fully-extended configuration; external base excitation was a sinusoidal acceleration with
frequencies close to the natural frequencies.

Mode Frequency [Hz] Deformation Value (mm) Deformation Location
1 4.83 116.4 End-effector
2 7.10 5.802 End-effector
3 12.25 22.68 End-effector
4 18.84 0.929 End-effector & Joint 4
5 29.91 55.03 End-effector
6 41.63 15.37 Joint 4
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83118

15.046

25071 43039
7.5621 1.2311
22809

035216

065793 0.10073

Amplitude (mm)
Amplitude (mm)

020752 2881582
625932 8.2425¢-3

1.888e.2 : : 235783

5.6946e3 6744304
. 10. 20 30. 0. 50 55 i 10. 20. 30. 0. 50. S5

Frequency (Hz) Frequency (Hz)

(@ (b)

8.9266

31386

11035

038799

013642

Amplitude (mm)

479632

1686422

5.5292e-3

2.0847e-3

1 10. 20. 30. 40. 50. 55.
Frequency (Hz)

(0

Figure 19. Frequency response of the harmonic analysis for the end-effector deformation in
vertical (a), lateral (b) and axial (c) directions. External base excitation were sinusoidal accelera-
tions with frequencies close to the natural frequencies, as listed in Table 4.

3. Experimental Modal Analysis and Results

This section covers an experimental modal analysis test performed on our 5-DOF
manipulator. In a laboratory setting, the fully-extended manipulator configuration (see
Figure 20a) was excited by a hammer, as shown in Figure 20b, while three accelerometers,
one Inertial Measurement Unit (IMU) and one Vertical Reference Unit (VRU) were used
to measure the vibration response of the manipulator. IMU (MTi 630 IMU from XSENS)
and VRU (3DM-GX5-15 VRU from LORD SENSING Microstrain) sensors with integrated
accelerometers, measured accelerations (in x, y and z directions) of the manipulator at the
end-effector and at the middle of the upper arm; three single-axis accelerometers, which
were attached to the manipulator in the three different directions of x, y and z (shown in
Figure 21) also measured accelerations at the same locations.

Figure 20. (a) the 5-DOF manipulator at fully-extended configuration, (b) hammer test to the fully-
extended manipulator for experimental modal analysis.
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Magnitude (dB)

10

VRU (top view)

X axis accelerometer

Y axis accelerometer

Figure 21. Experimental Modal analysis setup, locations of accelerometers, IMU and VRU sensors
attached to the manipulator top-link end-point.

A few different test scenarios were carried out to optimize the location of sensors,
excitation location (hammer’s impact to the arm) on the manipulator, and the direction of
excitation. The obtained results from the sensors were analyzed to obtain the arm’s natural
frequencies. A Fast Fourier Transform (FFT) was used to convert acceleration results from
the time-domain to the frequency domain.

The results of the sensors were compared, and high and isolated peaks of the frequency
response plots for different tests were obtained as the experimental natural frequencies.
Accelerometers were calibrated and verified for their accuracy. The natural frequencies
obtained from the VRU and from the accelerometers showed a very good agreement. The
obtained data from the IMU with its set sampling frequency (400 Hz) showed less accuracy
in capturing lower natural frequencies (under 12 Hz) compared to the other sensors used.

The VRU unit data acquisition was set with a sampling frequency of 1000 Hz and
25,804 samples (19,347 samples in some tests). A sample of the experimental modal response
of the fully-extended manipulator resulting from FFT analysis on the accelerometers data
and the VRU data are shown in Figure 22. In this Figure, X represents frequency value, and
Y represents relative magnitude from FFT (Fast Fourier Transform) analysis. This Figure
shows only the first six natural frequencies for the manipulator in the given configuration.
More discussion is given in the discussion section.
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Figure 22. Experimental results, natural frequency response of the fully-extended manipulator under
axial excitation at the end-effector obtained from (a) accelerometers data and (b) the VRU data.
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There are other Frequency Response Function (FRF) plots from more experiments that
are in very good agreement for lower frequencies and some captured higher frequencies as
well. The average values of peak points of the plots are concluded as experimental natural
frequencies and are presented in Table 5.

Table 5. Comparison of Natural Frequencies Obtained from Experimental and Finite Element Analysis.

Mode Experimental (Hz) FEA (Hz) Percentage Difference
1 3.1-3.56 3.2 ~4%
1 44 4.8 ~9%
2 5-5.6 5.5 ~3.7%
2 6.4-7.2 7.1 ~4.4%
3 11.9-12.4 12.2 ~0.4%
4 18.6-21 18.8 ~5%
5 24-31.5 29.9 ~7.7%
6 38-43.2 41.6 ~2.5%

4. Discussion

The following sub-sections are a discussion of the finite element and experimental
results presented in Sections 2 and 3.

4.1. Comparison of Experimental and Finite Element Modal Analysis Results

In this section, the experimental and finite element modal analysis results are compared
and the difference between them is discussed for the fully-extended configuration.

Table 5 indicates a comparison of results obtained for natural frequencies. The second
column in Table 5 shows the range of peak values of the FRF results gathered from all
different modal experiments; the third column of Table 5 presents natural frequency values
resulting from FEA corresponding to each mode of vibration indicated in the first column.
In the experimental tests performed, the robotic arm was attached to a mounting structure
and was placed on a table without completely fixing its base (see Figure 23). The structure
and boundary condition for the experimental tests were not exactly the same as the analysis
in Section 2. Another issue of this comparison is the possibility of loose bolts, which makes
the actual manipulator less stiff than the simulated one. To model a loose connection in
FEA, the “normal stiffness” value of that contact was lowered. As a result, the modal
analysis result on the modified model showed the first natural frequency to be about 3.2 Hz
in comparison with the experimental frequency of 3.1-3.56 Hz; this frequency was not
obtained from the previous model. This shows that loose bolts can be a source of error if
not completely fixed.
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Figure 23. CAD Model for modified FEA setup for the fully-extended manipulator.
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The FEA model was later modified to be closer to the actual manipulator setup as
shown in Figure 23. The FEA results then produced modes 1" and 2’ in Table 5. Here,
the overall experimental and FEA natural frequency results match well with each other
(less than 10% differences); the natural frequency values with a fixed support boundary
condition at the base are given as modes numbered 1 to 6 in Table 5. The percentage
difference between the average experimental natural frequency and FEA natural frequency
values for each mode is presented in the 4th column of Table 5. To see the corresponding
mode shapes for each mode, see Figures 6-11.

Simplifications made on the 3D model of the manipulator resulted in a slightly different
total mass of the structure and slightly different connections, meaning a different stiffness
for the arm; such simplifications as well as not enough high-quality mesh would be sources
of errors from the finite element analysis. The backlash, loose mechanical connections,
unfixed electrical wires in the assembled structure of real arm as well as sensor accuracy
limitations and noise would also be sources of errors from the experiments.

4.2. Discussion of Mode Shapes and Effect of Different Configurations of the Manipulator on the
Modal Analysis Results

As the FEA results indicate, the first and the second mode shapes (Figures 6 and 7) are
mostly dominated by the vertical and lateral movement of the upper arm, respectively. In
both of these modes, a little rotational movement of the upper arm around its longitudinal
axis is present; this is mostly from the end point of the upper arm, due to having an
electrical motor at one side of the end-effector.

The mode shapes related to the third and the fourth natural frequencies are mostly
dominated by the torsional vibration; the former shows torsional movement mostly by
the upper arm and the latter includes torsional movement of both the upper and lower
arm areas.

Mode shapes 5 and 6 indicate bending movement as the dominant vibration mode.
The 5th mode shows bending movement mainly by the upper arm area while in the 6th
mode, some bending movement contribution from the lower arm is also added to the
bending of the upper arm area.

As is evident from Figures 611, the upper arm area is mostly prone to vibration and
deformation (especially in the fully-extended configuration); this could be predicted due to
the high length to width ratio of the upper arm (which is like a long slender beam) and its
material (aluminum alloy) which is less stiff than the structural steel used for the lower
arm area.

The overall natural frequency values for the vertical half-extended configuration (see
Table 3) are higher than the fully-extended configuration indicating higher overall stiffness
of that configuration. This was predictable as this configuration has a more compact
structure. The dominant movement of the mode shapes corresponding to the first two
natural frequencies of the vertical half-extended configuration are the opposite of the
ones for the fully-extended configuration. This shift in the mode shapes is associated
with different overall stiffness along different axes of the robotic manipulator structure.
Reducing the length of the upper arm and moving the lower arm upward in the vertical half-
extended configuration changes the overall stiffness of the structure and its center of mass
location. In this case, the lateral movement of such a configuration needs less energy to be
completed than the vertical displacement. The other mode shapes of the two configurations
show almost the same type of dominant movement with small differences such as in the
6th mode of the half-extended configuration, where torsional movement is present.

4.3. Harmonic (Force) Response Discussion

The results presented for the harmonic analysis show the dynamic response of the
manipulator to a user-defined external base excitation in the form of sinusoidal acceleration.
The input excitation frequencies were chosen intentionally to be close to the first six natural
frequencies of the manipulator to demonstrate the worst-case scenarios for vibration.



Vibration 2022, 5

600

From Figures 13-18, total deformation of the arm, when the first and the second mode
shapes are excited, it is mostly dominated by the upper arm due to the lateral motion of the
upper arm. For the third and the fourth modes, maximum deformation occurs at both ends
of the upper arm due to torsional vibration. For the fifth and the sixth modes, bending
dominates, which results in maximum deformation at the middle of the upper and lower
arm, where maximum bending occurs.

The total deformation distribution of the fully-extended manipulator at the first six
natural frequencies (Figures 13-18) confirms that intense oscillations occur at the end-
effector. It would be of great significance to study the deformation and vibration of the
end-effector, since the end-effector holds the monitoring sensors in the farm application and
its vibration directly affects the data-collection accuracy. The frequency-response for the
deformation of the end-effector in the vertical, lateral and axial directions were studied. The
high vibration amplitude values when the excitation frequency becomes close to one of the
natural frequencies (resonance) can be seen in the frequency responses (Figure 19). Based
on the simulated results obtained for 1 m/s? amplitude of base excitation, the maximum
deformation of the end-effector in the vertical (z-axis), lateral (x-axis), and axial (y-axis)
directions were 83.1 mm at 4.8 Hz input frequency, 15 mm at 4.8 Hz input frequency and
8.9 mm at 29.9 Hz input frequency, respectively. The end-effector deforms mostly in the
vertical direction, which is predictable, as the first mode shape showed dominant vertical
movement and the base excitation was also applied in the vertical direction. The numerical
results for the selected excitation give a good understanding of the deformation scales
for different parts of the structure. However, in real resonance situations, with closer
excitation frequencies to the natural frequencies, even higher amplitudes of vibration could
have resulted.

5. Conclusions

In this study, vibration behavior of a newly developed 5-DOF robot manipulator for
free and forced excitation was investigated. The dominant natural frequencies of the new
manipulator were obtained numerically for two typical configurations of the manipulator,
which are prone to vibration during operation. The results indicated that the first six
natural frequencies of the manipulator for the two configurations considered were between
4.4 to 41.6 (Hz). A comparison of the natural frequencies for the two configurations showed
different values, which was predictable due to different mass distributions and different
stiffness. As known, more stiff structures result in higher natural frequencies. Based on
the FEA results, the first two modes of vibration are mostly dominated by the vertical and
lateral motion of the upper arm. It was found that the upper arm of the manipulator is
more prone to vibration; this is especially true for the fully-extended configuration, due to
the high length to width ratio of the upper arm, and due to its less stiff material (aluminum
alloy) compared with the more stiff material of the lower arm (structural steel).

The vibration analysis for the fully-extended manipulator, which is highly affected
by its base excitation, was studied using experimental modal analysis and FEA harmonic
(force) analysis. The FEA and experimental modal analysis results matched well, with less
than 10% difference. The verified finite element model of the manipulator and the results
obtained from modal analysis can be used in the vibration control of such a manipulator. For
this purpose, the mode shapes (eigenvectors) can be used to build state-space models of the
manipulator and a control strategy to control and/or damp vibration at specific nodes (e.g.,
nodes located at the joints). Using such a reliable FEA eliminates the need for a complex
analytical vibration control analysis for this manipulator. The work presented in [22]
dealt with the problem of vibration protection of a manipulator with small vibrations
induced from its base. In that study, closed-form mathematical models were used for
describing motion of the manipulator; small vibrations of the manipulator were described
using a second-order nonlinear differential equation. Although the topic of the research
discussed here is close to the vibration isolation presented in [22], the issue is solved using
a different analysis, which included finite element analysis combined with experimental
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verification. Also, the base excitation in a farm application is not necessarily small, thus
complex mathematical equations should be used for an analytical solution. The system
studied in this paper is a newly developed robot manipulator, thus the vibration behavior
needs to be studied; no similar study has been presented in other published works for such
a large manipulator.

The harmonic analysis results showed that the base harmonic excitation could result
in significant vibration at the end-effector of the manipulator. Numerical results of this
analysis for different amplitudes of excitation gave a good indication of what a safe range
for the excitation frequency is for operation of this manipulator. The results presented
are encouraging for the active vibration control of such manipulators with base excitation.
This vibration analysis can also be extended to more complex forced vibration analysis,
such as transient vibration analysis using experimentally measured base excitation, and for
different applications. This paper offers an experimentally corrected FEA model for a large
manipulator with base excitation for farm applications. The vibration analysis presented
here can be improved by considering joint damping (friction) to obtain a more accurate
FEA model, which would be closer to an actual manipulator.
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