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 Many designs for robot arms exist. Here we present an affordable revolute arm, capable of 
executing simple pick-and-place tasks. The arm employs a double parallelogram structure, 
which ensures its endpoint angle in the plane of the upper arm remains fixed without the 
need for additional actuation. Its limbs are fabricated from circular tubes made from bonded 
carbon fiber, to ensure low moving mass while maintaining high rigidity. All custom 
structural elements of the arm are produced via 3D printing. We employ worm-drive DC 
motor actuation to ensure that stationary configurations are maintained without the 
necessity of continuous motor power. Our discussion encompasses an analysis of the arm's 
kinematics. A simulation of the arm's operation was carried out in MATLAB, revealing key 
operational metrics. In conclusion, we achieved extrinsic endpoint position tracking by 
implementing its inverse kinematics and PID control using a microcontroller. We also 
demonstrate the arm's functionality through simple movement tracking and object 
manipulation tasks. 
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1. Introduction  

1.1. Extension of previous work 

This paper builds upon work on a prototype 2D planar arm first 
published in the proceedings of the 2022 International Conference 
on System Science and Engineering (ICSSE) [1]. We explicitly 
highlight the extensions of previous work and novel contributions 
of this study at the beginning of the discussion section.  

1.2. Overview 

Brought about by a combination of a dwindling agricultural 
workforce and advancements in robotics technology, the 
deployment of robots for harvesting fruits and vegetables has 
become an increasingly important area of development [2]. As a 
result, there is a growing demand for low-cost robots to not only 
reduce the cost of harvesting but also to address the shortages in 
agricultural workers willing to perform the task.  

As a typical application area, we consider the development of 
robotic arms designed to harvest berries from plants. For such an 
application, robotic arms are normally attached to a computer-
controlled mobile robot base. These systems typically operate in 
structured environments, such as greenhouses, and must 
autonomously identify, pick, and collect ripe berries. The design 

of suitable robotic arms involves trade-offs, as multiple 
requirements need to be met [3]. 

1.3. Requirements 

To offer a realistic alternative to employing human workers, 
any useful arm design needs to perform its picking tasks effectively 
with no greater, and preferably lower, overall operating costs. 
Therefore, keeping the cost of arm construction low is an important 
design consideration. 

In terms of performance, the workspace of the arm must be 
sufficient for it to reach the berries chosen for picking, and it must 
be able to do so with reasonable accuracy (of the order of 
millimeters). Ideally, it should accomplish this with minimal 
correction during movement, avoiding the need for visual servoing 
[4]. The arm must also generate sufficient force to hold and operate 
a suitable end effector mechanism to pick the berries. Pulling off a 
raspberry can require up to 10N [5], although alternative removal 
techniques, such as cutting, are also viable [6]. Force generation 
requirements place demands on the joint torques needed, as well 
as on the stiffness and strength of the arm structure. Clearly, a 
balance must be struck between arm link length and stiffness, 
given that arm stiffness decreases rapidly as a function of link 
length. 

The actuation and control mechanisms of the arm should 
prioritize power efficiency, as mobile picking systems generally 
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3D-printed base plate. These components are secured together 
using four long bolts. The top two base plates tightly secure a deep 
groove ball bearing in place. It has a large internal bore of 50mm 
to accommodate a 3D-printed shaft, which passes through the 
bearing. The shaft is affixed to the bearing assembly, using a 3D-
printed clamping collar. This provides the shaft with radial and 
axial support. The collar incorporates an integrated 40-tooth HTD 
5M x 15mm timing pulley. The shaft represents the arm's first 
degree of freedom. The upper end of the main shaft features a flat 
plate with mounting holes, so the upper arm assembly can be 
bolted onto it. 

 
Figure 1: 3 DOF worm-gear motor robotic arm. The base mechanism serves as the 
initial rotational joint of the arm. Incorporating two degrees of freedom (2DOF), the 
upper segment adopts a parallelogram design. 

The main shaft timing pulley on the collar is driven by a timing 
belt. A worm-gear motor, fitted with a smaller aluminum 24-tooth 
HTD 5M x 15mm timing pulley, drives the other end of the timing 
belt in order to rotate the shaft (Figure 2B). The motor itself is 
located on the lower base plate. 

2.3. Two-degrees of freedom parallelogram design 

The upper part of the arm mechanism is mounted on the main 
axis and is rotated by the base assembly, as depicted in Figure 3. 
Its design incorporates a mechanism to maintain the orientation of 
the endpoint in the plane of the upper arm, eliminating the need to 
control this linkage explicitly. 

The main upper arm link L2 is supported and driven by a 3D-
printed component that incorporates a 40-tooth HTD 5M x 15mm 
wide timing pulley. The component incorporates 2 x 8mm ball 

bearing races and is located on the main 8mm-diameter 
parallelogram mechanism shaft.  

 
Figure 2. Close-up view of the rotating base platform mechanism. Panel A: Front 
view of the pulleys drive connected to the parallelogram arm mechanism. Panel B: 
The horizontal pulley drive for J1 for the first rotary axis of rotation. Panel C: Rear 
view of the parallelogram pulley drive showing worm-gear motors. 

 The secondary upper arm link arm is supported and driven by 
a 3D-printed mini-arm component, which also incorporates a 40-
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tooth HTD 5M x 15mm wide timing pulley. This component also 
incorporates 2 x 8mm ball bearing races and is likewise located on 
the main 8mm-diameter parallelogram mechanism shaft. 

 
Figure 3: Robot viewed from the side. Panel A: Depicts the main components 
of the base and upper parallel arm links. Panel B: Shows the passive arm 
components and drive belts for the main arm. Panel C: Highlights the locations 
of the bearings, motors, and encoders. 

The lower link L3 is driven by the main arm link L2 and 
secondary link L2 via custom made 3D-printed joint components 
(see Figure 3A). 

To maintain the consistent orientation of the final arm link 
(wrist link L4), and consequently the endpoint, within the plane of 
the parallel arm mechanism, a passive orientation system is 

strategically situated behind the main arm. This ensures stable 
positioning and alignment throughout the operational movements 
of the arm mechanism. This additional parallelogram structure 
makes use of solid 8mm diameter carbon fiber rods in its 
construction. Figure 4A illustrates the endpoint alignment rocker 
mechanism, and the endpoint alignment mechanism and end-
effector attachment point are shown in Figure 4B. This 
configuration enables the planar arm mechanism to preserve the 
endpoint orientation angle within the plane of the parallel arm 
without necessitating additional explicit actuation. As a result, the 
upper arm demands only two actuators for control, instead of three. 

 
Figure 4: Panel A: The 2D upper arm features an endpoint alignment joint 
component located at the elbow. Panel B: The endpoint orientation mechanism. A 
dovetailed profile at the lower end of the last limb segment provides a connection 
point for end effectors. Here, a round knob is attached for safe demonstration 
purposes. Panel C: Simple commercially available RC-servo gripper mechanism 
attached to arm to demonstrate pick-and-place operations. 

2.4. Arm joint components 

The arm design relies on the use of joints, which utilize 
miniature ball-races to minimize friction. Figure 5 shows arm joint 
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