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1 Introduction

Dating back to the early 20th century, the art of pour-over coffee has evolved from Melitta Bentz’s simple paper
filter to a globally handy craft tide [1]. Although this brewing method is highly praised for the complex flavor
and creative experience, it is hard to maintain consistent quality for the public.

Modern consumers demand coffee that is not only good, but also convenient to drink [2]. This project
proposes an intelligent pour-over coffee machine that employs pre-trained imitation learning algorithms.
Our design aims to blend the hand-made art of pour-over with the precision of automation, contributing to the
dynamic and expanding coffee machine market [3].

Keywords: pour-over coffee, automated brewing, coffee machine, sensory experience, market
opportunity

2 Problem and Solution Overview

2.1 Problem

The art of pour-over coffee brewing, famous for its complex flavor and high quality, is heavily dependent on the
skills and experience of a barista. This craftsmanship leads to variability in coffee quality due to human element.
Additionally, it is challenging for common coffee enthusiasts to replicate professional barista techniques at
home or in non-specialized settings, particularly in areas where specialty coffee culture is less developed.

2.2 Solution

Imagine a coffee machine that automates the process of pouring water. It can customize each cup according to
the type of coffee bean and the desired flavor. With the bean grounded and filter in place, the user can
start the process with the press of a simple button, after which the machine dynamically adjusts its operations
to create a delightful cup of coffee.

This machine should deliver sensory pleasure and the similar taste of hand-poured coffee, while saving time
and effort. This machine is designed to mimic the skills of the master and conveniently deliver high quality
in-place coffee. Below is a concept diagram of our system, showing the preliminary mechanical design and the
feasibility of various details, with special attention to the brewing and control subsystems.

Figure 1: Early Physical Design of Machine, with two motors, two pumps and two water tanks. The mechanical
design evolves a lot through development.
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2.3 Visual Aid

2.3.1 Physical Design Diagram

The physical design diagram of our design is shown in Fig 1. As the figure indicates, it consists of several key
components and subsystems, each serving a specific function in the brewing process, here I offer an outlined
introduction of the system and a more detailed description will be expanded in section 2.2.

First is the Coffee Bean Weighing module, here a piezoresistor placed beneath the coffee bean filter detects
the weight of the coffee beans as they’re poured into the filter. This weight serves as input for the system’s
controller, which calculates optimal brewing conditions such as temperature, radius, and waiting time. Then a
Cold Reservoir holds the water before it’s pumped into the heating system. Once the program is runned, the
cold water pump will pump water up into the Heating System, the procedure is controlled by an Arduino or
STEM 32-based breadboard. The heating system consists of a container made from thermal insulation material
to withstand high temperatures. A heating block, controlled by the STEM 32, heats the water to the desired
temperature. Once heated, the water is pumped to a hot water slider. A water rectifier ensures proper velocity
at the slider’s outlet. The slider, controlled by electromagnetic relays and a reset spring, delivers hot water into
three interlayers of the brewing nozzle to achieve different brewing radii.The brewing nozzle has three outlets
for different brewing radii. Hot water from the slider is delivered to the nozzle via an intricate spur gear set,
ensuring precise control over the brewing process. Finally, the hot water from the brewing outlet reaches the
coffee bean filter, where it brews the coffee. The brewed coffee is collected in a cup, ready to be enjoyed.

2.3.2 FSM Diagram

Figure 2: The finite state machine (FSM) diagram for the coffee machine. Each bubble stands for a state
(what the coffee machine is doing). The arrows stand for transitions, which means the coffee machine starts
to do another thing when a condition is met, or a user instruction is input. For the states’ description, see
Section 3.3.2. For sub-FSMs like EXE-H, EXE-L, EXE-D, see Figure 3 for details.

Figure 3: The figure explains how a sub-FSM (EXE-H/EXE-L/EXE-D) works for the dripping ways of a certain
brewing type. After reaching the ST Brew state (start brewing), the motor first drips by rotating (R), and
after 3 seconds, it starts dripping straight (S) and then starts rotating and dripping again; when it reaches state
FIN Brew (finish brewing), the motor terminates.
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We are figuring out a simple way to describe the control logic of this coffee machine. [4] provided a finite
state machine (FSM) paradigm that abstracts the story of how a laundry machine washes clothes well. FSMs
are also abstracts for other control systems, like cooking machines [5], robots [6], and vending machines [7]. In
this project, we tried to use FSM to describe our coffee machine.

As shown in Figure 2, the FSM includes the states of setup, brewing, heating, and pumping, and set the
execution order according to different input commands.

FSM Summary. The FSM describes the entire coffee brewing process. After setting the brewing method,
the coffee machine starts by moving water from the cold tank to the hot tank. Once the hot water tank is
fully filled, the heating element kicks in, heating the water to about 95 degrees Celsius. At this point, water is
distributed through the hot water outlet. Depending on the chosen brewing method, the machine then activates
a gear motor to perform a specific movement, such as a direct or rotating drop mode. If the weight sensor shows
that the coffee concentration meets the set standard, the brewing cycle ends, and further water addition is
stopped. If not, the process is repeated for another cycle. A more detailed explanation of FSM is provided in
section 2.3.

Figure 4: 4-Digit LED Display dashboard. Users can give instructions by pressing buttons. The functions
of each button are explained below. The LEDs show the physical quantities (mass, height, temperature, and
time).

• Dashboard

– As illustrated in the figure 4, the dashboard features five buttons for user convenience and LED
digital tubes to display various physical quantities such as water temperature, time, water weight,
and water height.

– The functions of the buttons are:

∗ POWER: Turns the coffee machine on or off and can be used to shut down the machine in
emergency situations such as a power short circuit, system damage, or water temperature mal-
function.

∗ START: Initiates the brewing process according to a pre-set program. It requires the type of
brewing (e.g., light coffee, espresso, hot water cleaning) to be recorded before activation.

∗ LIGHT: Selects the brewing process for light roasted coffee, simulating the method of a human
hand brewing.

∗ DARK: Chooses the brewing process for dark roasted coffee, again simulating human hand
brewing.

∗ HOT: Used for hot water cleaning to cleanse the pumping system, arm, nozzle, and other
components using hot water only.

• Motor Movement

– The nozzle utilizes a combination of straight and rotary drip methods for water dispensing, with
carefully timed alternations between the two.

– The control codes for different brewing modes are hard-coded into the circuit chip of the control
system during production, as shown in another referenced figure.
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2.4 High-level Requirements List

• Precision and Consistency: The machine should replicate the scientific pour-over skill . It should
precisely control water temperature, water-bean ratio and time spent for making coffee.

• Affordability and Accessibility: The product should offer a more cost-effective solution than existing
commercial product without sacrificing flexibility and quality.

• Easy User Experience: The design should be intuitive, easy to use for the specialty coffee beginner.

• Durability and Maintenance: The machine should be built to last, requiring minimal maintenance
while operating efficiently.

• Quality of Brew: The coffee produced must be consistently high in quality, with taste tests confirming
its superiority or equivalence to manually brewed pour-over coffee.

• Coffee Roast Degree Difference: The machine should be able to distinguish light roast and dark roast
coffee, taking different brewing strategy on them.
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3 System Design

3.1 Block Diagram

Figure 5 shows the system block diagram of our design.

Control Subsystem

Pumping Subsystem

PCB Module

User Interface Subsystem

Sensor Subsystem

Brewing Subsystem Heating Subsystem

Drip Outlets

Filter Bowl

Sharing Pot

Heating Pipe

Reservoir

Thermostatic chamber

Water

Coffee Time!

Temperature Sensor

ButtonLED Display

Weight Sensor

pH / Density Sensor

Flow Rate Sensor

Pumper

Reservoir

Water

DataSTM32

Signal

Intelligent Pour-over 

Coffee Machine, 

Team#15, 2024/03/27, 

System Block Diagram V2

PhiloCoffee Club Produced

Power

Power Subsystem

5V DC

12V DC 220V AC

12V DC

3.6V DC

220V AC

5V
DC

AC-to-DC
Transformer

Figure 5: This is the system architecture of our design. The power subsystem provides electricity to all other
subsystems. The control subsystem acts as the human brain to supervise the operation. The pumping subsystem
transports water from the cold reservoir to the hot. The heating subsystem heats the water in the hot reservoir.
The user interface subsystem allows users to interact with the coffee machine. The brewing subsystem simulates
a barista’s hand to brew coffee. Details are shown in Section 3.4.

3.2 Physical Design

Table 1: summarizes all 18 components included in our coffee machine
Cold water reservoir Hot water slide Gear set(two spur gear)
Cold water pump Electromagnetic relay Gear set holder
Hot water tank Reset spring Coffee machine housing
Heating module Water rectifier Electromagetic Relay Holder
Temperature sensor Brewing Nozzle Cup
Hot water pump Gear Motor Weighing module

As shown in the Fig 1, our physical design consists of the following sub-systems including a coffee beam
weighing system, a cold reservoir, a pump, a heating system and a brewing nozzle which is able to squeeze hot
water from three different outlets.

Fig 1 displays a coffee beam weighing system. The weight of the coffee beam serves as the input of our
system. We planned to use a piezoresistor to achieve this function. We place the piezoresistor underneath the
coffee beam filter, once the user poured the coffee beam in to the filter, the piezoresistor is going to be able to
generate a signal as an input to the controller, then the controller will calculate the optimum brewing condition
including brewing temperature, brewing radius, waiting time and so on.

Fig 7 shows a zoomed-out view of the cold water tank. To reduce the cost, we decide to use an aluminum
food box considering there is no specific material danger to contain water at room temperature.

Then the water will be pumped up into the heating system as shown in Fig. 8, the pump will be controlled
using a STM 32 based breadboard. When the water level in the heating system reaches the designed value,
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Figure 6: Brewing System Figure 7: Cold Reservoir

which will be measured by a separate water level measurement device (not shown in the design), the pump will
stop working.

Figure 8: Heating System Figure 9: Hot Water Slider

The heating system starts working then, the container is designed to be made by a thermal insulation
material, ensure it could sustain temperature up to boiling point of water. The orange component in Figure 8
indicates a heating block, and our group has already bought it from web. It can be controlled by linking it with
the STEM 32, where the control signal comes from.

After heating to the designated temperature, the hot water will again be pumped to a hot water slider
shown in Fig 9 in blue color. A water rectifier is used to impel the horizontal velocity of the hot water at the
outlet of the slider. The hot water slider is pin-fixed at left end and its right end position is controlled by two
separate Electromagnetic Relay (used to Control Slide position) and a reset spring shown in green and purple
in the picture. With the help of such design, the hot water slider could deliver hot water into three different
interlayers of the brewing nozzle to achieve three different brewing radius.

The brewing nozzle has three different outlets corresponding to different brewing radii, hot water comes from
the slider controlled by Electromagnetic Relay and spring as discussed before. The brewing nozzle is driven by
another spur gear in intimate contact as shown in Fig 11.

Finally, the hot water coming from the brewing outlet reaches the coffee beam filter, and after that, a cup
of fragrant coffee will be there waiting for you.
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Figure 10: Brewing Nozzle (from top & bottom), Nozzle Holder, Holder Support, Spur Gear Ring

Figure 11: The spur gear set

3.3 Finite State Machine Design

3.3.1 Key Parameter for Brewing

Table 2 outlines the key parameters for brewing.

Brewing Method:

1. Heat water in a kettle to 92°C and prepare the grind.

2. Pre-wet the filter and set up the brewing station with a scale.

3. Start with a 20-30 gram bloom pour, ensuring all grounds are saturated.

4. Continue with a slow pour to 100 grams, then quickly pour around the edges.

5. Finish the pour to reach a total weight of 225 grams without disturbing the flow.

6. Allow the coffee to drip through, and clean equipment with remaining hot water.

Table 2: Key Parameters

Grind Size Medium-fine grind

Coffee-to-Water Ratio 1:15

Water Temperature Boiling (approximately 92°C)

Brewing Time About 1 minute and 30 seconds

Raw Material 15 grams of fresh coffee beans, brewing into 225 grams of coffee
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3.3.2 State Description

The functionality of the coffee machine is modeled using a Moore Machine with 15 distinct states, described as
follows:

OFF The coffee machine is not powered on.

RESET The coffee maker is inactive and awaiting initialization.

SET-OP Sets up the operation. The coffee machine registers the brewing method selected by the user.

EXEC Executes the brewing process.

T-CLR Timer clear. Resets the timer to zero, typically to record the duration of brewing.

PUMP Pumps water to the hot water reservoir.

HEATING Heats the water within the hot water reservoir.

FLOW Channels water from the hot reservoir to the brewing nozzle via the slider.

EXE-H/L/D Activates the gear motor in various modes controlled by the Arduino or STM32 code. H corre-
sponds to hot water mode, while L/D corresponds to light or deep roast coffee modes.

BREAK Pauses operation after a brewing cycle to allow the weighing module to assess water sufficiency.

FINISH Completes the brewing process after adequately washing the coffee beans with hot water.

LACK Activated when water levels in the cold reservoir fall below a predetermined threshold, triggering an
alert on the display LED.

DAN Indicates a hazardous situation. The machine ceases operation to ensure safety in the event of abnormal
function.

3.3.3 Spatial-Temporal Diagram

Figure 12 uses a space-time chart to show the sequence of steps (pumping, heating, brewing) in the coffee
machine’s operation. This chart lays out the order in which things happen during a cycle, with time points
labeled from t0 to t6 marking the stages. Each stage happens one after the other, in order. It’s a simple way to
explain how the coffee machine works step by step.

Figure 12: Sub-FSM for the dripping ways of a certain brewing type.

3.4 Subsystem Functions & Requirements

3.4.1 Brewing System

• Function: This subsystem is responsible for the physical aspects of coffee brewing, including the holding
and dispensing of water and coffee grounds. It mimics the actions of a barista in a pour-over coffee-making
process.

• Requirements:

– Must accommodate varying amounts of coffee grounds and water.
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– Must achieve a water dispensing accuracy of +/- 5ml.

– Compatible with standard pour-over coffee filters and holders.

• Contribution: Enables the physical brewing of coffee, essential for the product’s core functionality.

• Interfaces: Receives control signals from the Control System; mechanical feedback to Sensing System.

Table 3: Verification for Brewing Subsystem
Requirement Verification Procedure Notes
Simulate pour-over technique accurately. Observe and compare the

technique with a standard
manual pour-over.

Imitate professional barista
techniques.

Allow for adjustment of brewing parameters. Verify through UI that pa-
rameters can be adjusted
and take effect.

Customization for users.

3.4.2 Powering System

• Function: This subsystem is responsible for the electrical power supply for the entire system, ensuring
all components receive the necessary power at stable and safe voltage levels.

• Requirements:

– Must convert 220V AC to a stable 12V DC output for the primary power supply.

– Must step down 12V DC to secondary voltages of 12V, 5V, and 3.3V to power various components.

– Integration with a custom PCB to distribute these voltages safely across the system.

– Must include safety features such as fuses and diodes to protect against overcurrent and reverse
polarity.

– The design should include LED indicators for real-time voltage status monitoring.

– Use the 5V output from an STM32 microcontroller to control the 12V circuitry via an L298 relay.

• Contribution: Ensures reliable and consistent power delivery to all system components, which is critical
for the machine’s operation and safety.

• Interfaces: Interfaces electrically with all other subsystems requiring power, including control systems
and sensors.

Table 4: Verification for Powering Subsystem
Requirement Verification Procedure Notes
Convert 220V AC to 12V DC. Test with multimeter and ver-

ify stable output voltage.
Ensure compatibility with
main power input standards.

Step down from 12V to secondary voltages. Measure outputs with a mul-
timeter; verify correct voltage
levels at each output.

Check the reliability and effi-
ciency of voltage regulators.

Safety features integration. Perform a short-circuit test;
check fuse and diode func-
tionality.

Critical to prevent damage to
electronic components.

Control 12V circuit using STM32. Simulate control signals and
verify relay operation under
load.

Ensure seamless integration
and responsiveness.
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3.4.3 Control System

• Function: The Control System interprets sensor data and controls the Mechanical Coffee Brewing System.
It utilizes pre-trained imitation learning algorithms to replicate professional barista techniques.

• Requirements:

– Must process sensor data in real-time.

– Must apply 3.6V direct current for STM 32. [8]

– Capable of executing complex imitation learning algorithms.

– Interface for receiving user input and sensor data.

• Contribution: Acts as the brain of the machine, controlling the brewing process based on sensor inputs
and learned barista techniques.

• Interfaces: Receives data from Sensing System and User Interface; sends commands to Mechanical Coffee
Brewing System.

Table 5: Verification for Control Subsystem
Requirement Verification Proce-

dure
Notes

Execute the brewing cycle based on user input. Test with different user
inputs and verify cor-
rect cycle execution.

Flexibility in brewing.

Respond to error conditions with safety shutdown. Simulate error condi-
tions (e.g., overheat-
ing) and check for shut-
down.

Safety critical.

The signal should be correctly output. Simulate the marquee
experiment.

Data transmission.

The user interface buttons should work. Simulate the button in-
put experiment.

User interface.

The motor should work correctly, guided by the circuit. Simulate the PWM
output experiment.

Motor controlling.

3.4.4 Sensing System

• Function: Our design contains a lot of sensors in order to produce a cup of well-controlled and tasty
pour-over coffee. Table 7. tabulated all sensor module and their functions included in the design.

• Requirements:

– Temperature sensor with accuracy of +/- 1°C.

– Weight sensor with accuracy of +/- 1g.

– Optical sensors for monitoring coffee flow and color.

• Contribution: Ensures optimal brewing conditions and provides necessary data for the Control System.

• Interfaces: Provides real-time data to the Control System; receives user preference data from the User
Interface.
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Table 6: Verification for Sensor Subsystem
Requirement Verification Procedure Notes
Accurately measure water temperature. Compare readings with a

standalone thermometer.
Critical for brewing quality.

Measure water temperature and weight in time. Set a standalone timer to
record the time.

Critical for brewing quality.

Detect water level in the reservoir. Verify sensor with prede-
fined water levels.

Prevents overflow and dry
run. We can label the wa-
ter level in the water tank

Table 7: All Sensor Modules and Functions in Design
Sensors Sensor Position Sensor Function
Weight sensor Placed under coffee beam filter Weigh the coffee beam weight

as the input of the system for
further calculation and imple-
mentation

Cold Reservoir Water Level Sensor Inside the cold reservoir Measure the water level to
judge whether the user has
added enough cold water

Cold water pump sensor In series with the cold water
pump

Measure the working condi-
tion of the pump avoiding
overload

Hot reservoir water level sensor Inside the Hot reservoir Measure the water level in the
hot water reservoir, with the
result of how much hot wa-
ter is needed, judge how when
should the hot water pump
stop pumping.

Hot water pump sensor In series with the hot water
pump

Measure the working condi-
tion of the pump avoiding
overload

Brewing nozzle outlet temperature sensor At the outlet of the brewing
nozzle

Give feedback of the outlet wa-
ter temperature at the nozzle
end

13



3.4.5 Heating Subsystem

• Function: The Heating Subsystem is tasked with heating water to the optimal temperature range for
brewing coffee, typically between 85◦Cand 95◦C. This precise temperature control is essential for the
extraction of the full flavor spectrum from the coffee grounds. The subsystem utilizes a heating element,
such as a thermo-coil or a boiler, to achieve the desired water temperature.

• Requirements:

– Heat water to a temperature range of 85◦Cto 95◦Cwithin 2 minutes.

– Maintain temperature accuracy of +/- 2◦Cduring the brewing process.

– Implement safety features to prevent overheating and ensure user safety.

• Contribution: The Heating Subsystem is critical for optimizing the extraction of flavors from coffee
grounds, directly influencing the quality of the brewed coffee.

• Interfaces: The Heating Subsystem interfaces with the Control Subsystem to receive temperature settings
based on user input or predefined brewing profiles. It also communicates with the Pumping Subsystem
to ensure water is heated before being pumped over the coffee grounds.

Table 8: Verification for Heating Subsystem
Requirement Verification Procedure Notes
Heat water to 90°C within 2 minutes. Use a thermometer to check wa-

ter temperature after heating.
Essential for optimal extraction.

Maintain temperature within +/- 2°C. Monitor temperature stability
over 10 minutes of operation.

Temperature consistency is key.

Table 9: Component Specifications

Parameter Specification Value

Water temperature Maximum 95°C
Heating temperature control accuracy ±0.5°C
Pressure 1-2 bar
Flow rate 1-2 L/min
Viscosity 0.89 mPa·s
Water pump power 15-50 W
Control system stability Control success rate ¿ 90%
Control system communication ability Protocol type PWM signal
Safety performance Feature Leak proof, shock proof

3.4.6 Pumping Subsystem

• Function: The Pumping Subsystem is engineered to transport water from the reservoir to the Heating
Subsystem and subsequently onto the coffee grounds. It consists of a water pump, which may be a
diaphragm or peristaltic type, chosen for its capability for precise control over the water flow rate, which
is crucial for replicating the pour-over brewing technique.

• Requirements:

– Deliver water at a controlled flow rate of 250 to 500 ml per minute to simulate the pour-over process.

– Include fail-safes to prevent pump operation in the absence of water to avoid damage to the pump.

• Contribution: The Pumping Subsystem plays a vital role in the automation of the pour-over coffee
brewing process, ensuring consistency and precision in water delivery.
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• Interfaces: This subsystem interfaces with the Heating Subsystem to supply water for heating and with
the Control Subsystem to adjust the flow rate according to the selected brewing profile. It also interacts
with the Sensing Subsystem to monitor the water level and prevent dry runs.

Table 10: Verification for Pumping Subsystem
Requirement Verification Procedure Notes
Deliver water at 250 ml per minute flow rate. Measure the output over a

minute. Repeat three times
for consistency.

Adequate for brewing.

Operate without failure for 500 cycles. Run the pump for 500 cycles,
checking for performance is-
sues.

Ensures durability.

3.4.7 User Interface

• Function: This subsystem allows user interaction with the machine, enabling selection of coffee prefer-
ences and providing feedback on the brewing process.

• Requirements:

– Intuitive, easy-to-use interface.

– Display for showing brewing status and feedback.

– Inputs for user preferences (e.g., coffee strength, temperature, sourness level).

• Contribution: Enables user interaction and customization of the brewing process.

• Interfaces: Collects user input for the Control System; displays data from the Sensing System.

Table 11: Verification for User Interface
Requirement Verification Procedure Notes
Intuitive interface for all user interactions. Conduct a user study with at

least 10 participants to gather
feedback on interface usabil-
ity.

Simplify user interaction.

Display real-time brewing status. Verify by performing a brew-
ing cycle and observing dis-
played information.

Critical for user awareness.
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3.5 Overall Verification

Apart from the unit test listed above, we wish to demo our machine at PhiloCoffee Club, delivering a
solid user feedback study to gain further improvement aspects. Inspired by Jie Wang’s research experience in
Human-Computer Interaction(HCI), we design the following user journey to verify the overall product.

User Journey for Intelligent Pour-Over Coffee Machine
As shown in figure 13, the step-by-step interaction of the user with the coffee machine, highlighting the key

user inputs and machine responses throughout the coffee brewing process.

Preparing the Coffee

• Turn on the machine: The user initiates the brewing process by powering on the machine. This is a
critical first step, requiring user interaction.

• Select coffee type and strength via interface: The user selects light roast or dark roast coffee, with
certain cup size.

• User grinds coffee beans with Prompt: Prompted by the machine, the user grinds the coffee beans,
adding a manual touch to the preparation.

• User places the cup: The user places a cup under the nozzle, preparing for the brew.

Brewing Process

• Machine heats water to certain temperature: automatically heats the water to the optimal tem-
perature for the selected coffee type.

• Machine performs pour-over: dispenses the hot water over the coffee grounds using a controlled
pour-over technique to ensure even coffee extraction.

• User watches the brewing process: can observe the brewing process, which is visually engaging but
requires minimal interaction.

Finishing Up

• Machine signals completion: The machine indicates that the brewing process is complete, notifying
the user through visual or auditory signals.

• User takes the cup: removes the freshly brewed cup of coffee.

• User enjoys coffee: enjoys the final product, which is the ultimate goal of the interaction.

• User grade the coffee: provides feedback on the coffee quality, used to adjust future brews.

• Machine records and improves the brewing process: records data to refine future brewing cycles,
enhancing the machine’s intelligence and adaptability.

Figure 13: This structured journey not only outlines the interactive process but also emphasizes the machine’s
intelligent features that respond to and learn from user inputs.
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4 Supporting Material

4.1 User Study

Insights from Professional Coffee Barista

Jie Wang interviewed a series of professional coffee barista in China. Including MAXPRESSO Coffee(Suzhou),
Intro Coffee(Shenzhen), CoffeeTable&GIF (Shenzhen) and Starbucks(Everywhere) etc. We focused on what is
the variance in bean density and its impact on the coffee grind quality. Specially, MAXPRESSO high-
lighted the importance of customizing the brewing process based on the grind consistency, par-
ticularly for beans with different densities. He donated an Intelligence Pour-Over Coffee Machine to us,
the Gemilai CRM 4106. Under his permission, we did inverse engineering on the machine, disassembled it
and investigated the internal structure.

Smart Temperature Profiling

Questions were raised regarding the linear relationship between water temperature and the depth of the roast.
This led to discussions on the necessity for the machine to intelligently adjust water temperature rather than
simply following a static profile.

Criteria for Evaluation

Incorporating the Coffee Ted Lingle Flavor Wheel, we will establish an ’output criterion’ for flavor evaluation.
This criterion will serve as a professional and persuasive tool in assessing the machine’s performance. Sources
such as the SCAA flavor wheel and expert videos will be referenced to provide a comprehensive background for
our flavor profiling methods [9][10].

Figure 14: Chemistry Behind
Coffee Brewing, this solution
curve suggests how to brew the
coffee with varying parameters.

Figure 15: Ted Lingle Flavor
Wheel, as highlighted by the ex-
pert barista, it is the metric for
flavour certification and output
evaluation.

User Interaction and Feedback

After finishing the senior design, we plan to invite the schoolmates to try our machine, providing feedback on
its usability and the quality of the coffee produced. We will evaluate if the machine meets the convenience of
automated systems with integrated scales. [11]. This part will strictly follow the Ethics and Safety section.
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4.2 Reverse Engineering

Thanks @Maxspresso for supporting us with a coffee machine Gemilai CRM 4106. The inverse
engineering on it really helps our design process a lot!

4.2.1 Guidance

The reverse engineering of the Gemilai CRM 4106 involved detailed analyses across electronic, mechanical,
and software domains to understand and document the machine’s design. Encouraged by Prof. Said Mikki,
Prof. Mark Butala and Prof. Timothy Lee , we decomposed the machine to examine the following
aspects:

• mechanical analysis of component layout and motion mechanics;

• circuit analysis with component identification, power management studies, and signal flow examination;

• software analysis involving firmware extraction and code reversal.

The process was documented in our lab notebook, including high-resolution photos and tagged components.
Safety protocols such as power disconnection and ESD precautions were strictly followed to ensure a secure
working environment. This investigation not only deconstructed the physical build but also imparted insights
into the design philosophy and operational mechanics, paving the way for our innovative redesigns.

Figure 16: After the machine arrives, we deconstruct the machine
excitedly.

Figure 17: We check the machine
from inside to outside

4.2.2 Mechanical Design

The coffee machine’s mechanical design features:

• A durable filter cup and sharing pot for sustained use and quality maintenance.

• A heating base that serves both as a support during brewing and as a warmer for the sharing pot to keep
coffee hot longer.

• A triple-headed rotating spray nozzle for even water distribution and efficient extraction.

Interesting Features
To address functionality and safety, the machine has some unusual components:
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• The warm platform maintains the sharing pot’s temperature, suitable for extended enjoyment.

• Steam venting ports prevent over-boiling and safely manage steam.

• A pumping system with a pressure relief pipe manages high-power valve operations, enhancing reliability
under varying pressures.

Figure 18: Brewing system fea-
turing a hollow-pipe design to fa-
cilitate water flow through the
mechanism, enhancing the brew-
ing efficiency.

Figure 19: The DC motor with
a geared head, designed for low-
speed, high-torque brewing. 25
RPM, DC12V and 6W. We need
to buy some similar motor.

Figure 20: Electromagnet used
to switch between the center and
side pouring modes, illustrating
the machine’s flexibility in brew-
ing techniques.

4.2.3 Electronic Design

User Interface:
As shown in figure 21, it is a User Interface (UI) circuit board equipped with buttons and LED indicators

for user interaction. Below are the names and functions of the visible components on the circuit board.

1. Buttons

SW1, SW2, SW3, SW4: These are the buttons on the user interface, used to initiate different oper-
ations. They appear to be tactile switches, which are small buttons that provide physical feedback and
make a ”click” sound when pressed.

2. LED Indicators

LED1, LED2, LED3: These are Light Emitting Diodes used to indicate the status of the device. They
are commonly used to display whether the device is powered on (POWER), or whether specific functions
are activated, such as ”1 CUP”, ”2 CUP”, ”3 CUP” for selecting the number of coffee cups, and ”WATER
WARM”, ”BLOOM”, ”READY” which may relate to different stages of the coffee brewing process.

Other Components

• NTC: Negative Temperature Coefficient Thermistor, used for temperature measurement. Its resis-
tance decreases as the temperature increases.

• BUZ: Buzzer, used to emit sound signals, for instance, to alert the user when the coffee is ready.

• CN1: Connector, used for connecting with other circuit boards or power sources.

Powering System
Figure 23 is the circuit board of the power system. This board hosts a variety of electronic components that

work together to supply power, control the power, and protect the circuit. Here are the notable components:
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1. Relays: RY1, RY2, RY3, RY4: These relays are used for remotely controlling the on and off states of
the circuits. Relays allow a low voltage signal to control higher power circuits and are commonly used in
electromechanical systems.

2. Transformer: Square component labeled ”EPC25-1-4mH”: This is a transformer used to step
down or step up AC voltages.

3. Rectifier Bridge: Four-legged black component, possibly marked ”KB”: This is likely a bridge
rectifier, used for converting AC (Alternating Current) to DC (Direct Current).

4. Electrolytic Capacitors: C1 and C2: These cylindrical components are electrolytic capacitors, used
as filters in the power circuit to reduce power noise.

5. Thermistor: NTC: This is a Negative Temperature Coefficient thermistor, typically used for circuit
protection by limiting inrush current at startup.

6. Fuses: F1 and F2: These fuses are used to protect the circuit by cutting off the current in case of
overload or short circuit.

7. Filters: Might include gray block-shaped inductors and capacitors: These components are used
to filter out high-frequency noise on the power lines.

Designing such a power system involves considering the power requirements of the circuit, load stability,
and safety protection measures. All these components work together to ensure that the coffee machine operates
at the correct voltage and current and provides necessary protection in case of faults. Understanding the
functionality of each component and their interrelationships is crucial for a comprehensive understanding of the
entire system during reverse engineering.

Figure 21: I/O PCB specifically de-
signed for the coffee machine, highlight-
ing the connection ports and compo-
nents.

Figure 22: A flat ribbon ca-
ble. Parallel, evenly spaced
wires. We can use this wire
for the final product.

Figure 23: Detailed
view of the electronic
board and its connec-
tion to the pumping
system.

4.2.4 PCB Design

The design of this PCB incorporates several key elements:

• Tracing: Copper traces on the circuit board connect all the electronic components.

• Pads: The areas where components such as buttons and LEDs are soldered.

• Silkscreen: Contains printed symbols or text that identify and describe component functions.

• Layering: The PCB may consist of single or multiple layers; this appears to be a single-layer board.

• Isolation Gaps: To prevent short circuits, there are gaps between high voltage and low voltage sections.

20



Designing such a PCB typically involves the following steps:

1. Requirement Analysis: Determine the necessary user inputs and indicator functionalities.

2. Schematic Drawing: Use electronic design software to create a schematic that defines the connections
between components.

3. PCB Layout: Layout the components and traces in PCB design software based on the schematic.

4. Check and Verification: After design completion, perform Design Rule Check (DRC) and Electrical
Rule Check (ERC).

5. Prototype Manufacturing: Send the design files to a PCB manufacturer to produce prototypes.

6. Testing and Debugging: Test and make necessary adjustments after the prototypes are made.

In practice, we consider to modify open-source PCB from platform like Lichuang-Open-Source [12], mak-
ing it suitable for our special mech-electric design.

4.3 Tolerance Analysis

• Water Leakage: There are multiple factors contributing to water leakage.

1) The materials we use, which are not of industrial grade, can lead to water seeping through gaps or
cracks between components.

To determine whether it is cracking, we can utilize Hooke’s Law:

F = mg = kx

and
k = EA/L

where F is the bouncing force, m is the water mass, g is the acceleration of gravity, x is the deformation
displacement, and k is the coefficient of elasticity specified by our reservoir’s materials, A is the surface,
and L is the thickness of the plastic bottom, E is the Young’s Module. Therefore, if the reservoir contains
too much water and exceeds the force limit, it will crack and cause seeping. E of our reservoir is 1.5–3GPa
[13].

2) The presence of impurities in the water can lead to accumulation and blockages in the pipes. This can
result in increased pressure, causing the components to crack or in more severe cases, even burst.

3) Improper connections between components can cause the pump to redirect water outside the intended
system inadvertently.

• High Temperature: To brew a delightful cup of coffee, water heated to about 90 to 100 degrees Celsius
is typically required. However, certain materials used in the brewing process may not withstand this high
temperature. As a result, they might partially dissolve, potentially releasing harmful substances into the
water that could be toxic and even carcinogenic.

The reservoir’s material has its melt point tmelt. If the water temperature exceeds it, the material will
melt and dissolve into the water. Therefore, we should always keep:

twater < 0.9tmelt

The thermal expansion of the reservoir should be satisfied with:

∆L = αL0∆T

where α is the coefficient of thermal expansion of the reservoir, L0 is the reservoir’s height, ∆T is the
change in temperature. α for polypropylene (PP) typically ranges from 6 × 10−5/K to 1 × 10−4/K at 20
°C, tmelt for PP is 160 – 168°C [13]. Therefore it’s safe for us to use PP for the hot reservoir.

• Electronic Circuit Tolerance:
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• 1) For the sensor/control system and user interface, if the circuit quality or the connecting method is poor,
the circuit will only work sometimes. Some of the materials will change their shape if they encounter a
high-temperature environment, which will badly affect the connectivity.

When electrical circuits deal with temperature variations, the resistance will change with respect to the
temperature:

R(T ) = R0[1 + α(T − T0)]

where R(T ) is the circuit resistance with respect to the circuit temperature T , with T0, R0 as the factory
setting temperature and resistance. We should let all the components obey this rule.

• 2) The voltage that each component shoulders is different. If the voltage is too high, the component may
be destroyed. Therefore, we should carefully monitor their voltage, based on the Ohm’s law, V = IR.

• 3) If there are any water leaks in those systems, the circuit will be destroyed.

• Delay of the Sensor: As the electronic signals travel along the wires, they encounter a series of cascade
delays. This results in the machine reacting more slowly than anticipated, leading to discrepancies in the
water quantity, pH value, and temperature.

Each component can be regarded as a capacitor with capacity C, with resistance R, causing a time delay
τ = RC. We need to keep the time constant τ small to get faster feedback.

• Machine Longevity: Since this project is not intended for industrial use, the materials we’ve employed
are of a lower quality compared to those available commercially. Consequently, if the machine is subjected
to excessive use, it’s likely to incur damage or potentially even break down completely.

• Hygiene Issues: The coffee bean grounds remain in the filter bowl after use. It’s important to clean
this promptly; otherwise, bacteria can proliferate, potentially damaging both the machine and the quality
of the coffee.
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5 Cost and Schedule

5.1 Cost Analysis

5.1.1 Introduction

The cost analysis provides a detailed breakdown of the estimated expenses required to prototype our intelligent
coffee machine. This analysis takes into consideration material costs, component procurement, and potential
economies of scale. Our team use Notion, a co-working software, to record all costs in detail for every team
member to refer to, as shown in Figure 15. It offers transparency in the financial planning of the project and
ensures we allocate our resources wisely.

Table 12: Cost Analysis for Prototype Components

Item Name Buyer Price (CNY)

Electronic Scale Jingyuan
DPS Sensor Jie
Max’s Automatic Pour-over Coffee Machine Jie 0
PTC Heating Sheet Rucheng 10
DC Waterproof Heating Rod Drive Module Rucheng 50
DC 12V Pump Rucheng 60
Water Tank Rucheng 20
DC Motor Rucheng 30
Silicone Hose Flexible Water Pipe Rucheng 15
Compression Spring Rucheng 24
10 Meters of Flexible Hose Rucheng 15
Heating Drive Unit Rucheng 100
DC 12V Submersible Pump Rucheng 85
Water Quality Detection Module Rucheng 20
Microcontroller Motor Rucheng 30
Single-item Metal Polishing Jig (Note: not suitable for our quality system parts) Xubin 750

Table 11 recorded the estimated material costs of our design. We’ve sourced various components essential
to emulate professional barista techniques. These include heating elements for temperature control, DC motors
for mechanical movements, and silicone hoses for fluid transfers, among others. The cost estimates are based
on current market prices and are denominated in RMB, adhering to our budget provided by ZJUI’s Innovation
Lab.

5.1.2 Labor and Development Costs

Table 13 summarized the labor and manufacturing cost to date included in our design. Our labor costs are
computed based on the cumulative hours spent by team members in designing, programming, and assembling
the coffee machine. This cost is factored in to provide a realistic estimate of the project’s non-material expenses.

Table 13: Human Labor Cost Table
Description Hours Rate (RMB/hr) Total (RMB)
Design and Programming 25 20 500
Assembly and Testing 25 20 500
Documentation and Reporting 15 20 300
Alluminum Alloy Component manufacturing 10 75 750
Total Labor Cost 75h - 2050

5.1.3 Overall Project Cost

Table 14 shows the overall project cost, including both material cost and labor cost.
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Table 14: Overall Cost Table
Cost Type Estimated Cost (RMB) Notes
Material Costs 215 As detailed in Cost Analysis
Labor Costs 2050 Estimated labor
Miscellaneous Expenses 300 Contingency funds
Grand Total 2565 -

5.1.4 Cost Optimization

While our current cost estimates are based on prototype quantities, we are actively seeking bulk pricing options
for future scalability. Additionally, we are exploring partnerships with NGOs and corporations for possible
sponsorships or bulk discounts.

5.1.5 Conclusion

The cost analysis lays the groundwork for financial accountability and helps us in maintaining cost efficiency
throughout the development of our coffee machine. We will continue to monitor and update this section as we
progress, ensuring we adhere to our financial plan.
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Table 15: Material Cost Table
Item Quantity Description Estimated Cost (RMB) Justification

of cost
Acrylic plate 10 Crafting

Material
for Whole
Structure

0 Provided by
Innovation
lab ZJUI,
free of charge

PTC heating sheet 2
5V, 180℃,
4-9W; 24V,
230℃, 8-
20W

10 -

(2*5=10)
Dc waterproof heating rod drive module 1 4A, 5V, 8W 50 -
Dc 12V pump 1 High tem-

perature
resistant

60 -

Water Tank 2 Food grade,
storage for
pure water,
2.52L per
tank

20 (10*2=20)

DC Motor 4 9mm*2mm,
1-6V, 0.35-
0.4A, 16000-
20000RPM

30 -

STM32 Board 1 Basic IO,
Linux Sys-
tem, Sup-
port Camera
and Audio

128 -

Silicone hose flexible water pipe 1 10m long,
inner Diam-
eter 3mm,
Outer Diam-
eter 5 mm,
Food grade,
odorless,
transpar-
ent, high
temperature
resistant

15 -

12V, 20N Push-pull Electromagnet 1 12V, 20N 30 -
Coffee Bean N/A Additional,

Not Counted
in Cost
of Coffee
Machine
Manufactur-
ing

0 Additional,
Not Counted
in Cost
of Coffee
Machine
Manufactur-
ing

Total Estimated Cost 215
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5.2 Schedule

Table 16 shows our team’s estimated schedule. We plan to divide the tasks into 2 stage:

1. First Prototype using cold water and acrylic housing.

2. Second Prototype using hot water and 304 stainless metal housing.

Thus, we can not waste the time and get progress on the real design.

Table 16: Team Estimated Schedule
Date Jie Jingyuan Xubin Rucheng

Week 6 (3.18) Brewing System
Electronic Design

FSM Conceptual
Design

Brewing System Me-
chanical Design

Get Designed Parts
3D Printed and As-
semble the Proto-
type

Week 7 (3.25) System Parameter
Design & DD writ-
ing

Python Coding for
FSM & DD writing

& Assemble the
Printed Parts and
Do Improvements
&DD writing

Redesign the Pump
Tube Configuration
& Improve Brew-
ing System Design &
DD writing

Week 8 (4.1) STM32 board basic
IO deployment

PCB Design and
Code Loading
(Brewing System,
Heating System)

Assemble the Plas-
tic prototype with
Rucheng & Improve
the Design to Next
Generation

Dictate Aluminum
Alloy Manufacture
& Assemble the
Prototype with
Xubin & Seek Po-
tential Improvement
of Prototype

Week 9 (4.8) First Prototype As-
sembly

PCB Design and
Code Loading
(Control System,
Pumping System)

Design PCB Circuit
with Jie

Optimize the Con-
trol System and
Design better codes
with Jingyuan

Week 10 (4.15) Overall Electronic
Design Enhance-
ment

Start implementa-
tion & Debug

Prototype and Final
Product Manufac-
turing with Rucheng

Prototype and Fi-
nal Product Manu-
facturing with Xu-
bin

Week 11 (4.22) Second Edition As-
sembly

Continue implemen-
tation & Debug

Back up Flexible
Time

Back up Flexible
Time

Week 12 (4.29) Back up Flexible
Time

Design optimization Back up Flexible
Time

Back up Flexible
Time

Week 13 (5.6) Back up Flexible
Time

Design optimization Back up Flexible
Time

Back up Flexible
Time

Week 14 (5.13) Begin final report. Begin final report. Begin final report. Begin final report.

Week 15 (5.20) Continue on final re-
port.

Continue on final re-
port.

Continue on final re-
port.

Continue on final re-
port.
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6 Ethics and Safety

Aligning with IEEE and ACM ethical standards[14], we promise to adhere safety regulations during our senior
design project.

6.1 Ethics Consideration

1. Assess Impact on Society: This project is ethically right to the society, to date cultivating a coffee
masters normally requires more than 1000 hrs at least, and also needs consistent training to keep their
skills. Our intelligent coffee machine could offer those living in rural or leading a poor life who also want
to try well-brewed pour-over coffee a chance to live with high-quality coffee. In all, the coffee machine is
designed to enhance the quality of life while minimizing waste and negative impacts.

2. Fairness and Non-discrimination: The intelligent pour-over coffee machine will be accessible and
usable by a wide range of individuals, ensuring that there are no biases in design or operation based on
race, gender, or other personal characteristics.

3. Honesty and Transparency: The development process will be conducted with honesty and trans-
parency. Capabilities and limitations of the coffee machine will be communicated clearly, along with
safety features, maintenance needs, and any potential risks.

6.2 Safety Factors

1. Burn Prevention: To prevent injuries such as severe burns from hot coffee spillage, the machine includes
safety features like the emergent button to control the temperature and prevent accidental spillage [15].
Also, we need to take care of the heat. This requires meticulous material to ensure that components can
sustain with high temperatures. The hot water pump tube, hot water slider, and hot water reservoir in
our design, are effectively insulated. Further, the we need clear warning label and careful user guide to
reduce the risk of burns. Moreover, our control system will take temperature regulation mechanisms to
prevent overheating incidents, safeguarding users during long time usage.

2. Pathogen Transmission: The machine will be designed for easy cleaning to avoid becoming a breeding
ground for pathogens, ensuring compliance with hygiene standards in healthcare and food safety regula-
tions [16].The mitigation of pathogen transmission risks constitutes a crucial ethical consideration in the
development of the coffee machine. Central to this endeavor is the selection of materials resistant to mi-
crobial proliferation and conducive to ease of cleaning. In our design, we choose to apply Aluminum alloy
as one of the food-safe materials to components that have potential to be in intimate contact with running
water and coffee beam. Furthermore, adherence to stringent hygiene protocols throughout the product’s
lifecycle is imperative to minimize contamination risks. Attention must also be directed towards ensuring
the quality of water used in the machine, adhering to established standards to prevent the transmission
of waterborne pathogens. In our design, we try to round all inside edges off, to avoid straight angles
which might increase the difficulty for cleaning after operation. By prioritizing these measures, the coffee
machine can uphold robust sanitation standards and promote user well-being.

3. Mechanical and Pressure Safety: The machine will adhere to the Pressure Systems Safety Reg-
ulations (PSSR) with regular inspections, safety checks, and emergency shutoffs to prevent system
failures [17].The part that are related to pressure issues include only the cold and hot water pumps, we
solve this concerning by adding two pressure and temperature sensors to them respectively. The assurance
of mechanical and pressure safety features within the coffee machine design and manufacturing processes
is integral to mitigating risks of accidents and injuries. Rigorous structural analysis and testing are indis-
pensable to ascertain the machine’s capacity to withstand operational stresses and pressures. Additionally,
After the whole brewing process is accomplished, how to release the remaining pressure inside the water
tube is also well-considered and addressed through adding gas-release and liquid release step at the end of
programming, since over-pressure scenarios could compromise mechanical integrity. By adhering to these
principles, the coffee machine can engender user confidence in its reliability and safety.

4. Electrical Safety: The electrical components of the machine, including the motor and circuit control, are
designed with rigorous adherence to electrical safety standards to prevent any risks of electric shock, short-
circuiting, or fire. The machine’s design includes proper grounding, insulation, and overcurrent protection
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features to ensure safe operation. Components that may come into contact with water are waterproofed or
appropriately sealed. Furthermore, we incorporate fail-safe mechanisms and redundant circuits to provide
an additional layer of safety in the event of component failure. These precautions help to safeguard against
the potential dangers that can arise from the machine’s electrical systems. To ensure comprehensive
protection, all electrical design and components will comply with the International Electrotechnical
Commission (IEC) standards for household appliances. Regular electrical safety assessments will
be conducted throughout the development process. By implementing these safety measures, we aim to
protect not only the users but also any maintenance personnel who might interact with the machine’s
electrical systems.

During the development of our project, we promise to meet the safety and ethical requirements, protecting
ourselves and the potential users in the future.

All in all, it is an interesting senior design with both innovation and commercial potential. We will work
hard on it and deliver a good end for our graduation at ZJU-UIUC Institute !
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