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Performance Evaluation of Hands

• Oliver: “Need to get the human out of the 
loop in evaluation”

• One step further: Need to decouple as many 
subsystems as possible in evaluation
– E.g. sensing/perception and control schemes (and 
human) don’t affect results

– Easier to do in analysis/simulation, harder to do in 
experimental evaluation
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Performance Evaluation of Hands

• Some high‐level (experimental) approaches:
– “open loop” testing scenarios

• Can do this with adaptive hands!

– Use robot arm where possible
• Make scenario more like the real thing rather than 
benchtop testing

– Wide variation of object and hand/object 
interaction properties
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Performance Evaluation of Hands

• Object properties 
– What range of size, shape, weight, etc. can be 
accommodated?
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Performance Evaluation of Hands

• Hand‐object interaction properties
– Position/orientation of the object relative to the 
hand

– Force applied to the object
• During reaching/hand closing
• After grasp
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Overview

• Ways that we’ve examined performance
– Simulated Error
– Contact/Disturbance Force
– Pullout Force
– Standard Objects and Tasks
– Comparison to Human Performance
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Overview

• Ways that we’ve examined performance
– Simulated Error
– Contact/Disturbance Force
– Pullout Force
– Standard Objects and Tasks
– Comparison to Human Performance
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• Many of these have been used before/frequently 
by others.

- Apologies in advance for the lack of “thoroughness”, 
especially in terms of citations
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Evaluation Approach 1:
Simulated Error
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Simulated Error

• Basic idea: 
– Arrange object in a known position/orientation 
that would generally not be attempted under no 
error

• E.g. place off‐center
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Grasp Space
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Simulated Error

• Basic idea: 
– Arrange object in a known position/orientation 
that would generally not be attempted under no 
error

• E.g. place off‐center

– Examine range of positions/orientations over 
which the object can be successfully grasped

– Do with a wide range of objects
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Simulation Results
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Dollar and Howe, IJRR 2010
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Simulated Error ‐ Experimental

• For experiments: decouple subsystems:
– Get the human out of the loop

• No teleop, placing objects in the hand, etc.

– Do “open loop” testing
• Place the object in a known location/orientation
• Command the arm to go to a “wrong” 
position/orientation

• Actuate/control hand open‐loop

– Examine range of success (objects, positions, etc.)
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SDM Hand Performance Results

• Experimental testing of SDM hand:
– Range of objects that could be grasped (O.C.)
– How far from “center” could they be grasped (E.C.)
– How much disturbance force applied during reach and 
grasp (O.C.+E.C.)
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Analysis of Results

• Assume a normal distribution z of object position 
from expected position
– Low σ for good sensing
– High σ for poor sensing
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Evaluation Approach 2:
Contact/Disturbance Force
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Experiments

• Objects mounted to 
force/torque sensor

• Measure net contact 
force on object
– Would tend to 
disturb objects

Introduction Optimization Studies    Hardware Design      [Evaluation]



Prof. Aaron M. Dollar Yale University
Mechanical Engineering & Materials Science

SDM Hand Performance Results

• Experimental testing of SDM hand:
– Range of objects that could be grasped (O.C.)
– How far from “center” could they be grasped (E.C.)
– How much disturbance force applied during reach and 
grasp (O.C.+E.C.)
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“Objects of Daily Living”
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Properties of ODLs

• For frictional properties, need 
to specify both object and 
surface properties

• Tested objects on common 
household surfaces
– wood veneer, granite, polished 
metal, linoleum, unfinished 
wood, glass
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Frictional properties test setup



Prof. Aaron M. Dollar Yale University
Mechanical Engineering & Materials Science

Frictional properties results
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SDM Hand Performance Results

• Experimental testing of SDM hand:
– Range of objects that could be grasped (O.C.)
– How far from “center” could they be grasped (E.C.)
– How much disturbance force applied during reach and 
grasp (O.C.+E.C.)

How much disturbance 
force is too much?
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Frictional properties results

• 50% of objects       
0.463 N or less

• 75% of objects       
0.116 N or less

• 90% of objects       
0.051 N or less
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Frictional properties results

• 50% of objects       
0.463 N or less

• 75% of objects       
0.116 N or less

• 90% of objects       
0.051 N or less

During reach/grasp, ~0.05N of contact 
force will move 90% of common objects, 
potentially causing grasp to fail.
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Evaluation Approach 3:
Pullout Force

(see Joe Falco’s talk)
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Evaluation Approach 4:
Standard Objects and Tasks
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Kurt Konolige, James Bruce, Naresh Rajkumar
. 
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• Set of Real Physical Objects distributed to 
large number of research groups (~100 so far)

• Hi‐Res RGBD scans and geometric models
• Task and Benchmark Protocols for 
standardized procedures

Project Overview
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• How can we quantitatively compare approaches in 
manipulation research?
– Simulation (good start, but finite value due to lack of 
realism)

– Experiment
• Experimental validation is generally done in an ad hoc

way
– Objects and tasks are not standard
– Incomplete detail (for replicability) is generally given
– Procedures are not generalizable across platforms

 Very few accepted benchmarking procedures

Background and Motivation
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• Physical objects widely distributed/available
– *has been a hurdle limiting previous attempts
– Available for purchase at cost

• Free distribution of initial 50 kits
• Sufficient data provided for using the objects

– Physical properties, RGBD scans, and geometric models
• Detailed task protocols and benchmarking procedures

– Allow replicable procedures and quantification of performance
– Give framework and samples, have community 

contribute/update
*much of this will be an evolving effort with community feedback and 
interaction

Our Approach
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YCB Object Selection Priorities

• Variety:
– Physical properties: shape, size, deformability, and texture.
– Grasping and manipulation difficulty: simple geometric 
shapes (e.g. boxes and spheres) vs. higher shape 
complexity (e.g. spring clamps, spatula, banana, toys) 

• Use: Range of manipulation tasks
– Simple grasping 
– Common tasks (e.g. pitcher/cup, hammer/nails)
– Complex assemblies (e.g. toy airplane)
– Standardized tests (e.g. box and blocks, 9‐hole peg)



Prof. Aaron M. Dollar Yale University
Mechanical Engineering & Materials Science

YCB Object Selection Priorities

• Durability:
– Avoid objects that are fragile or perishable. 
– To increase longevity, choose objects that are likely to 
remain in circulation and change little over time.

• Cost: 
– Keep as low as possible to broaden accessibility

• Commercial items only (i.e. no custom fabrication)

• Portability:
– Fit in single box within airline size/weight limits
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Food Items
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Kitchen Items



Prof. Aaron M. Dollar Yale University
Mechanical Engineering & Materials Science

Tool Items
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Shape Items
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Manipulation Tests
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Assembly objects
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Other YCB Features

• (very) Hi‐Res RGB‐D scans of the objects
– Meshes and mesh code available

• Object size/mass properties
• Templates/Instructions for developing detailed 
task and reporting specifications
– *Really* need more community involvement in 
this aspect
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How to get it

• www.ycbbenchmarks.org
• Purchase orders via website

– Object cost + shipping for research labs (~$500)

• Data files (very large) through Amazon
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Evaluation Approach 5:
Comparison to Human Capabilities
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Comparison to Human Performance

• Basic Idea: Quantify human hand usage and 
function

• Compare robot performance to it
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The Yale Human Grasping Dataset

Ian M. Bullock, Thomas Feix, and 
Aaron M. Dollar
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Project Overview

• Subjects wore head‐mounted camera
• Recorded and analyzed ~8 hours of dense 
grasping using per subject

• 4 subjects: 2 Housekeepers, 2 Machinists
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Project Overview

• ~32,000 (?) unique grasps total analyzed
– Coded manually by trained raters
– Took a few years ;)

• Recorded: 
– Grasp type
– Object properties
– Task type
– Time duration
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Project Overview

• Dataset includes:
– Video files
– Video stills for each grasp
– Lots of coded data for each:
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URL

https://www.eng.yale.edu/grablab/
humangrasping/
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Human Precision Manipulation

• Examine human subjects’ ability to 
manipulate an object grasped in the fingertips
– Various sizes of objects
– 2‐5 fingers in contact with the object

• Record position and orientation workspace of 
the object
– Trakstar sensors
– Screen‐based feedback 
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Human Precision Manipulation

• Measuring workspace of 
fingertip‐based manipulation 
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Human Precision Manipulation

• Workspace volume is one possible 
quantification for comparing performance
– 2‐finger case: 

• 68% of points within 1.05 cm of the centroid and 95% 
within 2.31 cm

– 3‐finger case:
• 68% of points within 0.94 cm of the centroid and 95% 
of points within 2.19 cm
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Human Precision Manipulation

• PCA to find major axis
• Major axis direction is significant, others not

– ~axisymmetric

Bullock et. Al, TOH 2015
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Questions/Comments?


