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Cupping therapy is a well-established traditional treatment with various health
benefits.  However, existing electric cupping devices lack precise pres-
sure control and portability which limit their usability across different skin
types. This paper presents the development of a smart and portable cup-
ping suction device with multi-mode functionality for dry, wet, and massage
cuppings. Designed using an ESP32C3 XIAO microcontroller, a differen-
tial pressure sensor (MPX5100DP), and a motor driver (L293D) to enable
real-time pressure regulation, the system incorporates a proportional-integral-
derivative (PID) to maintain a consistent suction performance at the negative
pressures of -25, -35, and -45 kPa. The device was tested on different skin con-
ditions of clean, less hairy, and slightly hairy surfaces. A real-time monitoring
interface was additionally integrated using a web server to track the variation in
pressure. Experimental results demonstrate effectiveness of the PID control sys-

tem in achieving stable pressure with minimal fluctuations with enhanced user
safety and comfort. It advances the medical devices for therapeutic automation
by offering a portable, precise, and user-friendly cupping solution.
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1. INTRODUCTION

Known as “hijama” in Arab, cupping therapy is a widely practiced traditional therapeutic technique
that has been promoting health and treating various ailments through centuries [1l], [2]. The process creates
suction on the skin for enhanced blood circulation which boosts immunity and facilitates detoxification [3l], [4].
It is further classified into dry cupping which solely relies on suction to relieve pain and promote relaxation,
and wet cupping which controls incision to induce bloodletting for therapeutic benefits [5]], [6]. Alternatively,
moving cupping prevails as a cupping technique that continuously glides cups over lubricated skin to offer the
effect of dynamic massage for enhanced therapeutic impact [[7]], [8]. The integration of moving cupping therapy
and acupoint bloodletting is further empirically validated to effectively alleviate the symptoms associated with
skin lesions [9], [10].

The suction mechanism in cupping therapy operates through the reduction of air pressure inside the
cup to draw the enclosed skin and underlying tissues upward, while expanding the capillaries [[L1]. The ap-
plication of negative pressure to the skin conforms Taibah’s theory for reduced capillary pressure to facilitate
increased blood flow and detoxification [12]]. Modernization of this therapeutic approach is accordingly ob-
served on the transition of using cups as tools for timed suctions in traditional cupping, to the employment of
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rubber pumps or silicone cups for improved convenience and control [13]], [[14].

Even so, effectiveness of cupping therapy is immensely affected by the variability in surface of the
skin. Hairy skin especially requires higher suction pressure to maintain adhesion due to its tendency to disrupt
the vacuum seal [1]. Similarly, areas with higher sensitivity such as the face necessitates the use of a lower
pressure to prevent bruising and discomfort [15]], [16]. Addressing these variations saw the introductions of
multi-mode cupping devices which allow adjustable suction intensity based on the targeted area. Correspond-
ingly classified three different levels of suction intensities in cupping therapy: light cupping (—100 to —300
mbar or —10 to —30 kPa) which is suitable for children, older individuals, and facial treatments with a higher
proneness to cup detachment [17]], medium cupping (—300 to —500 mbar or —30 to —50 kPa) which is effec-
tive for the relieving of muscle pain relief and improving blood circulation with a high possibility of leaving
temporary marks [18], and strong cupping (< —500 mbar or —50 kPa and above) which is used for deep tissue
therapy with lesser suitability for sensitive skin areas from its risk of irritation and discomfort [19].

Continuous advancement in cupping technology has continuously uncovered numerous limitations
amidst current implementation. Manual cupping tools with piston-handle pumps and valve cups are com-
mendable on their adjustable suction intensities from the number of pulled handles [20], [21]. Nevertheless,
mechanical wear can result faulty valves that cause unreliable vacuum retention. Electric vacuum cupping de-
vices instead provide stronger suction at a maximum pressure of -600 mmHg (-73.32 kPa) [22]. The enhanced
therapeutic effectiveness comes with the cost of integrated pressure sensors for precise real-time monitoring
of the cupping process, where existing risk of overpressure can lead to skin irritation and blister. Moreover,
majority of these devices demand a main source of power that restricts portability and limits usability in diverse
settings [123]].

In address the mentioned challenges, this research proposes and develops a smart and portable cup-
ping suction device as powered by a rechargeable battery by the integration of multi-mode functionality and a
differential pressure sensor to enable both precision and consistency in suction control. A proportional-integral-
derivative (PID) control [24]], [25] system has been implemented to regulate the negative pressure across the
different skin conditions of hairy, clear, and facial surfaces for practical adaptability and effectiveness. By
incorporating real-time pressure monitoring via a web interface, the proposed system is aimed to enhance the
safety and usability, with improved therapeutic outcome [26], [27].

2. METHOD

The development process commenced with a comprehensive review of system requirements on both
aspects of hardware and software specifications. Following this, the project proceeded through the linearly or-
ganized stages of hardware design, circuit development, software implementation, and system
validation. Hardware fabrication involves the design and production of device enclosures with aid from the
3D printing technology. Circuit development includes schematic design and printed circuit board (PCB)
layout generation for key electronic components. Upon the completing software programming, system per-
formance was rigorously tested. Iterative refinements were further applied to achieve optimal functionality and
reliability.

2.1. Hardware design

3D design of the portable cupping suction device, as shown in Figure[l] features the upper and lower
sections in a compact two-compartment architecture with two auxiliary mounts incorporated to secure the
motor and cupping head. The top compartment houses the PCB, OLED display, and a charging module which
is accessible via purpose-built openings. The lower compartment accommodates the battery and motor pump
which are secured within a robust enclosure. Both compartments are connected using buckle locks for superior
mechanical stability. Furthermore, cup used for cupping is affixed beneath the bottom casing, with a stop
switch being positioned laterally and directly wired to the battery’s positive terminal for straightforward power
control.

PLA+ material was selectively used to fabricate the enclosure, owing to its enhanced mechanical
properties over conventional PLA. Offering superior durability, flexibility, and printability, PLA+ is well-suited
to endure mechanical stress as exerted by the motor throughout the prolonged operation. An exploded view of
the device’s components and their assembly process is depicted in Figure[2]
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Figure 1. 3D model of the portable cupping suction device
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Figure 2. Exploded view of the portable cupping suction device

2.2. Circuit design

This section presents the overall system architecture, the detailed electronic schematic, and the fi-
nalized PCB layout. Electronic design of the portable cupping suction device especially integrates critical
components to achieve reliable control, precise suction regulation, and compact system implementation. The
system architecture, as illustrated in Figure [3] comprises the three main modules of user interface, control
circuitry, and actuation mechanisms. User inputs are managed through the tactile push buttons, while having
the system status and real-time pressure readings being displayed on a compact OLED screen. Observably,
a differential pressure sensor (MPX5100DP) provides continuous feedback to enable a closed-loop pressure
regulation.

The power is supplied by a 7.4 V lithium polymer (LiPo) battery. Motor operation sees a 12 V
voltage elevation using a buck-boost converter, with microcontroller (ESP32C3) and auxiliary peripherals see
the stepping down of voltage to 5 V using a 7805 linear voltage regulator. Motor actuation is controlled
by an L293D motor driver by receiving pulse-width modulation (PWM) signals from the microcontroller.
Additionally, safe and convenient battery maintenance is supported by an integrated battery charging module
without the need for circuit disassembly.

Smart portable cupping suction device with multi-mode control using ... (Mohd Riduwan Ghazali)
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Figure 3. System block diagram of the portable cupping suction device

The complete circuit schematic is shown in Figure ] A 12 V motor pump is connected to the L293D
driver, which interfaces directly with the ESP32C3 microcontroller for precise motor speed and direction con-
trol. Besides, the MPX5100DP pressure sensor outputs an analog signal proportional to suction pressure as
captured and registered by analog input (A0) of the microcontroller.
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Figure 4. Schematic diagram of the electronic circuit

The user interface consists of two push buttons as configured for mode selection and suction activation.
In this case, pull-down resistors are employed to stabilize the input signals and prevent floating states. The
OLED display is connected via general-purpose I/O (GPIO) pins (D4 and DS), with the motor control signals
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being routed through D1 and D2. The power management circuit enables seamless transition between device
operation and battery charging which protects the device against conditions of overvoltage and overcurrent
during the charging process.

The finalized PCB layout, as depicted in Figure [5} was optimized for minimal form factor, while
ensuring signal integrity and effective thermal management. Strategic placements of high-current paths, sensi-
tive analog signals, and ground planes were implemented to reduce electromagnetic interference for improved
overall robustness. Key components, including ESP32C3, MPX5100DP pressure sensor, power converters, and
user interface elements, were efficiently arranged for balanced accessibility, manufacturability, and mechanical
stability.
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12V Step Up |
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Figure 5. Optimized PCB layout of the portable cupping suction device

2.3. Software development

Software development focused on implementing control logic for the cupping modes and monitoring
system states based on sensor feedbacks and user inputs. The system’s flowchart, as shown in Figure[d] outlines
the control logic and illustrates the sequential operations for mode selection, suction control, and sensor feed-
back evaluation. The system responded dynamically to user inputs, while successively maintaining pressure
within the desired threshold.

Cycle through Off,
8 G 501, Medium, Hard
and Massage mode

Button 1
Pressed?

Toggle Suction OMN/OFF
{Suction Pressure based on mode)

¥

Reading pressure by Differential
FPressure Sensor
2

Adjust Motor Pk
based on Actual
Fresure

Figure 6. Flowchart illustrating system operation

Button 2
FPressed?
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2.4. Pre-experiment setup

Prior to conducting the experimental trials, a pre-experiment setup was established to ensure mea-
surement accuracy and reliable controller performance. The differential pressure sensor was hereby calibrated
for precise suction pressure measurement during the cupping process. Following this, parameters of the PID
controller were configurated based on the procedures of system identification.

Sensor calibration was performed to establish a linear relationship between outputs of the differential
pressure sensor and values of the actual pressure. Additionally, system identification experiments were con-
ducted to characterize the plant dynamics. The resulting plant model was used to determine the appropriate
initial PID controller parameters for effective closed-loop regulation throughout subsequent testing.

2.4.1. Differential pressure sensor calibration
Accurate measurement of the negative pressure as generated by the motor pump is crucial for re-
liable operation of the portable cupping device. Therefore, a calibration procedure was conducted for the
MPXS5100DP differential pressure sensor to ensure measurement precision. This calibration process was sys-
tematically performed, and the steps are outlined as follows:
a. Preparation and setup: All necessary components were prepared and assembled with accordance to the
schematic as illustrated in Figure[7]

Serial Monitor

Manometer

Motor Pump

MPX5100DP

Figure 7. Setup for differential pressure sensor calibration

b. Connection of components: The motor pump, manometer, pressure sensor, and a cupping cup were inter-
connected using flexible hose tubing with appropriate hose connectors to ensure airtight sealing.

c. Programming the microcontroller: The ESP32C3 microcontroller was programmed to: i) Generate a PWM
signal which controls the motor pump speed on a range between 0 and 255, ii) Acquire real-time digi-
tal output from the MPX5100DP sensor, and iii) Display the sensor readings through the serial monitor
interface.

d. Data acquisition: At each PWM increment, simultaneous readings from both the manometer and the pres-
sure sensor were recorded and tabulated. The collected data is presented in Table[T}

Table 1. Calibration data for the MPX5100DP sensor
Motor PWM  Sensor digital value ~ Manometer reading (kPa)

40 747 -4.00

60 1246 -10.60
80 1994 -23.00
100 3900 -57.40
120 4095 -59.40

e. Data analysis: A calibration curve was generated by plotting the sensor’s digital outputs against the corre-
sponding manometer readings, as shown in Figure[§] Resulting graph demonstrates a strong linear relation-
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ship between the sensor outputs and the actual pressure values. Accordingly, best-fit line for the calibration
data is given by the equation:

y = —0.01689x + 9.50348 (1
where y represents the pressure in kilopascals (kPa) and = denotes the sensor’s digital value. This linear
equation allows accurate conversion of sensor readings into real pressure values, which is critical in ensuring

the precision of subsequent experimental measurements.

10

® Measured Data
— Fit: y = -0.01689x + 9.50348

or
—10}
—20}
=30

—40+}

Pressure (kPa)

_s0} y = —0.01689x + 9.50348
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—700
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Figure 8. Calibration curve: Pressure sensor digital output versus manometer readings

2.4.2. PID regulation setting

To maintain the desired negative pressure within the cupping suction system, a PID control scheme
was implemented. Proper tuning of the PID parameters is critical to ensure precise and stable pressure regula-
tion. Two complementary strategies were sequentially employed for tuning, starting with system identification
to derive an accurate system model, followed by PID controller optimization based on the identified model.
Figure [9) illustrates the block diagram of the closed-loop PID control system as implemented for the portable
cupping device.

Set
Pressure (Kpa) PWM
Errar “
Reference PID Controller > + » Output
t
() e(t) MO i
y(t) Cupping suction system
H(s)

Figure 9. Block diagram of the closed-loop PID control system for the cupping suction device

a. System identification: To establish a model of the cupping suction dynamics, PWM signals with varying
duty cycles were applied to the motor pump. Suction pressure readings were recorded every 10 seconds over
a 160-second window. The acquired time-series data were imported into MATLAB’s system identification
Toolbox, where a second-order transfer function was estimated using the estimation tool. The resulting
transfer function is identified as (2):

0.008579

H(s) = — 2
(5) = = 27 0.0434s 7 0.0200 @)
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Achieving a fitting accuracy of approximately 70%, the identified model is deemed sufficient for controller
design purposes. It is important to note that the data acquisition was conducted on a clean, instead of hairy,
skin surface to ensure the validity of identified linear model.

b. PID controller tuning: Achieving precise pressure regulation further propagated the development and sim-
ulation of a closed-loop system in Simulink based on the identified plant transfer function as presented in
Equation (2). The plant dynamics in the Laplace domain are characterized by (3):

3)

where Y (s) and U (s) denote the Laplace transforms of the system output y(¢) and the control input u(t),
respectively. They are separately defined as (4), (5):

Y(s) = L{y(t)} = / et @

U(s) = L{u(t)} = / w(t)e=" dt )
0
A PID controller was incorporated into the closed-loop model to regulate the system output. The control

law of this controller in the time domain is expressed as (6):

de(t)
dt

u(t) = Kye(t) + K, / e(t) dt + K, (©)
where e(t) = r(t) — y(t) is the tracking error between reference input r(¢) and measured output y(t), with
K, K;, and K, respectively represent the proportional, integral, and derivative gains.

Initial PID tuning was performed using Simulink’s auto-tuning feature to establish the baseline gain values.
Further refinement was conducted using MATLAB’s PID Tuner, with optimization criteria focusing on the
minimization of overshoot, the reduction of settling time, and the achievement of negligible steady-state
error. Ultimately, the finalized optimized PID parameters are:

K,=—-4, K;=-017, Kq=4.45 7)

These parameters were subsequently implemented in the embedded controller of the portable cupping de-
vice to regulate negative pressure during real-time operation. Figure [J]illustrates the overall closed-loop
system architecture, where r(t) represents the reference input and y(¢) denotes the system’s output.

2.5. Experimental procedures for cupping methods

Three distinct cupping techniques—massage cupping, dry cupping, and wet cupping—were evalu-
ated for performance appraisal of the developed device. Table 2] summarizes the procedural steps, application
duration, targeted body areas, and skin types for each cupping method.

Table 2. Experimental procedures and parameters for different cupping methods

Cupping Procedural steps Time (s) Body area Skin type
method

Massage The targeted area is cleaned with an alcohol swab prior 100 Back Clean skin
cupping applying a small amount of oil for lubrication. The cup is surface

placed and vacuum suction is initiated. The cup is then
glided along a predefined path to perform the massage

technique.
Dry cupping The treatment area is sanitized with an alcohol swab. A 60 Back, calves Clean or slightly
cup is placed on the skin and vacuum suction is applied to hairy skin
maintain negative pressure without subsequent
movement.
Wet cupping The skin is disinfected and initial suction is applied. The 60 Back Clean skin
cup is removed after several minutes with the area being surface

incised superficially before reapplication of suction to
facilitate blood extraction.

Int J Elec & Comp Eng, Vol. 15, No. 5, October 2025: 5003-5018
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3. EXPERIMENTAL SETUP AND RESULTS

Figure [I0] presents the final prototype of the portable cupping suction device. Its upper compartment
houses the PCB, battery, OLED display (visible through a designated opening), and control buttons for mode
selection and motor operation. Its lower compartment contains the motor pump connected via flexible hoses to
the differential pressure sensor and the cupping head held securely by a dedicated holder. A series of experi-
ments were conducted to evaluate the device’s suction accuracy, pressure control performance, and operational
reliability across different cupping techniques and skin types. Dry and wet cupping sessions were performed
at the targeted pressures of —25 kPa, —35 kPa, and —45 kPa for dry cupping, and —45 kPa for wet cupping.
Massage cupping was conducted for 100 seconds at —25 kPa, with adjustments made via a wireless web server
interface. System performance was then assessed across the procedures through the use of PID response graphs.

Figure 10. Final setup of the portable cupping suction device

3.1. Massage cupping

The massage cupping experiment focused on evaluating pressure regulation accuracy and dynamic
PID control performance during active cup movement. The pressure was initially set at —15 kPa, followed
by later adjustment at —25 kPa for enhanced skin adherence and massage efficacy. The procedure followed
the steps outlined in Table 2] The cup was moved along a predefined trajectory on the back, as illustrated in

Figure [T}

Figure 11. Massage cupping path on the back surface

Performance of PID control for the massage cupping session is illustrated in Figure [T2] The actual
pressure (blue curve) initially exhibited a significant overshoot before settling toward the desired setpoint (black
dashed line). Over time, the closed-loop system demonstrated good tracking accuracy, with the real pressure
fluctuating within acceptable bounds around the target value. The minimal steady-state error as observed during
steady-state operation correspondingly indicates effective tuning of the PID controller for dynamic massage
conditions. Quantitative evaluation of tracking performance was conducted by calculating the mean square
error (MSE) and normalized error with respect to the setpoint. As summarized in Table[3] the system achieved
a relatively low MSE of 10.9564 kPa? and a normalized error of 13.24% to indicate an overall satisfactory
pressure regulation.

Importantly, the observed pressure response is considered acceptable for massage cupping applica-
tions. Despite the initial transient, the system consistently maintained a negative pressure level that ensures

Smart portable cupping suction device with multi-mode control using ... (Mohd Riduwan Ghazali)
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secured cup attachment on the skin throughout the session. Furthermore, the pressure variations remained
within the clinically acceptable limits which avoid excessive suction that can cause discomfort or injury. This
stable and controlled pressure environment is essential toward achieving effective massage benefits, while en-
suring safety and comfort of the patient.

5 —— Real Pressure
—=—- Set Pressure (-25 kPa)
----- 5% Boundaries

Pressure (kPa)

0 20 40 60 80 100
Time (s)

Figure 12. PID response during massage cupping

Table 3. Error metrics of PID control during massage cupping based on pressure tracking performance

Metric Value
Mean square error (MSE) (kPa%)  10.9564
Normalized error (%) 13.24%

3.2. Dry cupping
Dry cupping experiments were conducted under three system modes—soft, medium, and hard—applied

to different skin types: clean (back), less hairy (calf), and slightly hairy (calf). The targeted suction pressures
were —25 kPa, —35 kPa, and —45 kPa, respectively.

3.2.1. Soft mode on clean skin

In soft mode (—25 kPa), the device was tested on clean back skin. This mode is typically used in
dry cupping applications aimed at relaxation therapy, as well as individuals with sensitive skin, where mild
suction would sufficiently stimulate circulation without causing discomfort. As shown in Figure[I3] a securely

attached suction cup with minimal discomfort during the cupping session indicates good user tolerance and
effective pressure engagement.

Figure 13. Soft mode application on clean back surface

The corresponding PID responses are presented in Figure [T4] The system achieved a rapid drop in
pressure toward the targeted setpoint with minimal fluctuation and no excessive overshoot. These characteris-
tics indicate a stable and smooth response which suits sensitive skin. The gathered quantitative error metrics
including the mean square error (MSE) and normalized error are further summarized in Table 4]

Int J Elec & Comp Eng, Vol. 15, No. 5, October 2025: 5003-5018
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Figure 14. PID response for soft mode on clean skin

Table 4. Error metrics of PID response for soft mode on clean skin

Metric Value
Mean square error (MSE) (kPa®)  17.8949
Normalized error (%) 16.92%

3.2.2. Medium mode on less hairy skin

Following this, medium mode (—35 kPa) was tested on less hairy calf skin. This mode is typically uti-
lized in dry cupping protocols that require moderate suction to stimulate deeper tissue layers, while preserving
the patient’s comfort. It is commonly applied to muscular regions such as the calf, thigh, or lower back, where
enhanced circulation, myofascial release, and therapeutic decompression are desired. Herewith, initial suction
attachment during the procedure is depicted in Figure[T3]

Figure 15. Medium mode application on less hairy calf surface

The PID responses corresponding to this configuration are presented in Figure [T6] Tested system
exhibited an initial overshoot which approximately reaches a pressure of —40 kPa, followed by damped os-
cillations that progressively stabilized around the targeted setpoint. Stabilization was achieved nearing the
periodical mark of 30 seconds to demonstrate the controller’s effective accommodation for varying skin com-
pliance and dynamic tissue behavior. Despite the initial transient response, the pressure was maintained within
an acceptable therapeutic range for effective cupping without inducing discomfort of the patient.

Quantitative evaluations of the control performance are summarized in Table[5] Observably, the mea-
sured mean square error (MSE) and normalized tracking error are correspondingly recorded at 43.7672 kPa?
and 18.90%. Nevertheless, the marginally higher values as compared to soft mode applications fall within
the acceptable operational limits of medium-intensity cupping where greater pressure depth is targeted. Such
results confirm the effectiveness of PID controller on robust and reliable pressure regulation for medium dry
cupping sessions.

Smart portable cupping suction device with multi-mode control using ... (Mohd Riduwan Ghazali)



5014 ) ISSN: 2088-8708

i
o

= Real Pressure
= Set Pressure

Pressure (kPa)
L L
o o o

|
w
o

|
i
o

|
v
o
o

10 20 30 40 50 60
Time (s)

Figure 16. PID response for medium mode on less hairy skin

Table 5. Error metrics of PID response for medium mode on less hairy skin

Metric Value
Mean square error (MSE) (kPa®)  43.7672
Normalized error (%) 18.90%

3.2.3. Hard mode on slightly hairy skin

Hard mode (—45 kPa) was subsequently applied to slightly hairy calf skin. This mode is typically
employed in therapeutic dry cupping applications that require deeper negative pressure level to achieve stronger
tissue decompression and enhanced microcirculation. Figure[T7]illustrates attachment of the suction cup on the
targeted surface.

Figure 17. Hard mode application on slightly hairy skin

The corresponding PID responses are presented in Figure[I8] Initial pressure fluctuations are observed
during the first 25 seconds of the session, primarily caused by minor air leakage and uneven contact associ-
ated with hair interference on the skin surface. Nevertheless, the controller effectively stabilized the pressure
toward the desired setpoint in demonstrating strong disturbance rejection capability and robust control perfor-
mance under challenging adhesion conditions. Following the transient phase, the system maintained a steady
negative pressure to ensure a continuously secured cup attachment without inducing excessive suction that can
compromise comfort or safety.

Quantitative analysis of the tracking performance is summarized in Table |6 The mean square error
(MSE) was calculated to be 64.9259 kPa? at the normalized tracking error of 17.91%. The relatively higher
MSE against both soft and medium mode applications are justifiable within the clinically acceptable thresh-
olds for hard cupping procedures. While the slightly elevated normalized error reflects an inherent difficulty

Int J Elec & Comp Eng, Vol. 15, No. 5, October 2025: 5003-5018
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for continuous maintaining of perfect sealing on hairy surfaces, ultimate achievement of stabilized pressure
indicates the system’s adequacy in ensuring therapeutic efficacy without significant patient discomfort.

The higher negative pressure applied during hard mode, however, comes with a notable precaution of
limiting each treatment session to a maximum of five minutes to minimize the risk of skin blistering, bruising,
or other adverse effects. Adhering to appropriate time limit would, therefore, ensure both treatment safety and
optimal therapeutic outcomes.

—— Real Pressure
= Set Pressure

Pressure (kPa)

-60

0 10 20 30 40 50 60
Time (s)

Figure 18. PID response for hard mode on slightly hairy skin

Table 6. Error metrics of PID response for hard mode on slightly hairy skin

Metric Value
Mean square error (MSE) (kPa®)  64.9259
Normalized error (%) 17.91%

3.3. Wet cupping

Procedure for wet cupping was conducted to evaluate the system’s performance under more complex
conditions of skin incisions and fluid collection within the cup. Unlike dry cupping which relies solely on
negative pressure to stimulate tissues and enhance circulation, wet cupping additionally incorporates controlled
superficial incisions to facilitate the extraction of stagnant blood and interstitial fluid. Such dual mechanism
demands more precise pressure regulation to prevent excessive bleeding, discomfort, and the loss of vacuum
integrity.

The current experiment especially applied medium mode suction (—35 kPa) on a clean back surface.
Began with an initial warm-up phase using dry cupping, the procedure followed with skin sterilization using
an alcohol swab. The suction cup was reapplied after making shallow and sterile incisions on the affected area
with the reinstating of negative pressure to initiate fluid extraction. The result is illustrated in Figure [T9}

Figure 19. Wet cupping procedure using medium mode

Smart portable cupping suction device with multi-mode control using ... (Mohd Riduwan Ghazali)
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Generated responses for PID pressure control during the wet cupping session are presented in
Figure 20| The system demonstrated rapid convergence toward the target setpoint, with minor fluctuations
as attributed to progressive fluid accumulation within the cup. While fluid accumulation can momentarily dis-
turb the vacuum seal and alter the internal pressure dynamics, the controller would promptly compensate such
disturbances. Overall, the system maintained a stable and effective negative pressure throughout the treatment
by ensuring safe and continuous fluid extraction without losing the adhesion.

Quantitative analysis of the control performance is summarized in Table [/} where the mean square
error (MSE) was found to be 33.7790 kPa® with a normalized tracking error of 16.61%. Inherently more
dynamic than the dry cupping sessions, these values indicate acceptable control performance under the wet
cupping conditions. As shown, relatively modest increase in error highlights the controller’s robustness and
adaptability in managing pressure fluctuations brought about by fluid dynamics. Thus, the system remains
suitable for clinical wet cupping applications where stable negative pressure is critical for both therapeutic
efficacy and the patient’s safety.
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Figure 20. PID response during wet cupping

Table 7. Error metrics of PID response during wet cupping

Metric Value
Mean square error (MSE) (kPa%)  33.7790
Normalized error (%) 16.61%

4. CONCLUSION

The developed portable cupping suction device successfully achieved robust and accurate pressure
regulation across various cupping modalities and skin conditions. Experimental results validated the system’s
ability to maintain stable negative pressure through PID control under different scenarios. Generated findings
reveal rapid stabilization with minimal steady-state error was achieved in message cupping, consistent suction
was maintained across clean, less hairy, and slightly hairy skin surfaces in dry cupping, as well as the effective
management of pressure fluctuations as resulted from fluid accumulation in wet cupping to ensure firm, stable,
and persisting suction. Quantitative evaluations, including mean square error and normalized error analysis,
further affirmed the system’s reliable tracking performance under dynamic conditions.

Empirically, the proposed and developed device demonstrated strong potential for clinical and thera-
peutic cupping applications. Such outcomes, thus, set the future trajectory for an improved long-term durability,
the incorporation of wireless monitoring, and an expansion in clinical validation.
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