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DEVELOPMENT AND IMPROVEMENT OF THE DESIGN 
OF A LIGHTWEIGHT MOBILE ROBOT MANIPULATOR USING 
GENERATIVE DESIGN

This paper is devoted to the study of the possibility of minimizing the mass of an on-board manipulator for 
a mobile robot without losing structural strength. The analysis of publications showed that the solution of this 
task will allow to increase the mass of the payload, therefore it will allow to significantly increase the time of 
autonomous operation. Which, accordingly, will allow solving more complex manipulation tasks in areas of 
increased danger or man-made disasters. To solve the task, the authors developed a kinematic scheme and a 
movement mechanism of a 5-axis mobile manipulator, performed an analysis and selected stepper motors as the 
drivers. The rationale for this choice is to increase the positioning accuracy of the gripping mechanism, which 
will allow for more accurate operations of moving objects. Using the Autodesk Fusion 360 design environment, 
3D models of the structural elements of the mobile manipulator were developed, assembly was carried out, and 
weight and strength parameters were investigated. The total weight of the manipulator was 1060g, under the 
conditions that the material to preserve the strength parameters will be sheet metal with a thickness of 5mm. 
Using the approach to generative design, the authors improved all structural elements and conducted a series 
of simulations in the Simulation: Shape Optimization plugin. The results of the typological analysis of each link 
of the developed mobile manipulator showed the possibility of reducing the mass of each part by ~30-40%, 
depending on its design features, without losing strength parameters. As a result of improving the designs of the 
mobile manipulator using the generative design method, it was possible to reduce the total weight from 1060g 
to 601g, that is, the weight of the manipulator decreased by 41.5%. The authors hope that in the future, the 
conducted research will allow to reduce the consumption of materials and the time of manufacturing structural 
elements without loss of strength parameters when using additive technologies (3D printing by the FDM method), 
and therefore to increase the autonomous operation time of the mobile manipulative robot.

Key words: mobile robots, manipulators, kinematic scheme, design, generative design, modeling, Autodesk 
Fusion 360.

Formulation of the problem. The problem 
of research in the field of autonomous mobile 
manipulation robots is the need to develop and improve 
not only control algorithms, but also design features 
that will ensure effective autonomous functioning 
of robots in various conditions. To achieve this, it is 
necessary to reduce the mass of the robot, to increase 
the payload, but at the same time it is necessary to 
preserve the strong characteristics of the structures in 
order to perform the tasks [1].

Analysis of recent research and publications. 
The development and improvement of manipulator 

structures for mobile robots has a number of 
advantages and is necessary to achieve the following 
goals [2-4]:

– increased robot mobility: Robots equipped with 
manipulators can perform more complex tasks, such 
as collecting, moving or manipulating objects inside 
and outside the building. An improved manipulator 
can provide greater mobility of the work, which 
will allow it to work in more diverse conditions and 
perform tasks that were previously unavailable.

– improved accuracy and efficiency: Manipulators 
designed with robustness and mobility requirements 
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in mind can provide greater accuracy and efficiency 
when performing tasks. This can be especially 
important for robots operating in complex and 
hazardous environments where precision and 
efficiency can be critical.

– reduction of production cost: Development and 
improvement of manipulator designs can help reduce 
the cost of manufacturing robots. An improved 
and more compact design can reduce the amount 
of required materials and components, which will 
reduce the cost of production.

– improved safety: Manipulators designed with 
robustness and mobility requirements in mind can be 
safer to use. The improved design can ensure more 
stable operation of the machine, reduce the probability 
of errors and increase the safety of others.

Shantanu Thakar analyzed the constructions of 
mobile manipulators, developed a classification, 
and developed a calculation methodology [5]. 
The authors suggest using classical approaches to 
designing structures and calculating the reliability of 
the manipulator, which leads to increased mass of the 
manipulator, which is negative for mobile robots, as 
it reduces the payload. Charles C. Kemp proposed a 
new manipulator design that, according to the author, 
reduces size, weight, and cost while supporting 
multiple tasks. The main structure consists of a two-
wheeled mobile base with a differential drive, a lift 
and a telescopic boom configured to achieve Cartesian 
motion at the end of the manipulator [6]. Analyzing 
the publications, one can see that the authors propose 
to use the principle of a telescopic boom to simplify 
constructions. This makes it possible to reduce the 
total weight of the manipulator, while the authors 
do not conduct research on strength analysis, while 
controlling such a manipulator requires additional 
hardware modules, which increases the mass and 
reduces the payload of the mobile robot. Zhenshan 
Bing's research in the field of autonomous mobile 
manipulation is aimed at developing mobile 
robotic systems with manipulation capabilities that 
enable them to perform complex tasks in dynamic, 
unstructured, and field environments that require 
task-adapted design, control, and new application 
methods [7] . The authors propose to use biological 
and traditional methods of designing manipulation 
systems, which will allow to propose new approaches 
to the development of structures. But the proposed 
approaches have a theoretical and methodological 
basis for research, and not design recommendations 
for their use. Ferdinando Vitolo proposes a method 
of integrating mobile robots with manipulators for 
their use as collaborative robots [8]. As part of the 

study, the authors developed a general mechatronic 
manipulator interface, while conducting the analysis, 
it is possible to see that the proposed solution is 
suitable for standard industrial manipulators, and 
cannot be applied to flexible mobile robots.

As you can see, research on the development of 
new designs of manipulators for mobile robots is an 
urgent task, which allows to increase the efficiency and 
autonomy of mobile robots by reducing the mass of the 
manipulator, without losing strength parameters.

The purpose of the article – development 
and improvement of structures of a lightweight 
manipulator of a mobile robot without losing its 
strength indicators using generative design. 

Presenting main material. Generative design 
(GD) is an optimization method that uses algorithmic 
models to optimize material layout within a user-
defined space for a given set of loads, conditions, 
and constraints. Topological optimization maximizes 
the performance and efficiency of the structure by 
removing excess material from areas that do not have 
significant loads [9].

GD shape optimization usually occurs at the end 
of the design process, when the desired part must 
be lighter or use fewer materials. Next, the designer 
detects certain preset parameters. Structural shape 
optimization first determines the minimum allowable 
design space required to optimize the shape of the 
product. Next, the software applies pressure to the 
project from various angles, checks its structural 
integrity and identifies unnecessary material. Design 
validation involves defining a threshold for the 
element's density field between a value between 0 and 
1. A value of 0 cancels the material in the specified 
area of the structure, while a value of 1 defines the 
designated area as solid material. The designer can 
then remove all unnecessary material from the model 
and complete the topology optimization.

The calculation process consists of three main parts; 
input data, generative design algorithm and production 
data generation. The inputs to the generative design 
algorithm are available material, design goals, and 
rules. The generative design algorithm consists of 
material classification and a design cycle that repeats 
the following stages: search algorithm, shape search, 
and selection. The last step starts the next iteration of 
the design cycle. The result of the algorithm is a set of 
possible solutions. Data for production are generated 
for the selected solution [10-12].

The created kinematic chain (KC) of the future 
manipulator (Fig. 1) consists of 4 links and a working 
body (WB). The characteristics of the rotary axes of 
the manipulator robot are described in Table 1.
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Fig. 1. Kinematic scheme and mechanisms of 
movement of the 5-axis designed manipulator

When forming the initial link, a diameter of 
185 mm was chosen, and the thickness of the sheet 
metal was 5 mm (Fig. 2).

 
Fig. 2. Dimensions of the initial link

The schematic diagram (Fig. 3) shows the 
placement of manipulator objects and their attachment 
to the mobile platform. 

The designed link is presented in fig. 4, its length 
along the attachment points is 420 mm, which fully 
meets the requirements.

In fig. 5 shows what the link and linear actuator will 
look like in the assembled state, fixed on the platform.

The next steps are the creation of two more links 
(3rd and 4th) and four auxiliary elements (Fig. 6, 7).

The design of the created manipulator distributes 
the load between two symmetrical (except for link 4)  
links and thus it is possible to achieve a greater 
potential load than is perceived.

 

Fig. 3. Schematic diagram of the connection  
of the base and the initial link

1 – initial link; 2 – rotation shaft; 3 – bearing; 4 – engine with 
mount; 5 – base body; 6 – toothed insert; 7 – fixing the base

 
Fig. 4. Position and dimensions of the fastening holes 

of the 2nd link

 
Fig. 5. Position and dimensions of the fastening holes 

of the 2nd link

 

Fig. 6. Location and dimensions of the 3rd link 
mounting holes

Table 1
Characteristics of rotary axes of the manipulator robot

Rotary axis
Limits (degrees) – relative to the 

base position Stepper motor (typical size, 
torque (N·m)

Torque at the 
output (N·m)Min. Max.

Axis q0 -360 360 Nema 24, 3 N·m 20,25 N·m
Axis q1 -110 110 Nema 24, 3 N·m 45 N·m
Axis q2 -140 140 Nema 23, 1,2 N·m 12 N·m
Axis q3 -360 360 Nema 17, 0.5 N·m 3.75 N·m
Axis q4 -360 360 Nema 17, 0.5 N·m 3 N·m
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 а)                                               b)

Fig. 7. Link 4 (a – right, b – left)

 
Fig. 8. The manipulator in an expanded form  

and a simplified diagram

In order to correctly load individual elements of 
the manipulator, you need to consider the option in an 
expanded form (Fig. 8).

Figure 10 shows that each link is clamped on one 
side, this is done with the expectation that there will 
be no random movements in the joints. All links have 
a load in the middle, this is the load from the mass of 
the link itself, there are certain deviations from the 
real points of attachment and centers of mass, but for 
the sake of simpler calculation, exactly half the length 
was chosen.

The total weight of the mechanism is 1.2 kg, the load 
on one link is 6 N. It is necessary to take into account 
the maximum weight of the object of transportation, the 
task is set so that the manipulator must be able to lift and 
transport an object weighing 10N. The total load on the 
link will be (12N+10)*0.5=11N. Let's do a simulation in 
the Autodesk Fusion 360 environment [13].

We can observe the load diagram of the right part 
with a weight of 15N and the margin factor. The entire 
part is of the same color and has a margin of strength 
of 15 (Fig. 10), which shows the ability of the link to 
withstand the load.

The load on all subsequent links will be cumulative. 
If the output link No. 4 perceived a load of 15N, 

  
a) b) 

 
с) 

a – load on the fourth link; b – load on the third link; c – load on the second link 

Figure 9 – Loads perceived by links independently of each other 

 

Fig. 9. Loads perceived by links independently of each other
a – load on the fourth link; b – load on the third link; c – load on the second link

  
 а)                                                                       б)

Fig. 10. Loaded link № 4 and simulation (a – right part, b – left)
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then link No. 3 will perceive the total load of both 
links. That is, the load perceived by link №3 will be 
11N+2N=13N, for greater safety a load of 16N will 
be applied. The load simulation is shown in fig. 11.

 
Fig. 11. Load of link №3 and simulation

In fig. 11 we can see that the part can easily 
withstand the load and has a high margin ratio.

The next detail is link №2 (Fig. 12), which 
must accept the total load from all previous links. 
It has an additional load caused by the weight of 
the linear actuator. The load for testing will be 
16N+4N+2N=22N, for safety we accept 25N.

 
Fig. 12. Load of link №2 and simulation

We can observe that the link easily accepts the set 
load and has a weight reserve factor of at least 9 times.

The last link is link No. 1 (Fig. 13). It perceives 
the greatest load, so it is important to correctly load 
and conduct an analysis.

 
Fig. 13. Link № 1 load and simulation

The main load is 25N, it is distributed between two 
mounting lugs, but to ensure normal perception of the 

load by the link, it was decided to check each of the 
mounting holes to the maximum possible, i.e. 30N.

To reduce the mass of each of the links, it is 
necessary to analyze and optimize the form. To 
conduct the analysis, we will use the Simulation: 
Shape Optimization plug-in in the Autodesk Fusion 
360 automated software control environment [13].

We set the loads identical to the previous experiments 
and observe the gradation shown in fig. 14.

In fig. 14c shows that the removed material that did 
not participate in the distribution of the load. If we look 
at the scale on the right, we can see that the load is fully 
absorbed by the part on only 40% of the volume, so there 
is an opportunity to change, modify the shape of the part 
and make it more rational in the use of resources.

  
a) b) 

 
с) 

a – the initial view of the link; b – link load; c - removed material 

Figure 14 – Results of topological analysis of link №1 

 

Fig. 14.  Results of topological analysis of link № 1
a – the initial view of the link; b – link load;  

c – removed material

As a result of the optimization, the use of material 
was reduced by 45%, the weight changed from 266g 
to 120g (Fig. 15), and all strength indicators were 
preserved, the margin factor was 15.

 
Fig. 15. Optimized link № 1

Figure 16 shows the optimization process of link 
№2 and link №3. The result is a reduced weight of link 
№2 (Fig. 16 a, 3) from 82g to 57g, that is, the weight is 
reduced by 31%, and link №3 (Fig. 16, 3) from 188g to 
110g, that is, the weight is reduced by 39 %. 

Figure 17 shows the optimization process of link 
№4. The result is a reduced weight of the right part 
of the link (Fig. 17 a, 3) from 77g to 52g, that is, the 
weight is reduced by 33%, the left part of the link 
(Fig. 17 b, 3) from 77g to 47g, that is, the weight is 
reduced by 39 % and the shape of additional link 4 in 
Fig. 18 is optimized.
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 а)                                           b)

Fig. 18. Optimization of the form of auxiliary link 4  
(a – link before optimization, b – link after optimization)

The final design is a flat mechanism that rotates 
about a vertical axis with the help of a motor located 
at the base of the manipulator.

In fig. 19 shows the manipulator fixed on the 
platforms before optimization, the total weight of the 
links was 1060 g. After optimization, the design reduced 
its mass (Fig. 20), but retained the necessary strength.

Conclusions. To solve the task, the authors 
developed a kinematic scheme and a movement 
mechanism of a 5-axis mobile manipulator, 
performed an analysis and selected stepper motors 
as the drivers. The rationale for this choice is to 
increase the positioning accuracy of the gripping 
mechanism, which will allow for more accurate 
operations of moving objects. Using the Autodesk 
Fusion 360 design environment, 3D models of the 
structural elements of the mobile manipulator were 
developed, assembly was carried out, and weight 
and strength parameters were investigated. Using the 

  

 
а)      b) 

 

 а)                                                                               b)
Fig. 16. Optimization of links (a – link №2, b – link №3)

 
 

а)                                                                         b)
Fig. 17. Optimization of link № 4 (a – right part, b – left part)

 
Fig. 19. Link optimization manipulator

 

Fig. 20. Manipulator after optimization of links
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approach to generative design, the authors improved 
all structural elements and conducted a series of 
simulations in the Simulation: Shape Optimization 
plugin. The results of the typological analysis of each 
link of the developed mobile manipulator showed 
the possibility of reducing the mass of each part by 
~30-40%, depending on its design features, without 
losing strength parameters. As a result of optimizing 
the shape of the links, significant changes in the shape 
and weight of the link manipulator were achieved. It 

was possible to reduce the total weight of the MR links 
from 1060 g (Fig. 19) to 601 g (Fig. 20), that is, the 
total weight decreased by 41.5%. The authors hope 
that in the future, the conducted research will allow 
to reduce the consumption of materials and the time 
of manufacturing structural elements without loss of 
strength parameters when using additive technologies 
(3D printing by the FDM method), and therefore to 
increase the autonomous operation time of a mobile 
manipulative robot [14].
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