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Presentation Order

1. Digital Human Models in Ergonomics
— Background and utilization
— Estimating acceptable hand loads

2. Evaluation of traditional strength prediction approaches

3. The Arm Force Field (AFF) Method
— Theoretical development
— Validation
— Implementation within DHM

4. Using AFF to determine acceptable hand loads
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Digital Human Models (DHMS)

Delmia
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« As atechnology:
— Provides a means to create, control and manipulate human
representations in a digital environment

« As afundamental area of study:
Development of mathematical models that predict the biomechanics,
physiology and behaviour of humans
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Why use DHMSs

* Injury analysis

Analysis of disorders, impairments, surgical techniques

Integration and interaction of biomechanical models

Crash testing, impacts, falls

- Product & Method Testing | ey egsambo - iR

 Work simulation & Process Design

« Ergonomics/Human Factors

Anthropometric considerations
Reach envelopes

Hand clearance

Tooling

Vision requirements

Posture Prediction
Strength demands
Fatigue estimation
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Proactive vs. Reactive Ergonomics

PROACTIVE

REACTIVE

After the Job
During Initial __ has been Installed
Design Process but

before any Sign of Injury

After Complaints
have been made

After Compensable
Injuries have Occurred

Traditional

8
T
(]
g
% Work Simulation
> (Current)
]
Work Simulation
(Objective)
concept I design | engineer | prototype I test l redesign l job 1
Zhang & Chaffin (2005)
Typical Product/Process Development Phase adapted from Chaffin 2001
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Product
Failure Risk

WMSD Risk

Strength Demands & Capacity

N

Sy_stem Acceptable
Failure Force/Load
|
|
|
|
* Most types of jobs: require force/torque production Force Required

« So0... make required forces as low as possible... problem solved??
— quality/safety issues for end user of product (and expensive)

* So0... make required forces as high as possible...
— WMSD risk will increase

Ontario
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Determining acceptable loads

« How do we set force levels so that people do not get hurt?

— Design for the strength capability of 75% of females

« “aworker is three times more susceptible to low back injury if performing a manual
handling task that is acceptable to less than 75% of the working population”
— Snook 1978

mean

50t percentile
25t I 75% of population
' [ capable of force

/s
oINS -
y ‘

Injury Risk is proportional to: Demand

‘ / Capacity
-~ A_

Population Strength
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Strength Prediction in DHMs

* Linked-segment biomechanical
models
— determine moment demand on
each joint
* given posture & external force

° Compare JOInt demand to 3DSSPP (University of Michigan)
joint strength capacity

— estimated from equations Demand .
ZAN
Ontario
UNIVERSITY




Strength Prediction in DHMs
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Testing Strength Prediction Approaches

3DSSPP vs. Empirical Data Means

n=264
r2=9.3%
RMSD=39 N
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Jack vs. Empirical Data Means
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Testing Current MAS Predictions

CSB/SCB 6
July 19-22, 2016 .
Hamiton, ON « Andrew Hall M.Sc. Thesis
ERGONOMICS SOFTWARE PACKAGES DO NOT ACCURATELY ESTIMATE _ 15 fema|e participants

MANUAL ARM STRENGTH FOR ERGONOMICS ASSESSMENTS
Andrew D. Hall', Nicholas J. La Delfa’ & Jim R. Potvin' o 4 hand |OcatI0nS X 6 dlreCtlons

'Department of Kinesiology, McMaster University, Hamilton, Ontario, Canada. Email: potvinj@mcmaster.ca * 24 conditions
Removed wrist from strength

— Measure Stobbe strengths on individual participants
— Used 3DSSPP method to predict strength

Correct for arm posture

— Compare measured MAS to that estimated with
3DSSPP method

Using actual subject strength (not population mean)

1)

« Represented absolute best chance of this
method to accurately predict MAS

Stobbe, 1982

Hall, La Delfa, Potvin 2016
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Given absolute best chance (individual

Testing Current MAS Predictions rather than population-based

comparisons), this approach appears to
CSB/SCB 2x#6 450 . . .
still have significant limitations
July 19-22, 2016
Hamilton, ON g
400 <&
ERGONOMICS SOFTWARE PACKAGES DO NOT ACCURATELY ESTIMATE
MANUAL ARM STRENGTH FOR ERGONOMICS ASSESSMENTS o ©
350
&
Andrew D. Hall', Nicholas J. La Delfa> & Jim R. Potvin' © ¢
'Department of Kinesiology, McMaster University, Hamilton, Ontario, Canada. Email: potvinj@mcmaster.ca o o
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Measured Manual Arm Strength (N)

Stobbe, 1982

Hall, La Delfa, Potvin 2016
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What are the issues?

1. Out-dated & limited strength data

— Stobbe (1982)
« ~37 years old
« Changes in anthropometry/strength of population since?

2. Up to 7 joint strength predictions to estimate manual arm strength
— Accumulation of errors?

3. Assumes independence of joint strength axes
— Shoulder (Hodder et al., 2015),

Ontario

UNIVERSITY



Strength between orthopedic axes

) e |
e What about Up & Anterior?
PosteriorZ 2 é >‘ Independent Axis Approach (IAA)
< .
PR — * Currently used in DHMs

Down =42 N.m

Weighted Average Approach (WAA)

* Weighted average of two orthopedic axis
strengths

Ontario
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Strength between orthopedic axes

100 200 3002

Anterior =35 N.m

Ontario

Sl

 Hodder, La Delfa & Potvin (2015)

Is the WAA a better predictor of strength
between orthopedic axes than the IAA?

15 female subjects
dynamic strength about 360 deg

UNIVERSITY



Strength between orthopedic axes

-*-Empirical » 5*
o WAA PP
“-TAA

<

 Hodder, La Delfa & Potvin (2015)

— |Is the WAA a better predictor of strength
between orthopedic axes than the IAA?

— 15 female subjects
— dynamic strength about 360 deg

D Ontario
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What are the issues?

4. Assumes no interaction effects between joint strength axes

— Wrist (Plewa et al., 2015; La Delfa et al., 2015; La Delfa & Potvin, 2017)
* Wrist flexion strength does not depend on Radial/Ulnar deviation angle

Ontario
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Wrist strengths not accurately represented in current

software...
Study 1: Empirical data collection
Pronation Neutral Supination 12 |

Mean Wrist Strength (Nm)

Pronated‘ Neutral ‘Supinated Pronated‘ Neutral ‘Supinated

Female Male
Forearm Rotation

Ontario

UNIVERSITY La Delfa et al., 2015. Int.J.Indust.Ergo.



Wrist strengths not accurately represented in current

software...
Study 2: Musculoskeletal Modeling o
10 A R
.Z5°
ﬁ g - ] m90°

Strength (Nm)
(o]

I ABRBREEL

Ext Flex Rad Dev Uln Dev

ontario La Delfa & Potvin, 2017b. Comp Method Biomech
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There’s got to be a better way...

Traditional Approach:

Increase manual
Measure & force until one Manual Arm
predict individua| p=———— joiNnt reaches [
. ) Strength
joint strengths capacity
(<75% capable)
Proposed Approach:
Manual Arm Determine 75% .De.t.ermin.e
Strength Capable Strength Limiting Joint
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Proof in Principle

Ergonomics, 2014 e Taylor & Francis
http://dx.doi.org/10.1080/00140139.2014.885588 Taylor & Francis Group

Equations to predict female manual arm strength based on hand location relative to the shoulder
Nicholas J. La Delfa?, Christopher C. Freeman®, Cassandra Petruzzi® and Jim R. Potvin®*

“Department of Kinesiology, McMaster University, Hamilton, Ontario, L8S 4K1 Canada; bDeparImenI of Kinesiology, University of
Windsor, Windsor, Canada

(Received 10 April 2013; accepted 19 December 2013)

-71 females
-28 hand locations

-Inferior

’! [ Postcrior
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Proof in Principle

r

180

0| 1=0.962
 Superior [N 2= 92.5%

/ RMSE =6.4 N
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100 A

Regression Model Output (N)
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e i ] ®Up
! 60 ODown
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S @ Medial
20 1 O Lateral
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Maximum Force (N)

 However, still some limitations...
— Only applicable to 6 directions
— Limited by upright torso
— Not validated with external data

La Delfa, Freeman, Petruzzi & Potvin, 2014, Ergonomics

Ontario

UNIVERSITY




Purpose of my PhD Dissertation

General Purpose:
« To improve the estimations of acceptable hand forces that are currently being made in digital

human models.

Specific Purpose:
« To develop, validate and implement a novel ergonomics tool for manual arm strength
prediction, given any combination of hand location, force direction and torso orientation.

Ontario
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Theoretical Development of Arm Force Field Method

Existing
MAS Data

\ 1) Comprehensive MAS

New MAS |/ database
Data

4 phases of development

2) Evaluate multiple
regression vs.
ANN models

l

Choose best approach

!
3) Develop final AFF
algorithm

*
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Theoretical Development of Arm

Existing 3z5h pa;tilcipatpts
and locations
MAS Data : 5
1) Comprehensive MAS 536 condition means
New MAS /' database 13,460 total MAS trlals
Data ) ‘
Superior (m) Superior (m)
Anterior View 0.8 Lateral View 08

0.6 0.6

0.4 04

02 @ 0.2
ssssssss /-

-04 06 -08 -08 -06 -04 -
02 Medial (m) Posterior (m) 02

KKKKKKK

~orce Field Method

Ontario

UNIVERSITY

ontario

u.ca




Theoretical Development of Arm Force Field Method

Directions
1D 2D 3D

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Sup Inf Ant | Post | Med | Lat | Sup | Sup | Sup [ Sup [ Inf Inf Inf Inf | Ant | Ant | Post | Post | Sup | Sup | Sup [ Sup [ Inf Inf Inf Inf
Hand Location Characteristics | Hand Coordinates (m) Ant | Post | Med | Lat | Ant | Post [ Med | Lat | Med | Lat [ Med | Lat | Ant [ Ant | Post | Post | Ant | Ant | Post | Post
Study Heig_;ht Ang_;le Reach [Posture| S/l A/P L/M Med | Lat | Med | Lat | Med [ Lat | Med | Lat |Mean
Overhead 0° 80% | Stand | 0.473 | 0.100 [ 0.000 | 122.8 | 153.2 | 55.4 [ 71.4 | 69.7 | 61.8 |139.7| 74.4 |100.7[103.6| 91.9 [161.5]136.9]| 96.1 | 67.0 | 78.2 | 86.9 | 82.5 [129.4|126.4| 81.7 [ 77.1 |106.6| 80.4 |172.3]|135.4
Overhead | 90° 80% Sit 0.425 | 0.086 | 0.296 | 126.1 | 150.3| 56.0 | 53.8 [ 84.7 | 65.9 | 84.9 | 57.4 | 75.0 [105.8] 78.7 | 84.9 [140.5] 61.6 [ 70.8 [ 57.7 | 68.2 | 51.5 | 84.7 |129.7] 62.0 | 69.9 [102.8] 59.2 [ 116.8] 72.7 | 83.5
Overhead | 45° 80% Sit 0.414 1 0.226 | 0.222 1 131.4[178.2| 69.2 | 748 [ 84.9 | 62.8 [135.9| 63.2 | 86.0 | 87.0 | 75.5 |[149.1[136.1[ 85.3 [ 71.5 [ 70.1 | 83.9 | 66.2 [100.1|135.9]| 64.4 | 68.8 | 88.5 | 73.6 [142.8] 89.8 [ 95.2
Stature -20° | 80% Sit 0.312 [ 0.371 [-0.102] 83.6 [ 161.6| 143.4]128.3 [ 85.0 | 80.2 [166.7| 71.0 [ 96.3 [ 65.1 | 89.9 |217.0| 79.1 [119.3|119.4]| 69.3 [ 87.2 [102.8]176.2 83.1 [ 76.9 | 74.7 | 89.8 | 87.2 [120.0]185.9 |HKLX]
Stature 0° 70% | Stand [ 0.297 [ 0.299 [ 0.000 | 99.9 [123.1] 825 [ 110.5| 77.2 | 69.7 [145.7| 76.4 | 94.6 | 76.4 | 74.6 |164.2|107.6] 86.1 | 80.8 | 77.5 [ 98.8 [ 90.9 [135.9/141.3| 88.9 | 77.7 | 79.3 | 80.9 [181.0[159.9

Eye 45° 70% | Stand | 0.207 | 0.300 [ 0.207 | 90.8 | 98.1 | 74.4 | 94.8 [ 86.0 | 66.6 [128.0| 74.0 | 85.2 [ 98.2 | 61.2 [138.6|124.2| 72.7 | 74.4 | 89.8 [121.7] 73.4 {100.5/152.9]| 94.0 [ 72.2 | 80.8 | 75.6 | 180.8|106.3 [ 96.7

Eye 0° 80% Sit 0.198 | 0.470 | 0.033 | 84.3 [ 123.4|166.4|177.0| 87.1 | 574 |156.9| 78.3 | 88.1 [ 66.5 | 91.6 |215.2( 97.7 | 77.5 |102.5| 78.6 [ 117.1]| 85.7 |121.6[102.6| 85.0 | 73.6 | 99.0 | 78.9 |161.0|129.9 [Nlers::
Stature 90° | 40% | Stand | 0.180 | 0.000 | 0.229 | 103.9 | 137.8| 69.3 | 70.9 [ 96.4 | 56.3 89.1
Stature 90° | 80% | Stand | 0.180 | 0.000 | 0.436 | 99.4 | 103.5| 59.0 | 59.8 [ 111.1 | 89.7 87.1
Stature 45° | 40% [ Stand | 0.180 | 0.180 | 0.180 | 100.6 [ 134.5| 72.3 | 88.6 | 86.2 | 58.2 90.1
Stature 0° 40% | Stand | 0.180 | 0.222 | 0.000 | 101.1 [ 147.9| 749 [110.8 | 81.7 | 77.2 98.9
Stature 45° | 80% [ Stand | 0.180 | 0.308 | 0.308 | 86.5 [ 104.1| 70.2 | 86.4 | 78.0 | 57.9 80.5
Stature -20° [ 80% | Stand | 0.180 | 0.388 [-0.200) 85.5 | 112.9 | 97.7 [ 119.9 [ 65.5 | 68.7 91.7
Stature 0° 80% | Stand | 0.180 | 0.436 | 0.000 | 83.2 | 108.4| 115.5 | 122.3| 65.7 | 59.4 92.4
Shoulder | 90° 80% Sit 0.087 | 0.046 | 0.454 | 90.7 | 85.3 | 62.9 | 44.9 | 197.7]|170.3 | 82.4 | 66.0 | 98.0 [ 111.3] 61.1 | 63.1 [148.9| 80.4 | 87.2 | 91.7 | 87.3 | 60.0 | 98.2 [106.2| 87.0 | 82.5 [102.8| 79.0 | 112.5]| 69.8 | 93.4
Shoulder | 90° | 40% | Stand | 0.000 | 0.000 | 0.236 | 105.6| 98.8 | 77.3 | 76.2 | 103.3 | 70.1 88.6
Shoulder | 90° | 80% | Stand [ 0.000 | 0.000 | 0.472 ) 72.3 | 64.3 | 52.9 | 51.3 [ 133.4| 99.3 78.9
Shoulder | 45° | 40% | Stand [ 0.000 | 0.172 [ 0.172 ) 111.6 | 106.7 | 94.8 | 91.9 [ 95.8 | 68.3 94.9
Shoulder 0° 40% | Stand | 0.000 | 0.237 | 0.000 ] 118.5 [ 120.0 [ 105.5 [ 116.1 [ 103.1 | 81.1 107.4
Shoulder | 45° 60% | Stand | 0.000 | 0.253 | 0.253 | 86.8 [ 914 | 864 | 96.8 | 110.1 | 77.2 |118.3[ 94.0 | 98.5 | 93.8 | 75.1 | 117.9[123.6] 78.4 [ 91.5 | 111.3137.2| 74.0 |106.0[133.1]119.3| 78.0 | 90.0 | 93.3 [172.6| 97.4
Shoulder | 45° | 80% | Stand | 0.000 | 0.334 | 0.334 ] 79.1 | 79.9 | 88.0 | 92.7 | 95.2 | 66.2 83.5
Shoulder 0° 60% | Stand | 0.000 | 0.360 | 0.000 | 93.8 [ 106.4 [ 128.5| 163.9 | 90.2 | 72.1 |126.0(108.9|/103.9| 72.6 | 86.4 |168.4[ 98.8 | 93.0 [101.9]| 94.9 [135.7[102.4|133.4[ 118.6|124.9|100.4 | 98.8 | 88.6 [183.3|145.5 [N
Shoulder 0° 80% | Stand | 0.000 [ 0.472 | 0.000 | 79.9 | 84.7 | 136.6 | 148.3 | 74.3 | 59.5

Sternum | -20° | 80% Sit |[-0.102] 0.377 |-0.138] 111.7 | 103.6 [ 183.9] 223.3] 107.2 | 73.0 | 115.5|144.9(103.5| 79.4 |128.8|125.2| 86.5 | 90.0 |152.6 | 69.1 | 98.0 |142.7[139.6 | 64.8 |132.2|144.3(154.1| 89.2 | 86.5 |146.3 kLN
Umbilicus 0° 80% Sit |-0.231] 0.403 | 0.005 | 126.2 | 101.6 [ 170.4 [ 174.1| 87.2 | 58.6 |104.7|157.2(109.1| 87.7 | 156.1[107.8| 89.9 | 72.1 | 115.5( 78.6 | 97.7 | 99.2 [ 114.6| 82.2 |149.0/132.3[(136.0]|114.0| 91.3 [ 91.9 |NEEN/
Umbilicus | 60° 80% Sit [-0.234 [ 0.179 | 0.277 | 115.6 | 106.7 | 105.5| 66.2 | 127.4| 96.0 | 98.6 | 85.1 [133.0| 78.0 [111.4| 71.4 | 80.6 | 98.6 | 84.4 [124.7|123.3| 57.5 |122.4|111.3 [167.3| 67.4 [ 93.0 |144.6| 89.3 | 74.0

Waist 90° [ 40% | Stand |-0.335] 0.000 [ 0.062 | 112.9 | 86.6 | 77.1 [ 65.3 [ 90.8 | 59.7 82.1
Waist 90° [ 80% | Stand |-0.335]0.000 [ 0.333 | 82.7 | 74.1 | 56.6 | 549 [110.5| 87.5 7.7
Waist 0° 40% | Stand |-0.335( 0.021 | 0.000 | 113.4 | 87.1 | 88.7 | 109.8| 72.3 | 55.7 87.8
Waist 45° [ 40% | Stand [-0.335| 0.061 | 0.061 | 106.7 | 89.4 | 78.0 | 88.6 [ 81.7 | 49.9 82.4
Waist 45° 80% | Stand [-0.335] 0.235 | 0.235) 98.2 | 79.9 | 82.7 | 85.3 [ 86.9 | 644 82.9
Waist -20° | 80% | Stand |-0.335] 0.266 [-0.200) 106.4 | 87.2 | 100.7 [ 96.6 [ 77.1 | 60.3 88.1
Waist 0° 80% | Stand | -0.335] 0.333 | 0.000 | 111.0 | 89.4 [ 120.8 [121.8| 74.3 | 57.8 95.9

Waist 45° 80% | Stand | -0.411]0.178 [ 0.179 | 116.7 | 94.4 | 83.5 [ 98.5 [ 93.0 [ 75.0 | 93.8 [127.8]123.7| 86.2 | 84.0 [ 82.7 | 83.6 | 90.1 | 84.1 | 92.0 [116.8] 65.8 {120.5/106.1]161.7 [ 98.1 | 98.8 [ 116.5|107.0| 84.5 [ 994
Waist 90° 80% | Stand | -0.411]0.000 [ 0.251 | 96.4 | 90.3 | 61.0 [ 65.5 [ 107.3| 86.7 | 83.9 | 99.8 |137.9( 81.2 | 84.1 | 78.1 | 76.3 |105.7| 88.1 | 87.9 [114.7]| 60.4 |123.7| 88.2 |155.3| 76.5 | 87.8 [111.4]| 96.6 | 85.5 [ 93.5

[O0] [o%) (L) [N [N N RN RN N DI (N N DN (Y /G NG 'O PSRN (RN (NG Y N (DY UG NG Y (I VY DN S Y 1 O] N Y N PR

Waist 0° 80% | Stand | -0.411]0.339 [ 0.000 | 95.4 | 86.5 | 99.6 [129.6| 77.5 | 56.6 | 99.9 [171.4]|107.7| 82.3 | 114.0| 89.4 | 87.7 | 76.4 | 88.5 | 85.7 |124.7| 80.1 | 110.8| 94.5 |158.6(132.4|109.8 | 114.6| 92.8 | 77.7

Ontariolec
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Theoretical Development of Arm Force Field Method

Existing
MAS Data ) _
1) Comprehensive MAS Inputs to Equation: Output of Equation:
New MAS / database Hand Location
Data . i Predicted arm
—— Some statistical
| Force Direction orediction tool strgngth for the
_ : : given inputs
2) Evaluate multiple Torso Orientation
regression vs.
ANN models

“I think you should be more explicit here in step two.”

Ontario

UNIVERSITY ontario




Artificial Neural Network (ANN) Background

Inputdayer? HiddenAayera® HiddenAayer2? Outputdayers

InputER

Input¥ariables
DirectionosinefUp/Down)
Directions Direction®osinedAnt/Post) INput2e
Direction®osinefMed/Lat)

Horizontal@H,&H%,3)
VerticaldV,®&>,&/°)
LateraldL,A°,d3)
Interaction{HEX®/)
Interaction{HEXML)
Interaction V)
Kinematics Shoulder@BDEMA

OutputH
StrengthEN)E

InputBHE

Hand@Locations

Inputel

InputEh?

— Multi-layered, feed-forward, fully-connected

— Trained using back-propagation algorithm
« Equilibrates at global minimum for RMSE
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Theoretical Development of Arm Force Field Method

UNIVERSITY

50 200 250

100 150
Measured Strength (N)

. . Journal of Biomechanics 49 (2016) 602-605
Existing
Contents lists available at ScienceDirect
MAS Data )
1) Comprehensive MAS Journal of Biomechanics
NeW MAS / da.tabase journal homepage: www.elsevier.com/locate/jbiomech
www.JBiomech.com i
Data
Short communication
v .. . . _
: Predicting manual arm strength: A direct comparison between @Cmmk
2) Evaluate multiple artificial neural network and multiple regression approaches
regrESS|0n VS. Nicholas J. La Delfa®*, Jim R. Potvin"
ANN models 250 250
®
Table 3 2200 b 200
Results of regression and ANN model performance, = e ° / ®
] 4 o
o - <
Model Data type Correlation Explained variance (%) RMSD (N) § . @ %o g 0.9 e ° o
i °o Wb °of  °° 5 150 1 o
Regression  Development 0.815 66.5 17.24 B i %20 OOQOO‘OO 2 o 0De %‘o o
Validation 0.308 G653 18.57 o B TRY o @ ®© o ° - ° @ © oe ®
Al 0.814 66.3 17.45 ? 00,0 Cox, o o g 2 °
ANN Development  0.950 90.2 9.34 o e, ood T L
Validation  0.886 78.6 15.12 el ° o%’@? & 100 1 o T
All 0.938 88.1 10.40 o @ ° z s ° @
o ® o0 E o 0°
5 b 3
g O8F ® ®e O%
50 - . 50 1 ~ il
o ®
A © Development Data (n=456) © Development Data (n=456)
o n ta r I o ® Validation Data (n=80) ® Validation Data (n=80)
0 T T T 0 T T T

50 200 250

100 150
Measured Strength (N)




Theoretical Development of Arm Force Field Method

Existing
MAS Data

\ 1) Comprehensive MAS

database

v

New MAS

Data

A 4

2) Evaluate multiple
regression vs.
ANN models

!

Choose best approach

l

Applied

Applied Ergonomics 59 (2017) 410—421

Applied Ergonomics

Ergonomics

journal homepage: www.elsevier.com/locate/apergo
®CrossMark

The ‘Arm Force Field’ method to predict manual arm strength based

3) Develop final AFF
algorithm

Ontario

UNIVERSITY

on only hand location and force direction

Nicholas J. La Delfa %, Jim R. Potvin
Department of Kinesiology, University of Waterloo, Waterloo, Ontario, Canada
® Department of Kinesiology, McMaster University, Hamilton, Ontario, Canada
Arm Force Field
Inputs Output
Method
/ /
! Torso / | " "
! Orientation  / i " streng
;" / > Grawtatl_onal Force attrlbutable to arm
Estimator weight (+ or -)
{ !
'," Hand Location / | Predicted MAS
/ (AP, SI, LM) ’," for Population %
Zero-G MAS
0G Manual Arm ad]USted for
Strength ANN Population %

A A

Force Vector
/

1

1

[

{

/

! Direction
[

ontario




The Arm Force Field Method
« All data collected with upright torso
— estimate strength attributable to arm weight

e Solution;

In intended direction (+ or -)
» Shoulder Joint Coordinate System

» Based on standard anthropometrics

Output

Arm Force Field
Method

strength
attributable to arm

{
/
Gravitational Force
weight (+ or -)

i
'," Torso
',' Orientation ’,'
i / Estimator
/
/
+ —|
Zero-G MAS
adjusted for

Inputs

Predicted MAS
for Population %

Yy

Hand Location
(AP, SI, LM) [
1
0G Manual Arm
Strength ANN Population %

1
1
1
1
1

!

1

/  Force Vector
! Direction

)

1
1
1
1
i

Ontario
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« Underwent rigorous process to
determine optimal architecture
— Decided upon model with 13 nodes

and 18 inputs related to hand

The Arm Force Field Method

Inputs
-3 inputs in this ANN (A,B,C)
| L 1 il [
nput Layer
-inputs squeezed from -1 (min) to +1 (max) WA + by WgB + bg wcC + b
-b coefficients adjusted using Bayesian Regularization j \
Q%%Q I
Tan}(Z + by,)
Hidden Layer @ Arm Force Field
-consists of 4 nodes in this ANN Inputs Method Output
-activation function = hyperbolic tangent etho
Output Layer K=s+b / Torso /
-b coefficients adjusted using Bayesian Regularization L2 ;' Orientation ,’ > strength
; o
! ,” > GraV|tat|_onaI Force attributable to arm
Estimator weight (+ or -)
| Output = wy(K + 1) + by | ; y
] . 1
/l Hand Location ’:' M Predicted _MAS
i (AP, SI, LM) / for Population %
Zero-G MAS
'; ”' > 0G Manual Arm adjusted for
/  Force Vector [ Strength ANN Population %
! Direction /
! !

Final Output

-output mapped back to original min & max (in Newtons)

Ontario
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The Arm Force Field Method: Validation

250

Existing
MAS Data

\ 1) Comprehensive MAS

New MAS / database 200 -
Data

A 4

2) Evaluate multiple
regression vs.
ANN models

l

Choose best approach

|

3) Develop final AFF 50 1
algorithm

150 A

100 A

ANN Predicted Strength (N)

O Development Data (n=456)
Mm2=0.970, RMSD =5.21 N

¢ Test Data (n=80)
m2=0.842, RMSD = 13.13 N

0 50 100 150 200 250
Measured Strength (N)
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Anterior Strength - 40% Reach Anterior Strength - 60% Reach Anterior Strength - 80% Reach

Horizontal Shoulder Angle Horizontal Shoulder Angle Horizontal Shoulder Angle

Vertical Shoulder Angle

-20[15[-10][ 5[ 0 [ 5 [10[15]20[25[30[ 35404550 55[60[65[70] 7580 85]090 20[-15/-10[ 5] 0 [ 5 [10]15]20] 25 3035 40 45|50 55 60 [ 65 7075 80 85 90 -20]15[-10] 5 [0 [ 5 [10[ 15[ 20 25[30]35]40]45][50 55 60 65]70[75 8085 90
)

MAS (N)
225
200
175
150
125

Vertical Shoulder Angle
Vertical Shoulder Angle

100
75
50
25

0




Inferior
Horizontal Shoulder Angle
152025 30] 35

Superior
Horizontal Shoulder Angle
5] 20 30] 3540 45 5

Vertical Shoulder Angle
Vertical Shoulder Angle

40% reach

Anterior Posterior
Shoulder Angle Horizontal Shoulder Angle
20[-15]-10[ -5 [ 0 [ 5 [10] 15[ 20[ 25|30 35[ 40| 45 50| 55] 60| 65| 70| 75] 80 85| 90 o

Vertical Shoulder Angle
Vertical Shoulder Angle

Lateral Medial
Horizontal Shoulder Angle ‘ Horizontal Shoulder Angle
20[45]10] 5 | 0 | 5 [ 10] 15| 20] 25| 30| 35] 40| 45| 50] 55| 60| 65| 70| 75] 80| 85| 90

MAS (N)
225
200
175
150
125

o
£l
2

<
]

z
3
o

2

3

K

L
s

>

Vertical Shoulder Angle

100
75
50
25

0




Inferior
Shoulder Angle
30 35| 40| 45| 50 55

} Superior

Shoulder Angle
30] 35 40| 45] 50| 55

Vertical Shoulder Angle
Vertical Shoulder Angle

Anterior Posterior

| Shoulder Angle ‘ Shoulder Angle
20[-15[-10] 5 | 0 | 5 | 101520 | 25|30 35|40 45|50 55| 60| 65| 70| 75| 80 | 85| 90

Vertical Shoulder Angle
Vertical Shoulder Angle

Lateral Medial

Shoulder Angle Shoulder Angle

MAS (N)
225
200
175
150
125

Vertical Shoulder Angle
Vertical Shoulder Angle

100
75
50
25

0




Superi Inferior

Shoulder Angle Shoulder Angle
30 35|40 ] 45| 50 55 30 35| 40| 45| 50| 55

Vertical Shoulder Angle
Vertical Shoulder Angle

Anterior Posterior

i Shoulder Angle i Shoulder Angle
5 [70 115 [ 20| 25 3035 40 | 45 | 50 |5 |60 [ 5 [70 75 w0 o5 [o0| |-20(t 10] 5| o 5 [ 70 15| 20 25| 50 35 a0 |45 | 50 55 o0 o5 70 75 o0 o5 0
w

EIEGED|

Vertical Shoulder Angle
Vertical Shoulder Angle

HEHEEBEE

HE

Lateral Medial

i Shoulder Angle i Shoulder Angle
20[-15[-10] -5 [ 0 [ 5 [10] 15 20| 2530 [35] 40| 45| 50 55 60 [ 65 70| 75|80 85 90 | |-20-15[-10] -5] 0 | 5 |10 15] 20 25| 30] 35| 40 | 45 50| 55| 60| 65] 70| 75| 80 85| 90

MAS (N)
225
200
175
150
125

°
B
€

<
g

T
3
]
£

0
K]
L
t
g
>

Vertical Shoulder Angle

100
75
50
25
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Summary of Arm Force Field Method

AFF Development
& Validation

Set Hand Location,
Force Direction &
Trunk Orientation

\ 4

Measure Manual
Arm Strength (MAS)

v
Estimate &
Remove
Gravity Effect

Develop & Test

Artificial Neural

Network (ANN)
to Predict
0G MAS

Ontario

UNIVERSITY

DHM Implementation

Determine Hand Location,
Force Direction &
Trunk Orientation

\ 4

Calculate Hand Location &
Force Direction in
Shoulder Axis System

Use ANN to Predict
0G MAS

Estimate &
Add
Gravity Effect

'

Cap at Min and Max

MAS Values
for Quadrant

v

Correct for
Percentile

v

Correct if Male




Summary of Arm Force Field Method

e 8+ researchers
— Potvin, La Delfa, Hodder, Hall, Ibrahim, Evans, Petruzzi, Freeman
— Primary focus of: 1 PhD thesis, 2 MSc theses, 3 UG theses

» 6-8 peer-reviewed publications related to AFF
— 21inprep

» 12+ conference presentations
— ACE, PREMUS, CSB, ISB, Applied Ergo

* Integration within DHMSs:
— SantosHuman, Jack, HumanCAD

Ontario
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Current Limitations of AFF Method

* Only considers arm strength capability

— Does not consider some other biomechanical limiters of MAS:
« Balance
 Torso/lower extremity strength
« Hand strength
 Grip orientation
— La Delfa, Evans & Potvin (2019) Applied Ergo

— Most DHM software can handle these analyses

Ontario

UNIVERSITY



Using the Arm Force Field Method

Outputs:
Arm Force Field Method
Is a lifting force of 45 N |
acceptable to 75% of Acceptable
the population? ‘# Hand Load
=89 N
Task is

acceptable!

1 OntarioTech

UNIVERSITY



Using the Arm Force Field Method

Arm Force Field Method

Is a lifting force of 45 N
acceptable to 75% of
the population?

1 OntarioTech

UNIVERSITY

Outputs:

Acceptable
Hand Load
=40 N




Arm Force Field in DHM software (e.g. SantosHuman)

2! | | i Camera: )Cscamera VI'Lu % @ ® | Snapping: 'Off vl -‘&

RelativeDirection False

= = - But, what if task is repetitive?

CsPointLoad
Joint FingerMiddle_Right1_1
Position (-1.1894, 0.6365, -0.4329)
Rotation (127.4383, 14.9772, -11.1243)

Example:
Jeje Frequency = 12 efforts/min

General Inputs Enter Applied Fo! Magnitudes

I, Duration effort = 0.7 seconds

Gender. Female v Cycle Time: @ 8 ‘Hours v | V\B N

Body Weight 58.7 Kg Frequency: @ Ij
I Right Arm
: i - 02 v e
BodyHeight 16 m | | DuationRange: @ [ o2 [ CsPointLoad vl[ 4 N
Maximum Acceptable Effort(%): @ 100
Apply Forces
Estimate Percent Capable Estimate Maximum Acceptable Forces

PctCapable: (75 v 4

———
Left Am 100 RightArmw-~. Left Am 808 Right Arm .
o ) \ =N Given task demand of 45 N,
T~—~— this is acceptable to 97.7% of
females

["] write to File Estimate Arm Force




Maximum Acceptable Effort (%)

Accounting for duty cycle

100

90

80 1

70 ]

60 1

50 1

40

30 {

20 1

10 ]

0

Predicting Maximum Acceptable Efforts
for Repetitive Tasks: An Equation
Based on Duty Cycle

Jim R. Potvin, McMaster University, Hamilton, Ontario, Canada

HUMAN FACTORS
Vol. 54, No. 2, April 2012, pp. 175-188

Arm Force Field

\ 4

Determine Strength
1 RM for 75% female
f=0.002/min, low duration

y

°go § 0 g

0% 10% 20%

Potvin 2012

Ontario
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30%

40% 50% 60% 70% 80% 90% 100%

Duty Cycle (Percent)

Apply MAE Correction
AFF Strength x MAE correction

A 4

Acceptable force corrected for
repetition/duration




Accounting for duty cycle

100

90
O Upper Extremity Psychophysical Data

« What if task has following ° — Counor
parameters:
— Frequency = 12 efforts/min
— Duration effort =0.7 s

60 1
50 1

imum Acceptable Effort (%)

30 1

Max

. DC = (12 x 0.7)/60 = 0.14 (14%)
+ MAE =1 - (0.14 - 0.000035)0-24 = o

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

O . 3 8 (3 8 %) Duty Cycle (Percent)

Ontario
UNIVERSITY
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Arm Force Field in DHM software (e.g. SantosHuman)

—m——————

24! I camera: CsCamera v |4r (& @ @ | Snapping: |Off v —s@
4 Asset
RelativeDirection False L )|
Force 45 G v
4 Common
Name CsPointLoad 45 N force
Joint FingerMiddle_Right1_1 —
Position (-1.1894, 0.6365, -0.4329) /
Rotation (127.4383, 14.9772, -11.1243)
gz Arm Force Field - O
Sophia v @
General Inputs Enter Applied Fo Magnitudes
Left Arm
Gender: Female v Cycle Time: @ 1 Minutes v N
Body Weight 58.7 Kg Frequency: @ 12
; = Right Arm
BodyHeight 16 m | | DurationRange: @ - CsPointLoad vi[ 4 |N
Maximum Acceptable Effort (%): @ 38 ¢
Apply Forces MAE corr. = 38%
Estimate Percent Capable Estimate Maximum Acceptable Forces _
AFF corrected for DC = strength x
PctCapable: |75 v
Left Arm 100 Right Arm 97.7 Left A 304 Right A 335 —
stam o =89.1 N x (0.38)
Force Applied (N): . 45 ~
\ =~34 N (now below 45 N)
\ Therefore, unacceptable at
[] write to File ‘ Estimate Arm Force ‘ curre nt duty CVCIe

10nta

UNIVERSITY



Arm Force Field in Jack

Ontario

UNIVERSITY

Input

Human: human(
% Capable:[75 2]
Maximum Acceptable Exertion (MAE)

Compute MAE

Frequency: 1.0 ileﬁor‘tsfmln

Duration: 1.0 élsecondsfe‘f‘fort

Left Right

Maximum acceptable strength 23680 156.84N

Actual load applied to figure

Percent capable

Maximum acceptable exertion 52,220 98.16MN

Cornpute

Disrmiss




Others ways to utilize the AFF: Lookup Tables

Vertical Angle

PREMUS 2016 Abstract

0°(=-

\-25° Y 4
Lookup Tables for Manual Arm Strength \ gt

Horizontal Angle

Nicholas La Delfa, PhD

Jim Potvin, PhD

Ontario

UNIVERSITY



Others ways to utilize the AFF: Lookup Tables

Female - 25th Percentile Manual Arm Strength (N)

25 cm Reach
Superior Amterior Lateral Vertical Angle
75 &9 &9 &%) &9 &7 7 47| 48| 48| 47| 47 75 46| 46| 46| 48| 48
= |50 g2| 83| B4 B3| T9 415 53| 52| 51| 52| 54 —AE 52| 52| 46| 46| 46
FEE B4 B&| B&| B3| B1 = . 70l 7e| B4 54| 5A& 5] 2 59| 60| 51| 4B| &9
= C ool 92| &9%| B3| B3 = [ o4| 89| 88| &5 B2 = i 63] 65| G5&| L% G&
& | -25 98| 100 96| BB| AL £ | -25 92| 100| 92| Te| 76 = 25 60| 61| 54| 54| 78
= | -5 o9& o7 95| 89| T9 Y | -50 71| 7| TFe| T2 T1 ' &0 49| 40| 45| 42| &0
-75 g1 81 ®0| 79| TS 75 52| 54| 58| G5&| G&& B4l 414141 41
Inferior Posterior Medial
75 o9& 93 89| 89| 91 7 go| 88| 84| 80| 77 75 &7| &7| &B| TO| 72 : N
= 50 114 109| 103| 102| 107 —AIE 92| 86| 7B &% B2 AE 6.| &6| &B| TO| T3 2 %
2| 25 107| 105| 100| 96| 100 = z 10w 101 @81 &3] 52 Gl 2 66| &T| BB T&| B9
™ 102| 104] 9&| BE| B1 = [ 1=0| 101] 94| &5| 50 = 1 B2| BL5| B3I 03| B4 Horizontal Angle
£ | -25 ool o9 a7 92| 57 | -25]132] 124] B84] 66| 48 f 25 04| o5| 92| 91| 94
-5 99 99 95| 94| 98 Y| -50 ] 102| 95| 80| &4 51 " &0 79| BO| 77| 69| A1
-70 B7| &4| 80| 80| 82 75 78| 7&| Tl BE| Bl 75 C9| 59 59 59| &9
I7.5 cm Reach
Superior Anterior Lateral
75 JR] JE] TEB| T&| 71 7 53] L1 49| 47| 46 75 tol &0] 5% G&&| &3
= 50 79| B4| 92| 93| 83 415 65| &2| &7 54| 53 AE 65| 63| &0| 55| GO
2| 25 &6 &% T7| B3| EBO = z 76| 80| &5 55| 54 Gl 2 64| 63| 61 53| Ta
m| C T4 T TFI| TE| 72 = [ 11e| 104 99| &3] 61 ™ 1 g1l 57| B3| T&| TO
£ | -25 95| 96| 90| 83| 72 £ -25] 111) 127 109] 81| 75 f 25 65| 64| 65| &0 B1
-5 99( 100( 98| 89| TO Y | -50 90| 95 93| 80| &7 " &0 62| 61| 61 61 A5
-75 | 100 o0 98| 91| &2 75 B5| Be| B4| T9| T3 75 49| &0| &1 &2| &4
Inferior Posterior Medial
; 127 118| II57 III] 110 EE] wil 8a] 79 T4 74| Ja| TH| BZ[ BE
= |50 133 123 115| 117| 120 Al 94( 90 Bl ®&9| &0 AE 65| &0| 74| BO| BR
[ 25 | 104] 98] 93] 95| 1M : 2 13| 112 84| s2| 52 Cl2 to|l 62| B0 79| @5
wml C B5] 86| 9| @81 73 = [ 58| 121 103 eO0| 44 T i T1| 74| B1] 102| 102
| -25 95| 91| 82| B2| B3 £ -25] 145] 144] o4 B[ 42 f 25 BY| B7| 90| 94| 102
-5 100 95| 8% BBE| &5 = | -5 95| 91) 74| 57| 42 ' &0 66| 69| 75| Te| T4 ontario u.ca
-70 Be| 85 82 80| 78 75 g4| 82| 78| Ti| &4 75 64| &B| TZ| T4| T4




Others ways to utilize the AFF: Matlab

1 F Arm Force Field Method

2 % code copyright to Jim Potvin (2016)

3 % last updated 2016-05-29

=

S clear

6 — clc

7 el E{(*reset") % clears all graphics
g format short

w

0= Ccv = 0.277; % coefficient of variation for strength
et bm = 65.0; % body mass (kg)

12— ht = 1.600; % stature (m)

235 = pc = 75; % percent capable

14 — Antro = [bm, ht, pc]

15 = GravityG = [0, -1, 0]; % gravity in Global Axis System

s
-~ o

UAcogR 0.436; %> CofG distance ratios (from Chaffin, Andersson, Martin,
FAcogR 0.430;
HcogR = 0.740;

Il
o\°

[
(as)
|

o
w
|
Il
[
Vo)
Lo
(Ue]

O )
=)
|

2= UlmassR = 0.028; % Body mass ratios (from Chaffin, Andersson, Martin, 1999)
23— FAmassR = 0.017;

24 — HmassR = 0.006;

25

Ontario

UNIVERSITY ontariotechu.ca




Others ways to utilize the AFF: Excel Spreadsheet

Body Mass (kg) 721 : =
Stature (m) 1658 , Arm Force Field .
% Capable 75 . 200
Sax Fomale La Delfa & Potvin (2017)
180 180
Hand
Axis Directions Left Right 160
Right/Left + Right / - Left 0 0 P =
Anterior/Posterior [+ Ant / - Post 0 45 ) \;};;f”,;e,f h
Up/Down +Up /- Down -50 -30 e 140 130
120 120
Enter the Direction of the Left Force Vector (in Global) Right Force Vector (in Global) i00
Force acting on the hand X Y Z X Y Z 100
(from -1.000 to +1.000) A A b
Direction polarity +is Right + is Ant +is Sup +isRight | +is Ant +is Sup 80 : 0 H
Hand Effort Direction Up Up 1 :
60 : 60 1
Hand Force (N) 0 58 i 1
Manual Arm Strength 59.7 N 75|%Cap | 90.9 N ! 8
%Capable 100 %Capable 97 %Capable 0 2
20 20
>
0 0
25 25 75 125  -100 -50 0 50 100
@ TTUNK/NECK  em@eem RIZht  esmggem LEft =@=Trunk/Neck ==@==Right ==gem=lcft

Available upon request: nicholas.ladelfa@uoit.ca

Ontario
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mailto:nicholas.ladelfa@uoit.ca

Conclusions

* The traditional way of estimating manual strength and
acceptable forces were problematic

 The Arm Force Field method represents an approach to
estimate strength capability for the population at the hand

 DHM software provide most complete utilization, but other
methods to access AFF outputs are still possible
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Establishing Acceptable Manual Forces

In the Proactive Ergonomics Process:

Development and Implementation of the
Arm Force Field Method
8
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