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Opportunity
This project aimed to design a robot arm with two joints that can draw shapes by moving the motors to
specified positions. Our motivation for this project was to build a machine that has the precision and
control to draw shapes with more accuracy than humans, as a robot arm is capable of creating perfect arcs
and perfectly straight lines. We intend for this to be a tool for people who wanted to create designs they
would have trouble drawing on their own, allowing them to better express their creativity.

Strategy
Our base goal for this project was to have velocity control for all our motors, consistently draw an arc,
and detect when the pen made contact with the paper. Our reach goal was to implement position control,
program set positions, and use the arm to draw different shapes. Our strategy to address these objectives
consisted of two major components. The first was a double-jointed arm with two motors that each had a
belt drive system to actuate each joint of the arm. The second was a linearly-actuated wrist with a motor
controlling a rack and pinion that lowers a pen until it makes contact with the drawing surface and raises
the pen after the drawing is complete. We were able to complete our base goal. The double-jointed arm
was controlled by two potentiometers, each controlled the speed of one motor, and we could draw arcs of
different radii consistently. The linearly-actuated wrist had a set speed, and was stopped once a signal
from a force sensitive resistor, installed near the top of the pen, was received.

Integrated Device

Figures 1, 2, & 3: These figures show the mechanical components and subsystems of the robotic arm
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Function-Critical Decisions
Material:We chose Aluminium 6061-T1 for the material for the frame of our arm due to cost
effectiveness, ease of machining, and yield strength. To choose the thickness, we conducted beam bending
analysis. We started with the smallest thickness, 1/16’’, available to us.

The calculation assumes the beam is a single unit with both arms, the point load includes only the metal
bracket's weight, the cross-section with standoffs is approximated as a rectangular tube, and the uniform
load accounts for the dead weight of the metal plates.

L = 400 mm, = 0.050 kg × g = 0.1635 N, E = 70GPa, I = 338290 mm⁴𝑊
𝑝𝑒𝑛 ℎ𝑜𝑙𝑑𝑒𝑟 

=𝑤
𝑝𝑙𝑎𝑡𝑒𝑠 

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐴𝑙 * (  𝑤𝑖𝑑𝑡ℎ *  𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑝𝑙𝑎𝑡𝑒) * 𝑔

            =  0. 0000027 𝑘𝑔/𝑚𝑚³ × 3. 175𝑚𝑚 × 50𝑚𝑚 × 𝑔 =  4. 2 𝑁/𝑚

δ
𝑚𝑎𝑥, 𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑 

=
𝑊

𝑝𝑒𝑛 ℎ𝑜𝑙𝑑𝑒𝑟
𝐿3

3𝐸𝐼 = 0. 00014𝑚𝑚 δ
𝑚𝑎𝑥, 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑙𝑜𝑎𝑑 

=
𝑤

𝑝𝑙𝑎𝑡𝑒𝑠 
𝐿4

8𝐸𝐼 = 0. 00114𝑚𝑚 

δ
𝑚𝑎𝑥, 𝑡𝑜𝑡𝑎𝑙

= 0. 00128𝑚𝑚 

With such a small deflection, we validated that 1/16’’ 6061 Al would be suitable for our project.

Motor choice: The motor for the shoulder joint experiences the highest load in this analysis. The forces
acting on it primarily arise from the combined weight of the metal plates, the motor itself, and the pen
holder section

𝑊
𝑝𝑙𝑎𝑡𝑒𝑠 

= 2 *  𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐴𝑙 * ( 𝑙𝑒𝑛𝑔𝑡ℎ *  𝑤𝑖𝑑𝑡ℎ *  𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑝𝑙𝑎𝑡𝑒) * 𝑔 =  1. 68𝑁

𝑊
𝑝𝑒𝑛 ℎ𝑜𝑙𝑑𝑒𝑟 

= 𝑊
𝑝𝑒𝑛 𝑏𝑟𝑎𝑐𝑘𝑒𝑡

+ 𝑊
𝑠𝑚𝑎𝑙𝑙 𝑚𝑜𝑡𝑜𝑟

* 𝑔 = 0. 598𝑁

0.461N𝑊
𝑏𝑖𝑔 𝑚𝑜𝑡𝑜𝑟 

= 𝑚𝑎𝑠𝑠 * 𝑔 =

The frictional force exerted by the pen is estimated with a coefficient of friction of 0.5, based on previous
studies. The normal force is approximated as half of the total dead weight of the arm.

𝐹
𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 

=  µ
𝑅

*  𝑁 = 0. 5 * 0. 5 * ( 𝑊
𝑝𝑙𝑎𝑡𝑒𝑠 

+  𝑊
𝑝𝑒𝑛 ℎ𝑜𝑙𝑑𝑒𝑟 

+  𝑊
𝑏𝑖𝑔 𝑚𝑜𝑡𝑜𝑟 

) = 0. 685𝑁  

τ
𝑚𝑜𝑡𝑜𝑟 1

= 0. 15𝑚 * 𝑊
𝑏𝑖𝑔 𝑚𝑜𝑡𝑜𝑟 

+  0. 2𝑚 * 𝑊
𝑝𝑙𝑎𝑡𝑒𝑠 

+ 0. 4𝑚 * 𝑊
𝑝𝑒𝑛 ℎ𝑜𝑙𝑑𝑒𝑟 

+ 0. 06 * 𝐹
𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 

= 0. 685𝑁𝑚
Thus, we chose a motor with a stall torque value of 2.06Nm which gives us a factor of safety of 3. Since
the motor on the shoulder bears the most load, we chose the stall torque for both shoulder and elbow
motors based on the torque that the shoulder motor will experience.

The torque required for the motor to actuate the rack and pinion for the motion of the pen is determined
by the weight of the rack and pen holder assembly and the diameter of the pinion’s pitch diameter.
τ

𝑚𝑜𝑡𝑜𝑟 
 = 𝐹 *  𝑑  =   𝑔 *  (𝑀

𝑟𝑎𝑐𝑘
 +  𝑀

𝑝𝑒𝑛 ℎ𝑜𝑙𝑑𝑒𝑟 
 +  𝑀

𝑝𝑒𝑛 
 +  𝑀

𝑓𝑎𝑠𝑡𝑒𝑛𝑒𝑟𝑠 
) *  𝑟

τ
𝑚𝑜𝑡𝑜𝑟 

 =  𝑔 *  (0. 002𝑘𝑔 +  0. 02𝑘𝑔 +  0. 01𝑘𝑔 +  0. 001 𝑘𝑔) *  0. 004 𝑚
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τ

𝑚𝑜𝑡𝑜𝑟   
=  0. 00129 𝑁𝑚 

We determined based on this that the lab motors were able to provide sufficient torque for this purpose.
They have a stall torque of 0.0078 Nm, which would give us a factor of safety larger than 2.

Circuit Diagram and State Diagram

Figures 4 & 5: Figure 4 (left) shows the full circuit diagram of our system. Figure 5 (right) shows the state diagram
that we implemented into the code.

Reflection
Overall, the execution of this project went relatively smoothly. The brainstorming and designing stage
took more time than we had anticipated, but it was necessary to iterate through different design concepts.
It was important for us to design easily manufacturable parts as we only had a semester to create our
project. This allowed us to have time to remake parts, such as 3D printing our pen holder. When
assembling the arm, components fit together well. However, we found that our mechanical tolerances
were not tight enough to allow precise use of the arm. If we were to build this again, we would design
parts with smaller tolerances and give ourselves more time to test and iterate mechanical subsystems.
Ideally, we would test the movement and control of each section of the arm before integrating everything.
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Appendix A: Bill of Materials
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Figure 6: Shows the components and parts that we purchased and the justification behind the purchase.

Appendix B: CAD Screenshots

Figures 7, 8, & 9: Pictures of the fully completed CAD, accurate to what we manufactured. We modeled the CAD
on Solidworks.
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Appendix C: Code

Code for the ESP32’s controlling the motors in the arm:
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Code for the ESP32 controlling the rack and pinion (includes state machine):
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