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Investigation on Adaptability of Carbon
Fiber Tube for Serial Manipulator

This work describes the investigation on adapting the carbon fiber tube for
building lightweight serial manipulator links. The carbon fiber is chosen
based on its significant properties such as lightweight and superior
mechanical strength, as an alternative to the existing conventional alloys
such as steel and aluminium. A serial manipulator also suffers from a few
disadvantages. A typical serial manipulator generally has a structure
weight to payload ratio of approximately 200:1, which in turn drastically
increases the power and torque requirements of the link actuators. So,
there is a need to address this serious problem by investigating the
lightweight construction for robot arm links through alternative designs.
Such a design will significantly decrease the power requirements of the
robot arm without compromising on stability. A comparative study has
been done considering three different materials: steel, aluminium and
carbon fiber using finite element analysis to check payload capability and
stress concentrations.
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1. INTRODUCTION

Serial manipulators are the most common industrial
robots which consist of a series of links connected by
motor actuated joints. The main advantage of a serial
manipulator is a large workspace with respect to the size
of the robot and the floor space it occupies. However, the
overall weight to payload of a conventional serial
manipulator is approximately 200:1, which leads to the
large weight of the overall structure for a given payload.
It also drastically increases the power consumption and
torque requirements of the link actuators. Hence, it
becomes necessary to explore the lightweight serial
manipulator links. Industrial robot arm manipulators are
predominantly constructed from steel or aluminium for
the purpose of stability and to handle large payload. This
leads to an increase in overall weight and inertia of
moving links. Lightweight robots have been studied
before by using alternative materials such as magnesium
and FRP but there are a very limited number of studies on
the usage of advanced materials such as carbon fibers.
The objective of this work is to identify an
appropriate material for lightweight serial manipulators.
To achieve the desired objective the following efforts
have been carried out. A comparative study has been car—
ried out between three materials such as steel, aluminium
and carbon fibers. A static structural analysis of the robot
arm using Finite Element (FE) was done. The defor—
mation, stresses and strain developed in the structure
were studied. The robot configuration adopted and the 3D
model has been presented with special emphasis on the
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joint design. The steps followed within the simulation
software to analyze the designed model. Geometry,
Meshing and Boundary conditions have been discussed.
The results and discussions of the stress, strain and defor—
mation plots are presented, followed by a conclusion.

2. CURRENT STATUS OF WORK

Multiple literatures relevant to this topic was
extensively studied. Key findings and challenges were
adopted as a baseline to proceed this work in an effec—
tive manner. Previous works related to lightweight ro—
bots and usage of carbon based composites was given
emphasis. The author described the DLR MIRO, a com—
pact, slim and lightweight robot of 10 kg used for
surgical applications and to assist the surgeon directly at
the operating table without interference. The designed
robot arm was able to carry a payload of 30 N after
optimization of kinematics [1]. The authors point out
that industrial robots are targeted on high-absolute
accuracy which is achieved by stiff structures and thus
relatively high mass.

In this paper found the optimum section in which the
stress in the members not exceeds the allowable stress
and estimated the best choices of the dimension for each
section that gives the minimum weight and deflection.
The dynamic behavior of the best chosen structure of
industrial robot was studied to find the natural fre—
quencies and mode shapes [2].

The author designed, manufactured, characterized
and tested a bent tubular carbon/epoxy fiber tube with
variable section used as a bicycle handlebar. Tests and
analytical computations, based on classical laminated
plate theory delivered the engineering constants that
have been used in the finite element simulations of two
important safety tests for the handlebar (bending and
torsion) [3].
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The author designed a novel prototype lightweight
arm based on modular joints, modular connection and
light shaft structures. The reason for development was
due to the limitations in conventional manipulators. It
also discusses the general requirements for lightweight
robots, upon which this robot was designed [4].
Modular joints were designed to reduce the robot mass,
improve the payload-weight ratio and improve the
mechanical bandwidth. With the modular Joints, a six-
DOF lightweight robot was designed studied different
prototype designs and examined the feasibility of the
application of light alloys for robot arm, in comparison
to conventional materials [5].

The author investigated CFRP and aluminium robot
arms based on structural stiffness (flexural/bending and
torsional), tube thickness and material weights. The
investigation was performed based on simulations using
analytical stiffness models for CFRP and aluminium
tubes. The static and dynamic characteristics of the
initial aluminium alloy robot arm as well as weight
saving considerably improved by using advanced
composite material. The optimized CFRP link had much
higher stiffness in comparison with the optimized
aluminium. Also, the carbon fiber reinforced plastic
gave better dynamic performance in comparison with
conventional materials, such as aluminium and steel [6].

The author described a vibration analysis of
frequencies of robot. The different modes of frequencies
for the robot having crack and without having crack
based were analyzed on the finite element analysis (FE).
A finite element model of the robot was established by
utilizing the software of ANSYS Workbench and the
model was designed in CATIA V5 with crack and
without crack and the frequencies at three different
modes are obtained. Finally, the weak parts of the robot
arm were found out and improved in the optimized
design [7-9].

The author designed robot arm assembly models
using two types of cross-sections i.e. square-square,
cylinder-cylinder and light weight alloys were assigned
to the best performed cross-section type. Magnesium,
aluminum and zinc were used as alternate materials for
steel. Results of the analysis showed that square-square
geometry was superior to cylinder-cylinder geometry
and magnesium alloy displayed higher stress values
with respect to the weight than that of steel. Finally, it
was concluded that square-square cross section was the
most suitable in designing of packing robots and
Magnesium alloy was most suitable material in
manufacturing of packing robots [10].

In this paper investigated a lightweight carbon
composite manipulator which uses an I-beam steel
manipulator design transferred to a braided design with
hollow cross sections and locally adapted material pro—
perties. This includes analytical as well as detailed finite
element method design. A mechanical testing program
was performed in order to measure input-values for the
numerical calculations and validate the simulation on
system level. Static and dynamic tests of the CFRP-
manipulator showed that it fulfils all their basic
requirements. The braided CFRP-manipulator was 70%
lighter than the steel and increased handling properties
because of locally adapted material properties [11].
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Based on the literature survey, a completely new
design has been proposed. This design is based on a
modular approach as previously suggested by some of
the previous works. The modular design will allow for
minimal fastening and hence very easy to assemble and
disassemble. Also, the design is approached in such a
way that a comparative study can be made. For
comparison, three different materials have been used:
steel, aluminium and carbon fiber.

3. METHODOLOGY

From the concept to the final design, multiple design
revisions and optimizations have been carried out. The
design revisions have been made considering the
structural stability of the robot arm. Later, the design
was imported within the simulation software, ANSYS
workbench to perform the static structural analysis.

A detailed flowchart of the static structural analysis
has also been presented in Figure: 1. The robot
configuration used in this robot has been discussed. A
special discussion has been included on the design of
joints. After obtaining the results and determining the
optimal dimensions, assembly drawings were prepared
as shown in figure. The designed robot arm is a 3
Degree of freedom TRR configuration type otherwise
called as Articulated Robot Arm.

|  Light Weight Serial Robot |

i

| Selection of Carbon Fibre ‘

R

| Conceptualization ‘

|

| Modular Approach ‘

l

| Ease For Assembly ‘

|

| Finite Element Analysis |

|

| Obtain Results ‘

|

| Optimized Design |

Figure 1: Methodology
4. DESIGN INSPIRATION

On reviewing a number of published research papers, it
became evident that a number of lightweight robots
have already been designed before and also it was
understood that the design of the links and joints have
been much similar to the design used by the
conventional materials. In contrast to the existing trend,
a completely new design which has not been tested
before has been proposed and investigated. The robot
arm was designed in such a way that it would require as
minimum manufacturing as possible, such as Machining
[12]. In line to that, it was decided to implement the
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Carbon fiber in the form of tubes which are easily
available in the market in a variety of sizes. So, to fit
this requirement, this particular design has been
primarily inspired by the construction of a conventional
engineering mini drafter (drafting machine) used for
manual drafting.

The engineering mini drafter consists of thin dual
metal links in between the two joints. Since this design
is inspired by an existing proven design, it is expected
that the hollow and lightweight design will allow for
wide reach, flexibility and stability. The design has been
modified and improved to allow for better fastening of
components. The design was created keeping in mind its
main requirement i.e. to handle very light loads. A
typical example may be similar to that of carrying a
measuring probe which weighs in the order of few
grams or generally less than a kilogram [13].

4.1 Design of Joints

The aim was to create a simple yet robust joint that
should also allow for easy assembly and disassembly.
Modular approach has been followed between the links
and joints where the components are designed to snap
fit into its position. Although, an additional fastening
may be added for the tubes for extra support. It is to be
noted that this joint design has been simplified to a large
extent for the purpose of easier FE simulation. The
dashed lines in Figure show how the tubes will snap into
its position within the joints. The end effector has a
protruding rectangular profile for easy application of
force for the easy simulation [14].

Figure 2:CAD Modelling for FE Analysis

4.2 FE Analysis

After the design of the robot arm, the 3D model was
exported as a STEP file for performing simulations.
All the simulations were carried out using ANSYS
ver.18. The primary aim was to simulate and find the
payload capability in static condition, of the three
different variants. To analyze the payload, a static
structural analysis was performed. Load was applied on
a configuration in which the robot arm was completely
stretched out with all the joints making 0° or 180° with
respect to each other. The different steps within FE
Analysis such as Geometry, Meshing, Loading and
Boundary conditions are shown in Figure: 2, along with
the joint design [15].
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4.3 Geometry

In the geometry tab of Static Structural, the geometry
was imported as a STEP file. The 3D model was opened
within the design modeler within the ANSYS software.
The geometry was checked for errors and model
cleanup was done.

4.4 Boundary Conditions

The boundary conditions are defined, as such, fixed
supports and direction of force applications are
specified. The serial manipulator is fixed at the base and
at the first joint.

5. MESHING

In this stage of pre-processing, the entire volume of the
object to be analyzed is divided into discrete cells. To
obtain the best possible result, the relevance center was
chosen as “fine” from the available options: Coarse,
Medium, fine. The fine meshing results in a large
number of cells. Due to the simplicity of design itself,
the mesh was left untouched at its default settings. The
system defined meshing contained both tetrahedron and
hexahedron mesh.

5.1 Solver

After this stage, pre-processing would have been
completed. It is to be ensured that all the boundary
conditions are clearly defined. The parts are assigned
the required material from the database or user-input.
Now, the FE model is ready to be solved. Material
properties were obtained directly from the ANSYS
database. The type of Carbon fiber considered for the
simulation was 3K type plain weave tubular type, 8 x 6
mm diameter tube.

6. RESULTS AND DISCUSSIONS

A major part of this phase of the project was to design
the robot arm. At the initial stages of the
conceptualization of the design, simulations were
carried out. The results of that particular design, showed
large unacceptable deformation. So, on further trial and
error optimization, the design has been optimized and
revised to reduce the value of key parameters to a great
extent.

6.1 Discussions

For a maximum applied force of 110 N, the equivalent
stress values were 269.25 MPa and 292.14 MPa for
steel and aluminium tube configuration respectively. It
is to be noted that both the values are slightly above the
yield strength of the respective materials (250 MPa and
280 MPa). The increase in stress value is obvious for
the aluminium because of its lighter weight compared to
steel. The maximum load carried in both the cases was
around 100 N.

In Fig 3a and 3b shows the equivalent stress, strain
and total deformation of aluminium and steel confi—
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gurations. The total deformation values of aluminium
and steel configurations are 8.7337 mm and 3.4026 mm.
The deformation value of steel is low compare to the
aluminium because of its material properties.

A A

Figure 3a: Equivalent Stress, Strain and Total Deformation
of Steel Configuration

A A s

Figure 3b: Equivalent Stress, Strain and Total Deformation
of Aluminium Configuration

The Table 1 describes the different types of carbon
material in nine different cases in terms of length of the
links, orientation and number of carbon fiber layers.
Figure 4a to 4c describes the equivalent stress, strain
and total deformation of 3k plain weave carbon fiber.
TheFig 4d to 4f describes the equivalent stress, strain
and total deformation of Twill 2 x 2 weave carbon fiber.
TheFig 4g to 4i describes the equivalent stress, strain
and total deformation of Twill 4 x 4 weave carbon fiber.

Table 1. Different Types of Carbon Fiber Material

= 4 - =
3 E_§ S B, _Z.
52z 2 Fif ZEE
g :S P © BA2 F2S
S 3 z = 3
3k Plain 0 150,300 3 305.86 7.1016
Weave
3k Plain 45 140,240 4 351.53 13.4230
Weave

3k Plain 90 120,220 6 334.20 10.3140
Weave

Twill2x2 0 140,240 6 343.79 9.9670
Weave

Twill2x2 45 120,220 4 371.47 7.6095
Weave

Twill2x2 90
Weave

Twilldx4 0 120,220 4 290.15 17.4600
Weave

Twill4x4 45
Weave

Twill4x4 90 140,240 6 290.27
Weave

150,300 3 320.59 4.4939

150,300 3 298.36 8.2708

17.4640

Figure 4a: Equivalent Stress, Strain and Total Deformation
of 3K Plain Weave Carbon Fiber
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Figure 4b: Equivalent Stress, Strain and Total Deformation
of 3K Plain Weave Carbon Fiber

Figure 4c: Equivalent Stress, Strain and Total Deformation
of 3K Plain Weave Carbon Fiber

Figure 4d: Equivalent Stress, Strain and Total Deformation
of Twill 2 x 2 Weave Carbon Fiber

;

Figure 4e: Equivalent Stress, Strain and Total Deformation
of Twill 2 x 2 Weave Carbon Fiber

Figure 4f: Equivalent Stress, Strain and Total Deformation
of Twill 2 x 2 Weave Carbon Fiber

I

Figure 4g: Equivalent Stress, Strain and Total Deformation
of Twill 4 x 4 Weave Carbon Fiber

Figure 4h: Equivalent Stress, Strain and Total Deformation
of Twill 4 x 4 Weave Carbon Fiber

Figure 4i: Equivalent Stress, Strain and Total Deformation
of Twill 4 x 4 Weave Carbon Fiber

The large increase in deformation is attributed to the
drastic weight reduction from steel to aluminium to
carbon fiber configuration. Although, it was noted that
for a given same load, the carbon fiber construction
exhibited lesser deformation [16]. I It is to be noted that
the simulations are just an indication of the developed
stress values and does not render the point where the
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material fractures. In a static (structural) analysis, it is
the decision of the user to find out whether the obtained
values from the simulation are acceptable and safe.

7. DESIGN OPTIMIZATION

In order find the optimized design from the nine dif-ferent
cases of carbon fiber material grey systems opti—-mization
terchinques is used. The maximum equi—valent stress and
total deformation values are taken in the account and
compare the values with the steel and alu—minium
configurations. A system containing known values and
uncertain unknown values is called a grey system, and its

Table 2 Grey Optimization Values

mathematical model contains known quantities and
uncertain unknown ones (termed grey quantities). An
optimization analysis of such a grey system is,
conceptually, a problem in which both the objective
function and constraint condition include grey quantities
[17,18]. From the optimized values shown in table 2 results
that the Twill 4 x 4 Carbon fibre combinations gives the
optimal values compare to the other different combination
of carbon fibres. While comparing the maximum
equivalent stress and total deformation values of Twill 4 x
4 Carbon fibres with steel and aluminium configurations
gives the optimal values.

Py
= —
£y £ E £y £ E £y £ E £52 £22 57
5% k- 54 E8 5% aE =55 FES zE
H A A o = o = A £ <)

[a)]
49.71-0454 17.02-71 241 0.2133987 0.337109336 0.78660127 0.662890664 0.27609024 0.31156185 0.293826
50.91-9248 22.55;39918 0.7766766 0.806123506 0.22332345 0.193876494 0.57325924 0.60743932 0.590349
50.4E;O1 29 20.26;35425 0.5720545 0.612029326 0.42794552 0.387970674 0.41211875 0.4360651 0.424092
50.72-5865 19.97-12892 0.6865633 0.586817864 0.31343672 0.413182136 0.489048 0.42064991 0.454849
51 .39-8475 1 7.62-71 224 1 0.387998022 0 0.612001978 1 0.32894665 0.664473
50.1 1-8999 13.05-24681 0.4037742 0 0.5962258 1 0.33473707 0.23076923 0.282753
49.25-2451 24.8468848 0 0.999831247 1 0.000168753 0.23076923 0.99943781 0.615104
49.49-481 2 18.352)9504 0.1129133 0.449389286 0.88708669 0.550610714 0.25271954 0.35268777 0.302704
49.25-6043 24.84-28745 0.001651 1 0.99834899 0 0.23106268 1 0.615531

8. CONCLUSIONS

A lightweight serial manipulator robot arm design has
been proposed using a carbon fiber based construction.
A modular design approach has been followed. The
dimensions of the various links and joints have been
arrived after extensive FEA work. A comparative study
has been made using three different materials, i.e. Steel,
Aluminium and Carbon fiber composite with nine
different cases in terms of length of the links,
orientation and number of layers. To find the optimal
values from the nine different cases grey system
optimization were used. The 3D model of the robot has
been simulated using a FEA software to know its
structural stability. As a preliminary work, a static
structural analysis has been performed. The payload
capabilities of the different configurations has been
analyzed. The FEA work carried out has yielded
satisfactory results and show that the design is good for
carrying out further studies.
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HNCTPAKUBABE ITPUJIATOJBUBOCTH
OEBHU O YI/bBEHUYHUX BJIAKAHA
KOJ CEPHJCKOI' MAHUITYJIATOPA

II. Kaptukejan, /I.B. Ca6apuanana, C. Cyrantan

Pan ce 0aBu ucTpakuBambeM MOIYNHOCTH mpHUIaro-
haBama LEBM O YIJbCHHYHHMX BIIAKaHA 32 H3Pady
3r1000Ba MaJie TEKMHE KOJ CEpPHjCKOT MaHUITyJaTopa.
VYribeHHYHA BIaKHA Cy m3a0OpaHa 300T Malle TeKHWHE U
MEXaHHYKe 4YBpCTOhe Kao anTepHaTtmBa Imoctojehnm
KOHBCHI[IOHAJIHAM JIerypama Kao INTO Cy YelIuK H
anyMuHujyM. CeprjcKi MaHUITyJIaTOp UMa M HEKOJIUKO
HeJoCTaTaka: 0OJHOC TeXKUHE 1 KOPHUCHOT onTepehema je
npubmmxao 200:1, mrTo 3axTeBa 3HaTHO Behy cHary u
OOpTHH MOMEHT Kon 3rjo0oBa aktyatopa. OBaj
030M/baH MPOOJEM je HCTPaKEH ca acleKTa JIake
KOHCTPYKIIHje 3a 3ri0o0oBe poOOTCKE pyKe Kpo3s
QITEepHATUBHM an3ajH. TakaB nu3ajH he 3HauajHO
CMambUTH 10Tpede poOOTCKE PyKe 32 CHAroOM IpH YeMy
crabunHoct Hehe OuTH yrpokena. V3BpmieHo je
KOMIIAPATHBHO IPOYYaBamke TPHU pa3IHMYUTa MaTepH-
jama: 4Yenmuka, adyMHHHjyMa M YIJbGHHYHHUX BJIAKaHa
NPUMEHOM aHaJIHW3e KOHAYHUX eJIeMEHaTa y LBy
IpoBepe  KamanuTera KOpuUcHOr  onrepehema
KOHIICHTpAaLKje HAIlOHA.
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