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Problem Statement Mechanical Designs Decision Matrix

SMORES-EP

Autonomous modular robots are limited in . . . . .
individual capability and require connector COUplmg Mechanisms Multi-axis Joint

mechanisms tolerating positional and angular
misalignment.

M-Blocks

Truss Links

Soft Mag Connector

Prototype 1

Research Goal

Prototype 2

Spherical Connector Joint Prototype 3

Design and evaluate novel connector . Prototype 2: Gendered Prototype 3: Rack and
Prototype 1: Key Slot Connector ; e The round component is a bio-inspired multi-axis joint. Mimicking
mechanisms that facilitates reliabl tonom Twist-Lock Connector Pinion Arm Grabber Figure 8. Decision malrix comparing modular robotic connector systems and proposed
echanis S a ac ates reliable autonomous human shoulder movement, the ball-and-socket joint allows N N N y
Uses a protruding key that slides into a Abayonet o quarter-t A rack-and-pinis ining an ‘ " ‘ ’ prototypes across six engineering criteria. SMORES-EP (Liu et al., 2023), M-Blocks
Self'assembly, targetlng a soft robotic appllcat|on, matching slot. Strengths: provides a strong, inspired by androgynous arrangement where a rotating pinion gear rotation about multiple axes from a single point. Connectors (Romanishin et al., 2015), Truss Links (Wyder et al., 2025), and a Soft Magnetic
rigid connection and is simple to fasteners. Strengths: high versatility, high meshes with a I_inear rack to convert ro'a(i_on mounted on this joint can pivot freely in pitch, yaw, and roll, Connector (Tse et al., 2020) were evaluated on a 1-10 ordinal scale, with higher
manufacture. Weaknesses: gendered design reliability, low orientation into controlled linear motion. Strengths: high enabling modules to orient themselves for docking in any scores indicating better performance. Criteria include alignment tolerance, maximum
requires specific orientation; alignment reliance. Weaknesses: requires rotation strength, reversible engagement. N B B B N o N o N
tolerance is poor, making docking difficult during engagement; can be hard to align Weaknesses: requires a certain extent of direction. The connecting joint has 360 degrees in yaw and 360 strength, reversibility, simplicity, scalability, and relative cost. Cell shading is normalized

under load orientation reliance degrees in roll, allowing infinite rotational ability. within each criterion, where darker values indicate higher relative performance.

Graphical Abstract
@ Finite Element Analysis Simulation AprilTag Analysis

n._.‘_.‘ Figure 9. Weighted decision
matrix for modular connector
selection. Robustness (25%) and

Figure 1: Finite element simulation of the

Von Mises Theory

connector under tensile load. The heatmap

Yielding begins when the distortional energy displays von Mises stress, highlighting peak N H ﬁ alignment tolerance (20%) were
per unit volume equals that of a uniaxial stresses near the latch and reduced stress in - I ' iy prioritized, with reversibility,
i i i e simplicity, and scalability weighted
tensile test at yield. the soft funnel. Simulating with ABS Plastic B pility 1y weig
. ) ) () () —— at 15% each, and cost at 10%.
M ethOdO I Ogy with ~45 Mpa of tensile force (ASTM B . ST Prototype 3 ranked highest (7.85)
A )‘ +(o, - d,} +(o, -0, )'l+ l[t“‘ T, +t,,') International), connectors were tested until : i — T — z ' due to strong alignment, high
i i | | - strength, and low cost, followed by
Module Development the breaking point. Stresses remain below o SORESEP (675t e oot
where g, 7, and g, are the normal stress values acting in the material yield limits, validating structural o § e Sscare witij -
' ) ) Magnetic Connector (6.30).
integrity. (a) Prototype 1 withstood ~600 N of Where Sqcore is the total welghted score, w; is the weight of

x,y,and z faces and 1, T, and 1, are the sheer stress values A e e !

Connector Development acting in the . y, and z faces (Patel et al, 2016). force before faiure, (o) Prololype 2 withstood (©) @ criterion i, and 7;; is the rating of option j on criterion i.
Finite element analysis numerically solves stress and ~1.2 kN of force before failure. (c) Prototype 3 Figure 2: AprilTag pose estimation
Connector Connector Connector deformation under applied loads, with von Mises stess serving withsiood ~4.8 kN of force before faiur. accuracy and emor characterization across Conclusions
spatial position and distance.

Prototype 1 Prototype 2 Prototype 3 as a failure-predictive metric for ductile materials. 3 .

P ype 3 i the gest overall performance balance, driven by
high load-bearing capacity, strong reversibility, and low projected manufacturing

Soft Robotic Module | Systems Integration
+ The results indicate that hybrid soft- i i can

System Validation & Refinement

Background

« Modular robots are robots built from identical modules that

p . outperform purely magnetic or purely rigid approaches by combining misalignment
tolerance with high mechanical strength

» Compared to existing state-of-the-art systems, the proposed designs exhibit
improved scalability and projected cost efficiency, indicating feasibility for larger
multi-module assemblies

Figure 4: Accuracy versus trial number ’
for 25 trials of autonomous AprilTag
alignment of the soft robotic module. F utu re Work
The trend line demonstrates the overall Figure 6: Integrated ball-joint connector assembly with kinematic and
stability of the system. Individual trials control-based analysis. The joint is actuated using a servo motor operating
contain random errors, but there is no under closed-loop position control, enabling precise angular positioning
systematic drift, indicating that the of the ball joint within the defined workspace. Servo rotational speed
measurement system is reliable and (RPM) is regulated to control the rate of joint articulation, allowing smooth
alignment during assembly and minimizing dynamic loading. Torque

connect and disconnect to reconfigure into different

Investigate material substitutions and fabrication methods to further reduce cost
shapes.

« Magnetic Coupling:

while maintaining mechanical performance.
Integrate Al-based vision systems to enable autonomous connector alignment

free from consistent bias. . . N " . "
+ Advantage: Errors in alignment control is enforced indirectly by limiting commanded position and speed and docking under uncertainty, using real-time perception to guide assembly
. . based on the torque—angle relationship, ensuring that applied joint torque i
AprilTag Detection remains below the structural limit of the connector. decisions.

» Disadvantage: Weak connect force

Evaluate repeatability and wear behavior over extended connection cycles to

(d) ()

« Mechanical Coupling: Figure 3: Physical demonstration of soft robotic module. (a) assess long-term reliability and maintenance requirements.
: The module has a length of 170 mm when itis fully extended, + Optimize maximum allowable angular and translational offsets under which
* Strong connec“ng force (b) The fully compressed module has a length of 61 mm when P N

reliable connection can be achieved.

itis fully compressed, (c) The maximum bending angle of the
module is approximately 110 degrees. The maximum speed

of the robot is about 10 cm/s. (d) The module
AprilTag at t=2 seconds. (e) Module approaching AprilTag at

* Requires precise aligning
« Multi-stage coupling mechanisms combine advantages of
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