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This paper focuses on the structure design and kinematic analysis of Delta parallel robots,

aiming at meeting the needs of fast, lightweight, and precise food grading applications. At

first, the design variables have been defined based on the working environment, followed

by a definition of the robot’s global structural schema as well as its 3D model. An inverse

kinematic model for the Delta mechanism is defined, and its reachable workspace has been

analyzed with specific software, allowing us to improve this first design by adjusting some

main parameters. Simulations of straight line movements of the end effector have allowed

checking the continuity and feasibility of robot motions in a given workspace. Simulated

motion and collision analyses proved that our robot is able to perform basic sorting

operations. It can be concluded that the Delta robot obtained after optimization satisfies the

workspace and motion performances required, making it applicable to fast, light loading

applications like food sorting.



SYMBOLS AND ABBREVIATIONS

Roman characters

� angle deg

R Base platform radius mm

r Moving platform radius mm

L Active arm length mm

l Passive arm length mm

F load N

T moment Nm

w rotation rate rpm
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1 Introduction

1.1 Background

Delta robot plays an indispensable fundamental role in the field of industrial automatic

control system, whose special parallel closed-chain mechanism provides it with a good

performance such as high stiffness and low moment of inertia, high velocity, and high

acceleration(Merlet and Gosselin, 2008). In view of today’s trend in manufacturing to

“high speed, flexible, and precision” production, As a result, parallel robots are widely

used as the executive components of automatic production lines in light industries. In the

fast sorting process,these robots realize the real-time following and fast gripping for

chaotic materials in belt by vision, with a pickup rate of more than 120 pickups/min, thus

dramatically increasing the throughput in parcel sorting centers or semiconductor assembly

lines(Bogue, 2009), for packaging/flexible food handling applications, their completely

closed low-weight construction is dust proof workshop compatible, so that the robots can

be in contact with food or pharmaceuticals to perform secondary packing processes such as

carton packaging or bagging without endangering hygiene requirements and guarantee

continuous round-the-clock operation.

.

Delta robot is suitable for sorting tasks. The main characteristics of the delta robot include

light-weighted movable links, all motors are installed on fixed base/frame and with only

moving parts composed of light-weight linkages (carbon-fibre) resulting in a low inertial

mass. It is for this reason that Delta robots can be found providing high end-effector

velocity and acceleration, making them among the fastest type of industrial robots used for

manufacture. In terms of structural mechanics, Delta robots are composed by three sets of

parallel linkages that connect the mobile platform with the ground, forming a closed force

transmission chain. The architecture transmits the external force to several motion

chains,significantly increasing stiffness.
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1.2 Research problem

This paper focuses on the structure design and kinematic analysis of Delta parallel robots,

aiming at meeting the needs of fast, lightweight, and precise food grading applications. At

first, the design variables have been defined based on the working environment, followed

by a definition of the robot’s global structural schema as well as its 3D model. An inverse

kinematic model for the Delta mechanism is defined, and its reachable workspace has been

analyzed with specific software, allowing us to improve this first design by adjusting some

main parameters. Simulations of straight line movements of the end effector have allowed

checking the continuity and feasibility of robot motions in a given workspace. Simulated

motion and collision analyses proved that our robot is able to perform basic sorting

operations. It can be concluded that the Delta robot obtained after optimization satisfies the

workspace and motion performances required, making it applicable to fast, light loading

applications like food sorting.

For the kinematic analysis, A robot kinematic model is going to be built up as well as IK

equation derived which can provide the theoretical basis of following trajectory experiment

and work space verification. For Workspace Verification, Inverse Kinematics method is

used, using boundary searching or geometry approaches for calculating robot’s reachable

space area and comparing it with design targets in order to check if they meet desired

operating criteria. In trajectory simulation, representative pick-and-place trajectories are

chosen to mimic motions in the simulation environment for capturing joint angle variation

curves, so that trajectory smoothness can be assessed.

1.3 Objectives of the Thesis

The design objectives of this study included: an operational speed of 5 m/s, start-stop

acceleration of 5 g, a load of 3 kg, and target workspace of ±300 mm in the X/Y direction,

as well as a target workspace range of −550 mm to −800 mm in the Z direction.

In order to meet these requirements, the first work in this thesis should be determining a

parallel robot configuration scheme that can fit into the application scene and completing

the preliminary structure design of Delta robots. Second, a 3D model is created in CAD
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software, which will be used for further analysis. In stage two we create a kinematic model

in programme software and analyse reachable workspace of the robot. Workspace

simulation allows us to assess how adaptable was an initial design towards sorting task,

allowing for adjustment of structure parameters if needed for improved performance, and

simulate trajectories in order to check whether desired robot motion paths are

feasible ,which can be used to check if end-effector are able to smoothly continuously

move along with given sorting paths in the design working space. Step four, Motion

Simulation Analysis : A movement simulation process is established on the CAD model,

and the entire work cycle of the robot is validated step by step to test the feasibility of the

robot’s movement.

The design process is roughly illustrated in the following diagram：

Figure 1.1: Design Flowchart
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2 Comparative Analysis of Parallel Robots

2.1 Overall of Parallel Robots

Parallel robot is a kind of closed-chain mechanism, which connects the mobile platform

and the base by several independent kinematic chain,with Delta robots and Stewart

platform as typical representatives. Compared to serial manipulators, parallel robots are

renowned for their high rigidity and dynamic performance(Merlet and Gosselin, 2008), but

they exhibit limitations such as smaller workspace, irregular geometries, limited end-

effector motion range, complex kinematic solutions(Tsai, 1999), singularities and high

manufacturing cost. The key feature for a parallel robot used in an industrial environment

is its capability to realize ultra-high speed pick and place tasks, precision manipulation,

and heavy-load simulation.

For example, Delta robot is able to perform hundreds of grasps in one minute,although

Stewart platforms find application in flight simulators or optical aligners. Due to its space

occupancy and limited working postures it is not suitable for long-range obstacle-

avoidance missions or rotational operation. In summary,complementary performances of

the parallel and serial robot architectures: parallel robots if a high speed is sought, rigidity

and accuracy over a certain volume while the serial structure is more suitable to those tasks

that require large working space with versatile postures(Gosselin and Angeles, 1988).

2.2 Delta Robot

The Delta robot was first proposed by Clavel(1988) and is one of the most representative

high-speed parallel manipulators. Its structure and kinematic characteristics were further

developed in subsequent studies(Pierrot, Reynaud and Fournier, 1990).

The structure typically consists of a fixed base, a moving platform, and three identical

kinematic chains. Each robotic arm branch typically consists of a driven upper arm and a

passive parallelogram lower arm, enabling the end effector to perform translation motion

while maintaining constant posture. With actuators mounted on fixed bases and relatively
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low moving mass, Delta robots demonstrate high efficiency and reliability, making them

increasingly prevalent in food processing and sorting applications(Bogue, 2009; Wilson,

2010). The primary advantages include high-speed operation, high acceleration,

lightweight moving components, and excellent repeatability. However, its workspace is

relatively limited, and the kinematic analysis complexity exceeds that of most serial robots.

2.3 Stewart Platform

Stewart platform is typical 6-DOF PM consisting of a fixed base and a moving platform,

and six adjustable length links which connect them together(Stewart, 1965). By moving the

six robot arms together, the platform can move translation as well as rotation in space.

This platform has been widely recognized by high rigidity, large load capacity, good

rigidity and has been widely used for flight simulator. motion systems, precision-

positioning devices, and machine tools, however the mechanical structure of it is

complicated. the control system is difficult to a high degree, and the work space tends to be

small and irregular in shape.

2.4 3-RPS Robot

The 3-RPS robot is the parallel mechanism consisting of three kinematic chains, which are

in general composed by pivot joints, prismatic and ball joints. Its fixed base is connected

with the moving end-platform through three identical RPS chains, thus forming a three

DOF parallel mechanism(Schadlbauer, Walter and Husty, 2014).

Such mechanisms find their application in many spatial manipulation and guidance

applications. Unlike other more complicated parallel manipulators, three-bar linkages are

small in size and have good stiffness characteristics with steady movement which can be

applied to precise work. But,their motions are still quite complicated, and the working

space of these mechanisms is often restricted. Besides, this type of robot seldom works in

fast industrial grasping applications, which leads to lower applicability compared with

Delta robots for e.g. the application of food sorting.
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2.5 3-UPU Robot

The other common kind of parallel manipulator is the 3-UPU robot, where its three robot

arms are usually composed by universal joints, prismatic joints, and one universal joint. In

general, it is composed by a fixed platform, a moving platform, which has three UPU

chains, and is generally regarded as the three-degrees-of-freedom translation parallel

mechanism(Han et al., 2002), whose structure form mainly applies to straight-line motion

and accurate position adjustment.

Its robot arm has the advantages of good stiffness, high accuracy, and even load balance

between the mechanical arms which makes them popularly employed in academic

researches and applications where constrained motion is needed. Nevertheless, similar as

the rest parallel manipulators, its workspace is limited and mechanical structure are relative

complex. As regards the motion velocity for high-speed sort task and industrial application,

its performance is usually less than that of the Delta robot’s.

2.6 SCARA Robot

SCARA robot is a common serial manipulator which can be found in many industrial

automation applications. Robots that have SCARA motions are widely used for the pick-

and-place operations, grasping, manipulating and stacking tasks(Cao et al., 2024). These

usually have four DOF and thus ideal for the planar assembly, packaging, and handling

tasks. SCARA robots have simpler structures and larger structured workspace than most of

the parallel robots, as well as simpler control.

They are also shown to have good speed performance and repeatability when moving

horizontally. Yet, as a result of the synchronous movement of some motors and joints in

action, it have a high inertia. Therefore, while the performance of SCARA is good for

many industrial applications, it may be insufficient for ultra-high speed light weight sorting

applications.
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2.7 Comparative Analysis and Select the suitable robot

The table provides a detailed comparison of the structural characteristics of Delta robots,

Stewart platforms, 3-RPS robots, 3-UPU robots, and SCARA robots.

Table 2.1: Comparative Analysis of similar parallel manipulator

Robot

type

DOF Workspace Speed Payload Stiffness control

complexity

Typical

applications

Delta

robot

3 Moderate,

suitable

for sorting

area

Very

high

Light to

medium

High Medium

to high

Food

sorting,

packaging,

pick-and-

place

Stewart

platform

6 Limited

and

complex

spatial

workspace

Medium Medium

to high

Very

high

High Motion

simulation,

flight

simulator,

precision

positioning

3-RPS

robot

3 or more

depending

on design

Limited Medium Medium High High System

requiring

precise

spatial

positioning

3-UPU

robot

3 Limited Medium Medium High High System

requiring

precise

movement

SCARA

robot

4 Relatively

large and

regular

High Medium Medium Low to

medium

Assembly,

packaging,

automation
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According to table 2.1 we see that each of these robots ’ structure has its own merits and

shortcomings: The Stewart platform with the best mobility flexibility and rigidity, but its

structure and control is more complex. The 3-RPS and 3-UPU robots also have good

rigidity, but the workspace and practical adaptability to high-speed sorting are relatively

small. SCARA robot has a large workspace and simple control, but its moving inertia is in

general larger than for the Delta robot. The Delta robot offers then the better compromise

between a high speed and lightweight structure; enough work space to carry out the task of

food sorting.

The objective of this thesis was the design of a robot for food sorting and therefore

required fast speed, quick start stop motion, light payload handing, and efficient repetitive

operation. According to the comparison above, the Delta robot is the best candidate for this

application because of its low moving mass and high dynamic performance, which makes

them very useful in high speed pick and place operations. Therefore it was decided to use

the Delta robot as the subject of this thesis.
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3 Structural Design of the Delta Robot

3.1 Design Requirements and initial conditions

The performance indicators are as follows, with the center of the static platform serving as

the origin for establishing Cartesian coordinates：

Table 3.1: Design Requirements and Performance Metrics

Speed 5 m/s

Acceleration 5 g

Payload 3 kg

Workspace X,Y ±300 mm

Workspace Z -550 ~ -800 mm

Initial parameter setting of the model：

Table 3.2: initial design parameters

Base platform radius 250 mm

Moving platform radius 75 mm

Active arm length 300 mm

Passive arm length 400(200+200) mm

Active arm Cross-sectional radius 20 mm

Passive arm Cross-sectional radius 10(up),5(down) mm
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3.2 Overall Structural Configuration

Figure 3.1: Complete CAD model (View 1) Figure 3.2:Complete CAD model (View 2)

Figure 3.1 and Figure 3.2 show the Delta parallel robot model constructed based on initial

parameters. According to structure design principle and transmission principle,the model

consists of four main parts including base platform, active arm, passive arm and moving

platform(end effector). The base platform which is fixed inside has three same servo

motors. The top part of the driving arm is connect the motor shaft, whereas the upper and

lower parts of the driven limb are connected to the driving limb and moving platform via

pivot joints, which represents the main actuation path of the model. Three servos, together,

move the active arm rotating it inside a vertical plane, actuate the passive arm. Passive arm

can fold vertically, and allow slight torsional rotation about its axis. With such a set of

three robots’ arms in coordinated motion, the end-effector is allowed to make non-rigid

motions in specific working spaces to complete full job cycle.

Because of the structure of parallelogram mechanisms in the lower linkage, the attitude of

the moving platform is restricted during movement and therefore, the end effector mainly

moves translation instead of rotation.

A key feature of this transmission scheme is that all actuators are mounted on a based

platform rather than moving components. Consequently, the motion mass of the robot is

significantly reduced, which not only enhances the dynamic response performance of the

mechanism but also enables the robot to achieve high-speed operation and high

acceleration characteristics.
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3.3 Description of Components

Below is a detailed description of the main transmission components

Figure 3.3: Base Platform CAD Model Figure 3.4: Motor installation slot

Figure 3.3 and 3.4 show the model of the base platform, and three convex grooves are

evenly arranged in an equilateral triangle shape on the base platform. Install drive motors

in the groove, whose axes are tangents of a circle whose center is located at the center of

the base platform, and the three motors’ shafts are aligned into two groups with an angular

difference of 120 degrees in the horizontal plane.

Figure 3.5: Active arm CAD Model (View 1) Figure 3.6:Active arm CAD Model (View 2)
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Figure 3.5 and 3.6 show a model of the active arm, featuring a vertical groove at the upper

end perpendicular to the rod axis that connects to the motor shaft mounted on the base

platform, and two coaxial grooves at the lower end for connecting the passive arm.

Figure 3.7: Ball joint CAD model

Figure 3.7 is a ball joint model, which can be used to connect between the passive arm, the

active arm and the moving platform. Although this kind of joint does not have the structure

of socket and ball, its function is equivalent. It allows the passive arm to rotate freely in a

hemispherical direction.

Figure 3.8: Lower rod of the passive arm Figure 3.9: Cross-sectional view of the two-bar

connection



25

Figure 3.10:upper rod of the passive arm Figure 3.11: Passive arm structure

These two rods collectively form one branch of the passive arm, with the rod members

connected via a rotary joint as shown in Figure 3.8-3.10, which allows for a relative

rotation about a common axis. The rod’s ends having T-shape are connected by ball joints

to an actuated arm and moving platform.

The passive arm is composed by two identical rods assembly that form approximately a

parallelogram mechanism. it limiting the attitude of the moving platform, so that it does

not rotate, while increasing the speed for faster operation. Moreover as both the rods share

the load, the passive arm is structurally stronger, more resistant to buckling.

Figure 3.12: Moving Platform CAD Model(View 1) Figure 3.13: Moving Platform CAD

Model(View 2)

Figure 3.12 and 3.13 show the moving platform model, that is designed to be combined

into one piece with the end effector. The main body has a regular hexagon shape, with

three pairs of parallel opposite sides provided with joints connected to the three groups of

passive arms (six rods).

The gripper is mounted in the middle of the moving platform, and integrated with the end

effector. The proposed system utilizes electromagnet grippers for the grasping tool. The
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electromagnetic gripper has been mainly employed to handle food items with metal

packaging material, such as canned drinks or canned fruit. In action time, after the moving

base arrives at the destination point, the electromagnetic iron works and generates

electromagnetic power to pick up the object. After the object is carried to the set place, the

power supply is cut-off, which releases the object.

3.4 Material Consideration

The 6061 aluminum alloy is one of the most commonly used aluminum alloy materials for

mechanical structure parts and light-weight engineering parts, which belongs to the Al-Mg-

Si series alloys. which is popular for the reason of its high strength, light weight, anti-

corrosion and easy processing(ASM Handbook Committee, 1990). Therefore, 6061

Aluminum Alloy used for transport vehicle parts and aircraft parts, structures, parts for

robots, and other machinery goods.

The first advantage is related to a rather low density value of this 6061 aluminium alloy

(~2700 kg/m3) compared with the one of steels and resulting in considerably lighter

weight,which is especially suited to the robot structure of strict light weight design

requirement.

Moreover, the 6061 Al-alloy is known to have good mechanical properties in a general

engineering application with an elastic modulus around 69 GPa ,its yield strength (in T6

condition) normally varies from 240-276 MPa and ultimate tensile strength about 290-310

MPa(Callister and Rethwisch, 2020). Though its strength is low compared to some high

strength aluminium alloys or alloy steels,it is still adequate enough for most light-to-mid-

weight mechanical structures if the geometrical design is optimally done.
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4 Kinematic Modeling and Workspace Analysis

4.1 Coordinate System Definition

Kinematic analysis of parallel manipulators has been extensively studied, particularly in

the determination and optimization of workspace(Zhang, 2009; Gosselin and Angeles,

1988). This chapter will derive the inverse kinematics formula for delta parallel robots and

utilize programme software to validate their workspace performance.

Establishing Cartesian coordinates with the center of the base platform as the origin, the

three transmission linkages of the delta parallel robot are identical except for a 120-degree

rotation around the Z-axis. Therefore, solving the rotation angle of the active arm for one

linkage allows the same procedure to determine the rotation angles of the other two

linkages. Assuming the moving platform's position is P(x, y, z), the required three angles

are �1 , �2 , �3 , with downward swing of the active arm defined as positive. R denotes the

upper platform radius, r denotes the lower platform radius, L denotes the active arm length,

and l denotes the passive arm length.

The three motor axes are tangent to a circle centered at the coordinate origin,

approximating the outer frame circle of the upper platform. Selecting one branch and

denoting its connection point with the motor as �1 , the connection point with the moving

platform as �1, and the connection point between the active arm and the passive arm as �1,

we can derive the following:

�1 = (0, − �, 0) (1-1)

�1 = (�, � − �, �) (1-2)

�1 = (0, �1, �1) (1-3)

Since the active arm can only swing within a vertical plane, the x-value of �1 is 0. The

length of the active arm of the first branch is fixed at L, so �1 lies on a circle with �1 as the

center and L as the radius,
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�1�1 = � (1-4)

Combining the coordinates of �1, the expansion yields:

(�1 + �)^2 + �1^2 = �^2 (1-5)

Similarly, the length of the boom is fixed at l, indicating that the distance from point �1 to

point �1 is l,

�1�1 = � (1-6)

The coordinates of the junction point are expanded as follows:

�^2 + (�1 − (� − �))^2 + (�1 − �)^2 = �^2 (1-7)

By simultaneously solving the two equations related to �1 —specifically, the constraint

equations for the active arm and the passive arm—and performing elimination and

systematic organization, we can obtain:

2((� − �) + �)�1 + 2�1� = �^2 + �^2 + (� − �)^2 + �^2 − �^2 − �^2 (1-8)

A linear relationship between �1 and �1 was established, followed by the further definition

of intermediate variables:

� = (�^2 + �^2 + (� − �)^2 + �^2 − �^2 − �^2)/2� (1-9)

� =− ((� − �) + �)/� (1-10)

can be expressed as:

�1 = � + ��1 (1-11)
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This indicates that under the known position P(x, y, z) of the moving platform, the

coordinate component �1 of the hinge point �1 can be expressed as a linear function of �1.

Substituting this equation into the active arm length constraint equation:

(�1 + �)^2 + �1^2 = �^2 (1-12)

get:

(1 + �^2)�1^2 + 2(� + ��)�1 + �^2 + �^2 = �^2 (1-13)

Solve for �1:

�1 = ( − (� + ��) ± (� + ��)^2 − (1 + �^2)(�^2 + �^2 − �^2))/(1 + �^2) (1-14)

The equation will have two solutions. Select the solution that satisfies the active arm being

positioned below the base platform. Substituting �1 back into the equation �1 = � + ��1 to

solve for �1 . According to the geometric relationship of the first branch chain, the

component of vector �1�1 in the oscillating plane can be expressed as:

�1�1 = (0, �1 + �, �1) (1-15)

Therefore, the active joint angle is:

�1 = ����2( − �1, − (�1 + �)) (1-16)

Because the second and the third branches are in structure totally symmetrical to that of the

first branch, we don’t have to derive their geometrical equations from scratch again.

Instead, the end-point P(x,y,z) will be converted to local coordinate planar space of its

associated branch and then repeat the above solving procedure. The terminal point of the

second chain is rotated 120 degrees around the Z-axis relative to P, �2 ( � cos 120° +

� sin 120°,� cos 120° − � sin 120°,z). The terminal point of the second chain is rotated by-

120 degrees around the Z-axis relative to P, �3 ( � cos 120° − � sin 120° , � cos 120° +
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� sin 120°,z). �2 and �3 were calculated using the same computational procedure as P for

�2 and �3.

4.2 MATLAB Implementation of the Inverse Kinematics

Figure 4.1: Inverse kinematics calculation program Figure 4.2: Filter angle program

The computational logic of inverse kinematics is shown on Figure 4.1 according to the

derivation process we have introduced in Section 4.1. In this code, we introduce new signs

for representing complex formulae, enhancing readability. In the code, the solution of �1

has been selected as a realistic and reasonable solution. The condition "abs(z) <1e-9"

prevents excessive computational results caused by z approaching zero. Figure 4.2

illustrates the invocation of the inverse kinematics function from Figure 4.1 to calculate the

active arm rotation angles of the three branches, namely �1 , �2 , �3 . "isReachable"

determines whether the calculated point is reachable, with the following logic: The

function will output �1 , �2 , �3 only when all three � values (including �1 , �2 , �3 ) have

solutions, when all three ‘ok’ conditions are ‘true’. Otherwise, output nothing.

The entire code constructs a “deltaIK” function. This function requires only four inputs:

end-effector position P(x, y, z), upper platform radius R, lower platform radius r, active

arm length L, and passive arm length l. It calculates the rotation angles �1, �2 and �3 of the
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three articulated links, provided the current position is reachable. This provides a

theoretical foundation for subsequent workspace verification and trajectory simulation.

4.3 Workspace Analysis Method

The workspace of a robotic arm is defined as the set of all positions reachable by the end

effector, which serves as a fundamental performance metric(Kumar and Waldron, 1981).

In this paper, by using the numerical search method based on inverse kinematics

discrimination, we calculate the reachable workspace of Delta parallel robots. Firstly,

discrete sampling with fixed step length in defined Cartesian space; applying IK function

on all sampling points to obtain the working joint angle of three branches chain;

Then,retains points that satisfy the above geometric accessibility and joint limits by

including active joint motion range constraints. Finally, all valid points are accumulated,

and shown as 3D point cloud to get robot’s reachable workspace distribution.

Here are some key parts of the code:

Figure 4.3: Parameter setting program Figure 4.4: Call the “deltaIK” function program

Figure 4.3 illustrates the code parameter configuration, primarily including the upper

platform radius R, lower platform radius r, active arm length L, and passive arm length l.

The active arm's initial posture (when the rotation angle is 0°) is parallel to the horizontal
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plane. Therefore, considering practical constraints, the rotation angle range is set between

negative 10° to positive 80°. The subsequent code generates a spatial grid that adequately

accommodates the target workspace requirements.

Figure 4.4 utilizes the “deltaIK” function defined in Section 4.2 to identify reachable points

for the robot. The algorithm evaluates not only whether the current position is reachable

but also whether the three active arm rotation angles �1, �2 and �3 at that position comply

with rotational constraints. If both conditions are satisfied, the current position is recorded.

Figure 4.5: Program to output workspace

The code in Figure 4.5 does not participate in subsequent plotting processes. It only

generates the robot’s extreme values on the X, Y and Z directions and prints out these

numbers on the command-line window after it terminates the run. They can be very useful

as a reference when changing the model size in later runs.

4.4 Workspace of the Initial Design

Figure 4.6: Workspace Image(First test)(View 1) Figure 4.7: Workspace Image(First

test)(View 2)
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Figure 4.6 and Figure 4.7 show the results obtained from workspace analysis using initial

parameters. Colored area represents the robot’s reachable workspace, while the red frame

shows the target workspace. The above result demonstrates that a robot which is

constructed by the present parameters can not satisfy the target demand.

Figure 4.8: Output of workspace programs

The computed workspace are seen in Figure 4.8 and can be said to be far from target

specification. It should be noted by inspection on the figures that the current reachable

workspace is located a little bit over the middle part of the target one. This means that both

the active and passive arms not have enough length, makes it hard for a moving platform to

reach the targets workspace. Additionally, the oversized base platform size restricts the

active arm's swinging range, indirectly suggesting that the robot requires longer arm

lengths.

4.5 Parameter Revision and Re-analysis

Based on the current parameters, three additional modifications and attempts were

conducted:

Table 4.1: Workspace Simulation Experiment Record

tesk R (mm) r (mm) L (mm) l (mm) X

range(mm)

Y

range(mm)

Z

range(mm)

1 250 75 300 400 -100~100 -120~80 -620~-550

2 200 75 350 500 -290~290 -330~270 -800~-550

3 200 100 400 600 -350~350 -350~350 -800~-550

4 200 100 450 700 -350~350 -350~350 -800~-550
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A summary of results for this first test and also these next three is presented in Table 4.5.1.

These results show that it is possible to considerably increase the robot’s workspace by

increasing its arm length, but simultaneously reducing the size of the base platform. In

particular, as we see in the above table, the workspace of robot in test three have already

meet the goal requirement. But the workspace of delta robot are not normal rectangular

prism, but more like a “rugby ball”.

Figure 4.9: Workspace Image(third test)

As shown in Figure 4.9, a part of the robot's workspace still fails to meet the target

requirements and requires further improvement.

Figure 4.10: Workspace Image(fourth test)(View 1) Figure 4.11:Workspace Image(fourth

test)(View 2)

Figures 4.10 and 4.11 present the results of the fourth test, demonstrating that the robot's

reachable workspace nearly covers all areas of the target workspace. Consequently, the

approximate size parameters of the Delta robot can be determined:
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Table 4.2: Final design parameters

Base platform radius 200 mm

Moving platform radius 100 mm

Active arm length 450 mm

Passive arm length 700(690+10) mm

Active arm Cross-sectional radius 20 mm

Passive arm Cross-sectional radius 10 mm

To enhance the structural strength of the slewing arm, partial modifications were made to

its design, with the thicker upper section occupying the majority of its structural

composition.
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5 Trajectory Simulation and Motion Verification

5.1 Purpose of Trajectory Analysis

Trajectory planning is a critical component of robot motion control, ensuring smooth and

feasible movements of end-effector(Craig, 2009). This chapter will formulate a motion

trajectory and guide the robot to move along the predetermined path. The motion process

will be recorded and the feasibility of the movement will be evaluated.

To evaluate the motion feasibility of the Delta parallel robot under specified task paths,

this study employs linear interpolation to generate discrete trajectory points between the

starting and ending positions of the end effector, followed by inverse kinematic analysis

for each point. The trajectory's overall accessibility is assessed by determining whether

each point has an inverse solution and whether active joint angles remain within

permissible constraints. Meanwhile, the obtained three active joint angles were recorded

and plotted along the trajectory variation process to verify the continuity and stability of

joint motion. Finally, the ability of the robot to execute linear path motion was validated

through the end-effector trajectory diagram and joint angle variation curve diagram.

5.2 Definition of the Linear Trajectory

The following shows some important code:
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Figure 5.1: trajectory parameter setting program Figure 5.2: Point screening program

The setup of the parameters is shown in Figure 5.1 including the upper platform radius R,

lower platform radius r, active arm length L, passive arm length l, and angular limits for

active arm rotation. The linear trajectory is defined with start point (-250, -250, -600) and

end point (250,250, -750).

N is the number of discrete points, set to 200 here. t is the trajectory interpolation

parameter, represented as an array of 200 equally spaced values from 0 to 1, with each

point spaced 1/199 apart. The final three rows employ linear interpolation. For instance, for

X, when t=0, x=-250; when t=1, x=250, with linear progression in between. Figure 5.2

shows how IK functions are called and if the point positions lie under joint angle limits or

not.
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5.3 Trajectory Simulation Results

Figure 5.3: Trajectory image of end effector Figure 5.4: Image of active arm rotation

angle variation

Figure 5.3 illustrates the motion trajectory of the robot's end effector, consistent with the

specifications provided above. Figure 5.4 demonstrates the variation in rotation angles �1 ,

�2 and �3 of the three active arms during the end effector movement along this trajectory.

Throughout the entire trajectory, the three active joint angles remain entirely within the

angular range (-10,80). The variation curve exhibits continuous smoothness without abrupt

jumps or abrupt breaks, indicating the absence of unreachable points in this trajectory and

demonstrating highly stable rotation of the three active joints. These results validate the

feasibility of continuous motion for the robot.

Besides, when examining changes from three perspectives, the gradual increase in �1 and

the gradual decrease in �2 indicate that one branch becomes increasingly ‘unfolded’ while

the other becomes increasingly ‘retracted’, indirectly validating the rationality of the

motion. Furthermore, the magnitude and range of changes in the three angles differ,

indicating that the loads borne by the three branches also vary. The variation of �3 exhibits

a distinctive pattern: during the initial phase, its amplitude remains minimal, indicating that

this branch does not primarily bear the mechanical load at this stage.
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6 Motion simulation

6.1 Basic Experimental Procedure

First, check the mating relations among the static platform, actuated arm, driven arm,

moving platform, end-effector for whether all the motion couples are connected correctly

in this mechanism. Upper platform should be fixed, while the moving platform should

have the desired coordinated motion according to the constraint of the mechanism.

The second is to check interference of whole machine before verifying motions formally,

which determines if large overlaps exist in geometry structure or collision occurs among

main parts of robot, thus laying the basis of an accurate assembly to be used in further

simulations involving motions.

Once it has been verified that there is not an important interference in the whole

mechanism, a case of motion simulation was set up. It used a sectional control strategy

with key frames for the generation of the whole motion path. It is inserted key frames at

the critical moment of each main moving member so that the posture of the mechanism can

be guaranteed to be equal to the default posture at any critical station.

Finally, according to the real working process of food sorting work, I designed one whole

action sequence including the following steps: stand-by, movement above the target,

descent contact, adsorption lifting, transportation above the placement area, descent

placement, sample release and back to start point. Then took screenshots and made

analysis at every key step.

6.2 Interference checking

Prior to initiating motion simulation, an interference check was first performed on the

complete assembly of the Delta parallel robot to validate the assembly rationality of the

mechanism under typical working postures. The inspection targets included the base

platform, active arm, passive arm, moving platform, end effector, and related connecting

components.
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Figure 6.1: Interference test results

The Figure 6.1 show the interference test results show that there is not any major

interference found between main moving parts of the robot, suggesting reasonable

assemble relations that satisfy basic conditions to conduct further motion simulation.

6.3 Key Position Capture and Result Analysis in period of motion

In order to intuitively display the operating process of Delta parallel robots for food sorting,

we use key frames to divide one working period and extract key points from the operation

process.

Figure 6.2: Initial position Figure 6.3: Above the sample



41

Figure 6.4: Adsorb and Lifting Figure 6.5: Transported above the destination site

Figure 6.6: Descend and placement Figure 6.7: Return to the initial position

In conclusion, Figure 6.2-6.7 show the robot’s feasibility of work in a regular working area

was confirmed. The simulation results show that the mechanism is able to perform all steps

of an action.
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7 Actuation and Motor Selection

7.1 load estimation

The currently determined parameters are: upper platform radius R=200mm, lower platform

radius r=100mm, active arm length L=450mm, and follower arm length l=700mm. The

robot's performance targets include maximum end-effector speed v=5 m/s, maximum end-

effector acceleration a=5g, and full load mass m=3kg.

In general, the worst case will start from vertical upward acceleration because this motion

has to overcome gravity and produce upward inertial force.

�� = �� = 3 ∗ (5 ∗ 9.81 + 9.81) = 176.58 � (2-1)

Distribute the external force equally among the three branches:

���� = 176.58/3 ≈ 58.86 � (2-2)

A rough estimate of the torque:

���� ≈ ���� ∗ � = 58.86 ∗ 0.45 = 26.487 �� (2-3)

To ensure stability considering the robot's self-weight, the active joint's output side must

maintain a minimum torque of �������=50 Nm.

If the terminal velocity v is roughly mapped to the active arm length L:

���� = �/� = 5/0.45 ≈ 11.11 ���/� = 106.10 ��� (2-4)
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7.2 Decelerator

Now, we have a required speed and torque at the output of this drive train. Considering that

these days are what is on the shelves for motors, it is advised to choose a proper reducer so

that the rotation speed will be limited and the output torque increased. The choice of the

speed reducer, as well as affects the generated torque, it has an important contribution on

the dynamic behaviour of the whole mechanism. Increased reduction ration increases the

output torque: it slows down the output and also demands larger motor angular velocities

to obtain equal joint velocities. Further, larger reduction ratio also means the use of more

complicated transmission stage which increases vulnerability for interval and torsional

compliance. For Delta robots with high speed reciprocal movement, interval can generate

empty stroke when reversing the direction of a joint and reducing repeat positioning

accuracy; transmission flexibility may cause torsional deformation under loading, increases

the stiffness of the system, as well as the stabilization time. As the joint errors for a parallel

mechanism are additionally mapped on end-effector position errors, the above problems

are more serious for Delta robots. Therefore, with the condition that satisfies the required

output torque, drive systems generally give preference to the reducer of small reduction

ratio, small back lash and large rigidity.

In this design, the preselect reducer features a reduction ratio of 5:1 and a reduction

efficiency of approximately 97%:

��� = �������/(� ∗ 0.97) = 50/(5 ∗ 0.97) ≈ 10.3 �� (2-5)

��� = ���� ∗ � = 106.1 ∗ 5 = 530.5 ��� (2-6)

There are many available servo motors on the market which satisfy these two output

requirements. For example, the rated torque of the “Omron 1S” series motor is 14.3Nm and

its rated speed is 2000rpm, which is not only able to satisfy the torque requirement, but it

has a good enough speed margin as well.
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8 Discussion and Limitations

8.1 Discussion of Results

The above results show that the proposed Delta parallel robot structure scheme has wide

application prospect in ultra-fast, light-load applications. After the CAD model has been

developed, a detailed verification of its design is performed using for instance the analysis

of the workspace based on inverse kinematics, trajectory modeling, motion modeling, and

dynamics modeling.

Through simulation analysis of the workspace using inverse kinematics, it was verified that

the initial geometric parameters failed to meet the target workspace requirements. The

reachable workspace range generated by the original design scheme deviated almost

entirely from the target area, failing to achieve the specified range of ±300 mm in the X/Y

direction and −550 mm to −800 mm in the Z direction. By adjusting structural parameters

such as the upper platform radius, lower platform radius, and robotic arm length, the

workspace was significantly modified, resulting in a substantial improvement in alignment

with design objectives. This confirms that geometric parameters exert a decisive influence

on the performance of Delta robots.

Trajectory tracking also proves that the final shape can execute the default straight line

trajectory smoothly. Joint space curves from IK are continuous and smooth, suggesting that

the motion scheme is physically possible, satisfying the constraints of joints.

The kinematics simulation of the Delta parallel manipulator verified the feasible of it under

normal work space, which showed that this designed manipulator satisfies the basic

conditions required by the food sorting task from the perspective of motion capability.

The following is the revised CAD model diagram based on current research finding, with

the sample adsorbed at the bottom of the moving platform during simulation operation:
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Figure 8.1: Final CAD model image

For the engineering drawings of the model, please refer to Appendix 1.

8.2 Limitations of the Study

Despite of the successful validation in design scheme, there are also some shortcomings

with this work. First of all, only inverse kinematics is analyzed on the kinematic modelling.

The explicit solution of the forward kinematics,which are usually more complicated for

Delta robots and have not been derived here; therefore, it is based on default paths instead

of a closed loop position check. Also, the fixed effect of a large number of parameter

values does not take into consideration the influence of the intrinsic volume of the models

and can produce distorted outcomes.

Second, there is a limitation for the system dynamic behaviour analysis as although

acceleration requirement is considered during the load estimation, where several physical

effects (inertia, frictions) have been neglected, thus limiting the validity in motor choice

and actuation performances assessment.
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9 Conclusions and Future Improvements

9.1 The conclusion of this article

In this work, propose an approach to the design and analysis of Delta parallel robot

structures applied in food sorting tasks. From conceptual design until complete process

chain has been established and implemented, including the CAD design, the kinematics

computation, workspace verification, trajectory simulation and motor selection. The first

geometrical design using non-analytic calculation failed to meet the required work space

requirement. With a series of parameters adjustment and work space verified by

programme software, an optimal combination of geometrical parameters has been achieved

so that it meets the required work space for our robot.

In general, the obtained results show that the proposed optimized Delta robot structure can

be used for fast operation of light-load applications like food sorting. Despite the

limitations of dynamic model development and experimental validation, this study lays a

solid foundation for further development and practical application of Delta parallel

manipulators.

9.2 Future Work

A full-dynamic model of the delta robot could be established so that accurate simulations

on motion, forces, and actuator requirement are possible for optimization purpose in motor

selections and controller design. Accurate tracking performance of a desired trajectory can

be attained using control schemes like PID control or model based control.

Integration into real time control platform would make it more applicable. The proposed

design could also be verified by producing actual hardware models. Experimentation may

confirm the workspace,speed, accuracy and structure behaviour in real working conditions.
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