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A block diagram of a PID controller in a

feedback loop. r(t) is the desired process

variable (PV) or setpoint (SP), and y(t) is
the measured PV.
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Controller performance was evaluated across 20,000 Monte Carlo
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that adjusts grip force in response to measured interaction ’ distributional assumptions. Convergence analysis was additionally

e 3 bas tennis ball, racquetball, golf ball; front : Em - w& Gﬁmm AL .
o o o o . f'./ b o| ¥ plastic chain, washers (seven saze; ). foam bricl = — e ssi “ oo giil = AlL \ A ) S 1 1 1 113
forces. A physics-based simulation integrating force- matpl.tlib . emn Sl B iEEl TEEE Wt Al performed to verify that the estimated effect size stabilized as the

f oy number of trials increased, supporting the reliability of the

HEHEHBEBGE

Shape items: back row: mini soccer ball, softball

BB

[ credit card blank
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spring-based interaction modeling was used to evaluate o . _ For reproducibility purposes, the YCB Objects and Physical Properties ~ Multi-camera imaging setup used to
COI'e Python th'aI'leS used fOI‘ SlmUIatlon, K-means Clustering of mechanical Dataset was utilized throughout the from the Yale_CMU_Berkeley capture ObjeCt geometry and visual Monte Carlo Convergence of Effect Size Estimate Adaptive and PID Performance Across Object Categories

ContI‘OlleI' performance dCr'OSS diverse Obj ect COIlditiOIlS. numerical computation, statistical analysis, interaction features showing three project, paired with Python. (YCB) Object Set Used for data for the Yale-CMU-Berkeley " N e

and visualization in the adaptive gripping distinct object groups used for Grasping Evaluation (YCB) ?I}l)éjlflft lll)lz’i?sstrgzggrlcril robotic
framework. adaptive grip classification. p
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Dependent Bond Dynamics » Each clutch element is a two-state system: bound or unbound. - Time to slip is defined as the earliest moment at o N o

This type of randomness can be modeled mathematically using which the force profile shows an unexpected, S I R ' vedum s

a Poisson process, which describes the probability of events sudden drop, indicating that the object has begun ER—
occurring in each time interval. to lose grip.
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To simulate the clutch-like behavior, each

: : . element was modeled as either bound
In biological systems, cells regulate traction forces through (attached) or unbound (nof attached).

molecular clutch mechanisms, where adhesion bonds The transition probabilities follow the definition that a rate This is implemented by scanning for the first index C N LUS'O N

- 1 1 1 1 Two equations can be derived from the Bell multiplied by a small-time interval gives the probability of an :
stochastically bind and unbind in response to applied force. Model for force-dependent bond dynamics eventlz)ccurgng e ot ehes B y when the force decreases:

This process governs how force is transmitted between the — iy = min{t, | F(t;e1) < F(t;)}
LJ F = urrent force

cell and itS environment, enabling Stable interaction under kog(F) = kogo /™ This can be simulated to determine whether a clutch breaks or The reSU.ltS demonStI'ate that Clutch-inSpiI'ed adaptive COH’[I’Ol
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changing mechanical conditions. This principle motivates - number r € [0, 1] is generated. If a clutch is bound and r < sustain load before slipping occurs, whichis . Bont p : it C 3
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all alte:rnat.lve (.:ontrol s.trategy : H rObOtlc.S’ where force conditions. with fixed-force control, the adaptive strategy shows a statistically
regulation is driven by interaction dynamics rather than significant improvement and provides more controlled force

predefined assumptions. The adaptive framework regulation than PID-based approaches. These findings support the

developed in this study translates this behavior into a SI M U LATI o N R ESU LTS use of interaction-driven control strategies for robotic manipulation

computational control model. in environments where object properties are unknown or variable.

Estimation Plot: Time to Slip (adaptive vs fixed)
Observed A = 0.0734 | 95% bootstrap Cl [0.0483, 0.0992] | Two-sided permutation test (N=20000): p = < 5.0e-05 H J H Ny : ]
Adaptive Controller Performance Force vs Time (YCB Objects)
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Interaction l — st e _‘_ - Physical rqbotic systems. Future work w.ill fogus on S ‘ — 74| in uncertain
: ' ' ' ' ' ' ' ' L implementing the controller on robotic grippers L A andh

300 400 ' 000 025 050 075 100 125 150 175 2.00 - - : . X : : o
¢ 56 nN/um @ 12 nN/um ‘ Time feed ot 000 002 004 006 008 010 012 01 equipped with force and tactile sensing to evaluate < e as warehouse

Adhesion area

Time (min) Time (min)

v 80nN/um A 34nN/um @ 4.7 nN/pm

Mean Force A mean ( adaptive - fixed )

performance under real-world conditions such as PR od| N automation

' : i : Distributi i ‘ Figure 3: Time- ndent force profiles for YCB object SHguue s Wsiioaition plioit et Shene=ks-clip fou 12 aide phive combig Loy commpeTed naidn sensor noise, actuator delay, and friction variability.
Cells regulate force thI'Ollgh stochastic Feature Extraction Figure 1: Distribution of forces apphe.d by the adaptive gure 3 e-depende orce profiles for YCB objects fixed-force control. The adaptive controller increases mean time-to-slip (, 95% As illustrat ,d i thal Yy th h tl}zl
controller across YCB objects bootstrap CI [0.0483, 0.0992] and the difference is unlikely under the S NHDEAEE0l inl Aike oneles, W clgg ot ol

b01j1d dynamics . . permutation null enable adaptive object manipulation in applications Prototype robotic
. Th;fs enable(si ?talzllhty across varying ‘ such as automated warehouse picking, assistive ‘ “ R e
stiffness and loa . . . o _ _ _ Adabtive Grip Force Response Acr iact Stiffn robotics, and prosthetic gripping devices. The Y 5 | ;
Unsupervised Legrnlng, Clu.sterlng, e Binding Fraction vs Time (YCB Objects) e Cluctore | dap eé p Force Response Across Object Stiffness B prototype gripper shown represents a potential . impleni}L};ZI’cCiilrl of the
and Statistical Analysis 7(~sk Adaptive Clutch-Inspired Controller hardware platform for integrating the controller and NEDH 52 clutch-based adaptive
¢ experimentally evaluating how grip forces adapt to N A controller.
objects with varying stiffness and geometry. > 2

)

REFERENCES

[1] Bell, G. I. (1978). Models for the specific adhesion of cells to cells. Science, 200(4342), 618—627.
https://doi.org/10.1126/science.347575

e

o

=]
1

Traditional
Control

Max Force F_max
Learned Mean Grip Force (a.u

. 1 o %e® ~ ]
Fixed Force 00 4 *® < «  [2]call, B., Singh, A., Bruce, J., Walsman, A., Konolige, K., Srinivasa, S., Abbeel, P., & Dollar, A. M. (2015). Yale-CMU-Berkeley dataset

Mechanical Uncertainty COntI'Ol 0 .‘ -e for robotic manipulation research. International Journal of Robotics Research, 36(3), 261—268.
https://doi.org/10.1177/0278364917706967

Failure Modes

-250 -200 -150 -100 -50 O 50 100 150 Medium Rigid : : . : _
Unknown Stiffness ( k) PID Estimated Stiffness k_est Object Stiffness Cluster . [3] Chan, C. E., & Odde, D. J. (2008). Traction dynamics of filopodia on compliant substrates. Science, 322(5908), 1687—1691.

Unknown crush limit fee dback ¢ Under'grip = Shp https://doi.org/10.1126/science.1163595

Variable deformation s :
response control - Instability under shift forcecontrol mechanically distinct object categories and rigid object clusters, showing cluster-specific force

regulation by the ClutCh'inSpiI'ed COHtI'Oller. . [5] Halliday, D., Resnick, R., & Walker, J. (2013). Fundamentals of Physics (10th ed.). Wiley.

No eXphClt «  [6] MacQueen, J. (1967). Some methods for classification and analysis of multivariate observations. In Proceedings of the Fifth Berkeley
Symposium on Mathematical Statistics and Probability (Vol. 1, pp. 281—297). University of California Press.

° OVeI‘-gI‘ip = damage Figure 2: Blndlng fraction evolution over time under fixed- Figure 4: Feature space clustering revealing three Figure 6: Adaptive grlp force increased across SOft, medium, *  [4] Gillespie, D. T. (1977). Exact stochastic simulation of coupled chemical reactions. The Journal of Physical Chemistry, 81(25), 2340—
2361. https://doi.org/10.1021/j100540a008

safety

bOun dS [7] °Astr”om, K. J., & H"agglund, T. (1995). PID Controllers: Theory, Design, and Tuning (2nd ed.). Instrument Society of America.

[8] Calli, B., Walsman, A., Singh, A., Srinivasa, S., Abbeel, P., & Dollar, A. M. (2015). Benchmarking in manipulation research: Using the
Yale-CMU-Berkeley object and model set. IEEE Robotics & Automation Magazine, 22(3), 36—52.
https://doi.org/10.1109/MRA.2015.2448951



https://en.wikipedia.org/wiki/Block_diagram
https://en.wikipedia.org/wiki/Process_variable
https://en.wikipedia.org/wiki/Process_variable
https://en.wikipedia.org/wiki/Setpoint_(control_system)

	Slide 1

