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[bookmark: _Toc195561096]1. Introduction
[bookmark: _Toc195561097]1.1 Problem
Tensegrity-based spherical robots in this design utilize a hollow body that consists of a Tensegrity Structure (HTS) which achieves continuous rolling when the length of the connecting rods is altered, the retraction of which is usually accomplished with LCE (L) actuators. Nevertheless, some drawbacks, such as energy dependency, still exist. Conventional HTS robots are often powered by external sources, like tethered power supply, and this imposes a limit on the range of motion of the robots. On the other hand, the using of external batteries brings about the problem of bulkiness [6]. Accordingly, system integration has emerged as one of the key areas where this research aims at improving it. Although untethered HTS robots have made some progress in removing these issues, the kind based on LCE still relies on the presence of thermal surfaces to create temperature variations [2]. With the laser driven HTS robot, apart from the problems of constant recalibration, there exist the issues of difficulty in both positioning different rods simultaneously and having sufficient control precision locally [1]. The approach of steering the robot movement is very tricky and unagile, which lacks immediate interaction response [5]; therefore, the human-robot interaction complexity remains to be dealt with as another key challenge area.


[bookmark: _Toc195561098]1.2 Solution
This study proposes an HTS robot with battery inside and LCE remotely activated as its driving force in order to tackle the shortcomings of existing designs through a highly integrated structure. First, powering the PCB with the battery module replaces the rigid rods, which is untethered, allows for both power and signals to be processed, and eliminates external power source dependency, which enhances the robot mobility autonomy. Secondly, owing to the incorporation of the LCE’s thermal responsive capability, the serpentine conductive film developed, and a heating circuit capable of independent addressing or parallel control, which is from an PCB, those worked interdependently in achieving the communication between the clients and servers. A UI interface of computer is created to enable regulation of heating state of any rod precisely, thus promoting the user friendliness.
[image: ]
Figure 1. Visual Aid
[bookmark: _Toc195561099]1.3 High-Level Requirements
i. The hard-soft hybrid structure (rigid rods connected by soft materials) must maintain stability in both static and dynamic states, with a maximum deformation of ≤ 5% under a load of 1 kg applied.
ii. The wireless control module, including the interactive UI, must achieve a signal transmission latency of ≤ 100 ms and support a control range of at least 10 meters.
iii. The user must be able to control the robot to move in four primary directions (forward, backward, left, right) with a directional accuracy of ±5° and a minimum turning radius of 20 cm.









[bookmark: _Toc195561100]2. Design
The Entire design consists of four subsystems, we will list them with descriptions, requirements, verifications in order. The relevant figures and data will be effectively given as supporting material. Following is the complete and detailed block diagram (Figure 2):
1. Power Module: provide reasonable battery combinations and placements. 
2. Control Module: The key part of the whole system, it was powered by the power Module, and communicate with the WIFI Module. User deliver the command from UI surface remotely, it can process the order in PCB logical design, and deliver the signal to driven module, complete the final movement.
3. WIFI Module: It mainly should consider realize the required functions in the UI surface and optimize the layout.
4. Driven Module: It includes the basic principle of the joint expansion of the machine, the feasibility of the whole appearance (Figure 3), and the principle of the whole rolling is theoretically analyzed.
[bookmark: OLE_LINK2][image: C:\Users\ZDE\Documents\WeChat Files\wxid_yp5umn2hkpc522\FileStorage\Temp\aab3adce6137aba8666675d13567733.png]
Figure 2. block diagram
[bookmark: OLE_LINK4][bookmark: OLE_LINK3][image: ]
Figure 3. Ideal Structure modeling diagram

[bookmark: _Toc195561101]2.1 Power Module
The power module supplies the power to the control module, Wi-Fi module, and drive module. This is aimed mainly at voltage and current stabilization of the control module with a Wi-Fi module mounted on the same PCB. The one-way communication interface between the control module and the drive module is established through voltage control. Thus, the power module must fulfill the underspecified requirements of the control module.
[image: 图片包含 应用程序

描述已自动生成]Three goals of the power module should be considered: voltage and current stabilization, battery fitting, and physical design restrictions, endurance, and extended operation.
[image: ]
Figure 4. Battery selections and combinations.
[bookmark: _Toc195561102]2.1.1 Voltage and Current Stabilization
	The Power Module also serves to provide stable voltage and current requirements for both the control PCB and LCE-continuum tensegrity materials. In particular, the circuit should give a stable supply of 12V with a current capacity of not less than 500mA; otherwise, the ESP32 chip and the soft robotics actuators will not work reliably. To fulfill the precise operational standards, batteries (LiPo, CL-601752, 3.7V, 600mAh, 10.3g per cell) are connected in series and parallel configuration. There is a need for a PCB that has a stable, regulated output that gives 3.3V at currents ranging from 500mA to 800mA. With respect to power LCE actuators, resistor 20Ω served as a simulated load condition, and this was verified when the voltage across this resistor was measured; 6.7V was confirmed with a target power of approximately 4W. The ESP32 input pin must consistently read 3.0V to 3.6V with a current supply capability of 500mA to at least 500mA.

	Requirement
	Verification

	1. Output voltage stable at 12V ±5%.
2. ESP32 regulated voltage output at 3.3V, current capability ≥ 500mA, maximum 800mA.
	A. Measure voltage across a 20Ω resistor simulating LCE load; ensure the voltage is 6.7V ±0.2V.
B. Confirm ESP32 power input pin voltage between 3.0V and 3.6V under 500mA load condition.





[bookmark: _Toc195561103]2.1.2 Battery Configuration and Physical Constraints
The design and assembly of the battery inside the compact internal volume of the spherical tensegrity robot require special consideration. The testing protocol includes the evaluation of weight and thickness of alternative battery designs to achieve a solution that maintains good robotics balance and layout. As it currently stands, the best battery assembly has an overall thickness of five millimeters and a total mass of less than thirty grams, not accounting for the wires and insulating tape. Additionally, the battery length must not be less than 100mm, as this size will support the internal structure of the robot, which directly requires the issue of weight distribution and motion dynamics.

	Requirement
	Verification

	1. Overall battery thickness ≤ 10mm.
2. Battery weight ≤ 30g, including wires and tape.
3. Minimum battery length of 100mm.
	A. Measure total battery assembly thickness using precision calipers, ensuring ≤10mm.
B. Confirm weight using a precise electronic scale, ensuring ≤30g.
C. Measure length with a ruler or digital caliper, confirming ≥100mm.



[bookmark: _Toc195561104]2.1.3 Endurance and Operational Duration
Since the LCE-based tensegrity robot has unique operational characteristics, the battery endurance is the key. The battery has to support permanent bidirectional actuation and signal processing for an overall time of at least 20 minutes, and the temperature of the battery and motor must be kept at the constant value of 25°C. Since LCE means deformation of the material induces change in the voltage and, in turn, power, the battery configuration has to have the capacity to maintain required levels of energy and not lead to destitution of the process.

	Requirement
	Verification

	1. Continuous battery endurance ≥ 20 minutes at 25°C.
2. Output voltage stable at 12V ±5%, current capability ≥ 500mA, maximum 800mA.
	A. Perform continuous operation tests of the battery at room temperature (25°C), counting the time when the monitor voltage and current outputs less than 5% deviation from target specifications.
B. Using 20 Ohms resistor to take place of the LCE material.




[bookmark: _Toc195561105]2.2 Control Module
The WiFi module is responsible for enabling wireless communication between the user interface and the robot. Our system is based on the ESP32-S chip, a microcontroller with WiFi module. With the wireless commuication trough WIFI, the robot could be controlled by programmable customized PC-based interface.
[bookmark: _Toc195561106]2.2.1 ESP32 and WiFi Implementation
We selected the ESP32 as a network interface and microcontroller. It is programmed using the Arduino framework. In our implementation, the ESP32 connects to a local WiFi network and listens for HTTP requests. These requests correspond to specific commands. Upon receiving a command, the ESP32 processes the signal and sends the appropriate voltage to its output pins. This actuates specific ropes embedded with Serpentine Resistor–Liquid Crystal Elastomer (SR-LCE) to drive robotic motion.
	Requirement
	Verification

	1. The system can maintain a stable WiFi connection once the robot is connected to the WiFi module.


	1. We can operate the robot for an extended period (e.g., 30 minutes) under normal conditions. The robot requires no manual reconnection and there are no unexpected dropouts.



[bookmark: _Toc195561107]2.2.2 UI Interface and Control System
The robot's control interface is developed using C#. This PC-based user interface can send instructions to the ESP32 boards wirelessly. It has buttons that label each robot’s elastic rope. Each button in the interface maps to an HTTP endpoint defined on a specific ESP32 server. This setup allows the user to control individual ropes. The interface also includes feedback showing the current connection status, execution confirmation, and target rope states. This interface provides a visible and simple way for robot control.
	Requirement
	Verification

	1. The user interface can control each rope correctly, and the UI provides clear, real-time status feedback.
﻿
﻿

	1. The UI can trigger the actuation of each rope by clicking the button from the PC. We can visually confirm that each rope responds correctly. Additionally, any connection or rope state change is promptly reflected on the UI.


[image: 图形用户界面, 应用程序

描述已自动生成]
Figure 5. The user interface in test module
[bookmark: _Toc195561108]2.3 Control Module
The Control Module serves as the computational and signal-routing core of the tensegrity robot. It is built around the ESP32 microcontroller, which integrates logic control, Wi-Fi communication, and multi-channel GPIO output. This module receives commands wirelessly from the user interface, interprets them, and generates appropriate voltage-level signals to control the heating elements embedded in the LCE rods via the Q1 driver array. To ensure accurate and responsive actuation, the system supports both sequential and parallel GPIO control, along with onboard visual feedback through RGB LEDs.
[bookmark: _Toc195561109]2.3.1 ESP32 Controller and Communication
The Control Module serves as the central processing unit of the spherical tensegrity robot. It’s primarily based on the ESP32 microcontroller which integrates both logic control and WiFi communication capabilities.
After receiving the commands from a user interface over WiFi, the ESP32 interprets the control signals and activates the corresponding GPIO pins to send control signals to the heating driver circuit of the LCE-based actuation system. By selectively activating the GPIO pins, the system can independently or simultaneously heat the serpentine resistors embedded within the LCE rods and trigger thermal expansion of the rods, enabling precise locomotion of the tensegrity structure.
A set of three status LEDs (connected to GPIO13, GPIO15, and GPIO2) forms an RGB indicator module. This circuit provides visual feedback to indicate system states such as successful startup, command reception, heating in progress, or fault conditions. Each LED is current-limited with a 1 kΩ resistor to ensure safe operation.
The ESP32 operates with a regulated 3.3V supply and requires a current capacity of at least 500mA to ensure reliable communication and signal processing. The control strategy includes both independent and parallel actuation paths, allowing the robot to execute complex rolling movement through fine-grained rod manipulation. To ensure system responsiveness, all commands are processed with a target signal latency of less than 100 ms, while maintaining directional accuracy within ±5°.
	Requirement
	Verification

	1.ESP32 must successfully establish a WiFi connection and receive control commands from the user interface within 100 ms latency.
2.The RGB indicator module must provide consistent visual feedback that corresponds to system status (e.g., startup, command reception, fault).
	1.Connect the ESP32 to the designated network, transmit directional commands from UI, and measure end-to-end latency using serial timestamps and network analyzers.
2.Run test firmware that triggers specific LED patterns for each system state. Visually confirm LED behavior matches expected output under different simulated conditions.


[image: 图示, 示意图

描述已自动生成]
Figure 6. Schematic of ESP32 Controller
[bookmark: _Toc195561110]2.3.2 GPIO Control and Signal Routing
The GPIO control framework transmits voltage level signals from the ESP32 to the LCE-based drive system via the Q1 Darlington transistor array. Each GPIO pin from the ESP32 is routed to an input channel of the Q1 array, which amplifies the low-power digital control signals from the microcontroller to drive higher current loads. Each channel of Q1 can deliver up to 500 mA, which are required by the serpentine heating elements embedded in the LCE rods.
The GPIO pins (IO35, IO32, IO33, IO25, IO26, IO27, IO14, and IO12) are each mapped to an individual input on Q1 (IN1–IN8), enabling up to 8 independent actuation pathways. These pathways can be selectively triggered by setting the corresponding GPIO pins high, which results in the associated output pin (OUT1–OUT8) of Q1 being pulled low, thus completing the heating circuit.
At the input side of the Q1 array, a set of 4 kΩ pull-down resistors (U5–U11) is used to prevent floating input conditions at the base of each transistor pair inside Q1. Additionally, a 100nF capacitor (C13) is included near the driver array to suppress transient voltage spikes and improve signal stability during switching.
This direct connection between the GPIO pins and the driver array ensures fast signal transmission and strong separation between the control logic and the high-power components. It also supports both sequential and simultaneous activation of multiple channels, making it possible to create more complex movement patterns.

	Requirement
	Verification

	1.Each GPIO pin (IO35, IO32, IO33, IO25, IO26, IO27, IO14, IO12) must independently control one heating channel via Q1 (OUT1–OUT8).
2. Q1 output must sink sufficient current (up to 500 mA per channel) to reliably drive the LCE heating elements.

	1. The performance of a single elastomer has been tested, and it has been able to achieve large scale expansion at a small temperature rise.
2. Connect representative heating load (~20Ω resistor simulating the LCE element) and measure current draw using an ammeter or precision shunt resistor; confirm capability up to 500 mA.


[image: 图示

描述已自动生成]
Figure 7. Schematic of GPIO Control and Signal Routing
[bookmark: _Toc195561111]2.3.3 Power Input and Electrical Requirement
The Control Module requires a stable and well-regulated power supply to ensure reliable operation of its Wi-Fi communication and GPIO signal processing functions.    
The normal operating voltage of ESP32 is 3.3V. When performing high-frequency Wi-Fi transmission or controlling multiple output channels at the same time, instantaneous current peaks will occur. If the power supply voltage fluctuates and exceeds the normal range, it may lead to abnormal system behavior (such as control errors) , communication failure, chip restart or crash.
To meet these requirements, the Control Module is powered by a dedicated 3.3V linear voltage regulator (U21) on the same PCB, which derives power from a USB source or external battery system. The voltage regulator is configured to supply a continuous current capacity of up to 800 mA, with capacitive decoupling (C11, 100nF) placed near the ESP32 to suppress high-frequency transients.
The ESP32’s EN (enable) pin is connected to a pull-up resistor and manual reset switch (SW4), allowing for controlled hardware reinitialization in case of unstable power or firmware upload scenarios. Additionally, the IO0 pin is tied to a pull-down switch (SW3) for entering flash download mode during development.
Power integrity in the Control Module is critical to system-level timing and control accuracy. Accordingly, the power input must maintain a tolerance within ±5% of 3.3V under dynamic load conditions to prevent malfunction during real-time control operations.

	Requirement
	Verification

	1. The control module must be supplied with a regulated 3.3 V (±5%) voltage under dynamic load.
2. The voltage regulator (U21) must provide ≥ 500 mA continuous current to support Wi-Fi and GPIO operations.
	1. Measure voltage at ESP32 3V3 pin under peak activity using an oscilloscope; verify it stays within 3.135 V to 3.465 V.
2. Connect representative load; monitor current draw during communication and GPIO switching using a multimeter or current probe.


[image: ]
Figure 8. Schematic of Power Input
[bookmark: _Toc195561112]2.4 Driven Module
In this module, we will focus on the driven principle, the material selection for the tensile rod and stiff rod, the consideration of mechanical characteristics, and provide the overall appearance modeling. 
The whole system will consist of 6 stiff rods and 24 elastic ropes. The ideal overall appearance modeling is Figure 3, the actual model is Figure 5. We replace the stiff rods with PCB plates to efficiently use the space, and considering the perfect heat elastic characteristics, we replace the ropes with the combination of Serpentine resistance and Liquid crystal elastomer (SR-LCE). We name the structure system PCB-LCE. 
After the whole assembly (Figure 9.), the center of gravity position of the robot is the focus of our investigation, and we need to perform a tolerance analysis on it to determine the possibility of achieving state changes during LCE expansion and contraction.
[bookmark: OLE_LINK5][image: 图示, 工程绘图

AI 生成的内容可能不正确。]
Figure 9. Detailed actual model.
[bookmark: _Toc195561113]2.4.1 Heat response performance 
The most important component that enables the drive is the SR-LCE, where the snake-shaped resistor is made by laser cutting aluminum foil and has been fitted to the LCE. We focus on the deformation performance of the component, including repeatability, sensitivity, and strain range. The experiments need to be carried out at different ambient temperatures.

	Requirement
	Verification

	1. The basic thermal response is achieved: at room temperature, the temperature rise of 20-80 degrees Celsius can achieve a strain of 0.2-0.6 of the elastic material.
2. Under different ambient temperatures (regardless of extreme weather), it can still response well.
	1. The performance of a single elastomer has been tested, and it has been able to achieve large scale expansion at a small temperature rise.
2. The thermal deformation properties of LCE elastomers were tested at temperatures ranging from 0 degrees to 40 degrees.


[bookmark: _Toc195561114]2.4.2 Mechanical properties of materials
We mainly focus on the two material, one is the stiff rod (PCB plate), another one is SR-LCE cable. They need to withstand enough strength during the stretching process. It is often easy to obtain data, but difficult to perform mechanical analysis.

	Requirement
	Verification

	1. When the center of gravity of the structure changes, the required torque should not cause damage to the structure.
2. In particular, when the elastomer shrinks, it cannot enter the plastic zone beyond the recoverable zone.
	1. The gravity analysis is carried out, the position of the center of gravity is simulated by matlab, and the corresponding mechanical characters are proposed.
2. Then Fushion 360 was used for finite element analysis. Under boundary conditions, the safety factor was observed to be greater than 2.




[bookmark: _Toc195561115]2.5 Schematics
[image: ]
[bookmark: _Toc195561116]2.6 Board Layout
[image: 图形用户界面, 示意图
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[bookmark: _Toc195561117]2.5 Tolerance Analysis
The battery must maintain the spherical robot's balance, but market-available options limit ideal shape and weight, potentially affecting stability. Additionally, soft material deformation under varying currents must be quantified, as it influences power output and control module sizing. Further testing is needed to establish the current-deformation relationship and assess material lifespan.
When we first determine the shape of the spherical robot, it will be difficult because of the complex surface shape of the robot, many parts and other problems. So we will conduct a tolerence Analysis of the geometric features of the robot.
According to Figure 3, we can find this structure more like a regular dihedron. Firstly, we assume that the shape is a regular icosahedron, and according to previous calculations [8], rope length is , stiff rod length is , distance between two stiff rods ( same orientation) is .
Put the regular dihedron in the origin O, we got the four nodes positions . Then we can derive , 
	
	(1)

	[image: ]
Figure 10, Labeled models.
	


	However, in practice, we can not strictly manufacture the structure of the regular icosahedron, assume  (Figure XX), we can derive the relation:
	
	(2)

	
	(3)


Then we can get the equation, when  we get the minimum value for .
	
	(4)


That is, when , the extreme conditions are the same as in the case of regular dihedra.
Table 1. Assumptions for structure modeling.
	1. The rod element is a rigid body and the line element is a linear elastic element (subject to Hooke's law)

	2. The rod unit is subjected to bi-directional forces, and the rope unit is subjected to tension and no pressure.

	3. Friction force f=0.

	4. Axial loading.

	5. The mass is evenly distributed.


Under the above assumptions and calculations, we have defined the relationship between sizes, we simulate the images of each shape in matlab and choose the best scheme visually, that is:
	
	(5)

	
	


[bookmark: _Toc195561118]3. Cost
[bookmark: _Toc195561119]3.1 Labor Cost
	Labor
	Time (h)
	Amount (CNY)

	Battery composition and test
	50
	1500

	Wireless panel development
	50
	1500

	Control logic circuit design
	40
	1200

	PCB design and soldering
	50
	1500

	Spherical robot building and testing
	70
	2100

	Total
	260
	7800



[bookmark: _Toc195561120]3.1 Part Cost
	Part
	Quant. (piece)
	Amount (CNY)

	Battery(3.7V, 500mA)
	9
	400

	PCB(with resistor & capacitor)
	6
	600

	3D printed hard stick
	6
	200

	ESP32
	3
	150

	LCE
	48
	200

	Total
	-
	1550




[bookmark: _Toc195561121]4. Schedule
Here is the Gantt chart (Figure 11) for the next 5 weeks. We decide to quickly design before assembly in 1 week, and after the assembly, we will optimize and debug for another 2 weeks.
[image: 表格

AI 生成的内容可能不正确。]Figure 11. Gantt Chart for next schedule
[bookmark: _Toc195561122][bookmark: OLE_LINK1]5. Ethics and Safety
[bookmark: _Toc195561123]5.1 Ethics & Safety Concerns
[bookmark: _Toc195561124]5.1.1 Ethics Concerns
The design adheres to IEEE Code of Ethics (Standard 7000-2021) through:
i. Equity Assurance: The control interface follows WCAG 2.1 accessibility standards, ensuring equal access regardless of race, physical ability, or technical literacy [7].
ii. Environmental Responsibility: Components meet RoHS 2011/65/EU directives for hazardous substance restriction.
iii. Experimental Ethics: No biological testing (human/animal) is involved, complying with NIH Office of Laboratory Animal Welfare guidelines.
iv. Data Integrity: All control algorithms include explain ability matrices per IEEE 7001-2021 transparency standards.
[bookmark: _Toc195561125]5.1.2 Safety Concern
i. Electrical Safety (OSHA 1910.303) The PCB design and test will use a voltage supply greater than 3V; the unexpected short connection and the complicated interconnection may cause high temperature during the experiment.
ii. Mechanical Safety (ISO 10218-1:2011) The hard structure supports the balance of the robot; it must have enough strength to ensure the integrity of the robot. It should be ensured that the hard structure will not hurt people if it breaks, especially the PCB board.
iii. Thermal Safety (IEC 62368-1) The contacts of the soft material are controlled by current and strengthened at different temperatures. Since the soft material touches the ground directly, it should be ensured that the soft material and the ground won’t burn under the working temperature. While, the battery may increase its temperature when a unexpected short connection appears.
[bookmark: _Toc195561126]5.2 Addressments & Design Decisions
i. Implement fused isolation circuits (3A fast-blow fuse) with UL 60950-1 compliant power supply
ii. Wrap protective tape around key fragile parts to avoid splashes even if they break; We need to be 3 meters away to keep the experiment going.
iii. Establish anti-overheating mechanism, make real-time temperature prediction, prevent overheating; The experimental platform should choose a platform with fast heat dissipation and good heat stability, such as a ceramic platform.
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