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Introduction

Demand

Workplace injury risk
« Demand / Capacity

« Ergonomic assessment tools
* Demand
* input loads & postures
« manual materials handling, hand-intensive tasks, manual arm forces
» calculate tissue demands
* lumbar joint compression & shear forces
» tendon forces
* joint muscle strength demands
« Capacity
* biomechanics

* passive tissue strength
* muscle strength

+ physiology
« cumulative passive tissue damage
» muscle fatigue

* psychophysics
» perception of biomechanics & physiology feedback

Supraspinati
lesion

Unrestricted © Siemens AG (2016)

« Ease of use vs validity??
] 2




Topics

 Manual Materials Handling

« Challenging the Validity of the Revised NIOSH Lifting Equation
Potvin (2014)

* The Liberty Mutual Manual Materials Handling Equations
Potvin, Ciriello, Snook, Maynard & Brogmus (2021)

 Upper Extremity Demands

« Challenging the Validity of 3DSSPP for Estimating Manual Arm Strength
Hall, La Delfa, Lomas & Potvin (2021)

e The Arm Force Field
La Delfa & Potvin (2017)

e A Method to Assess Above-Shoulder Work
Rempel & Potvin (in review)
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Challenging the Validity of the
Revised NIOSH Lifting Equation



NIOSH Guidelines

« Recommended Weight Limit

« Epidemiology: increased risk of injury for some

« Biomechanics: lumbar compression force of 3,400 N at L5/S1 joint
« Physiology: 3.5 kcal/min metabolic cost

» Psychophysics: 75% of females capable (Snook & Ciriello, 1991)

Revised NIOSH equation for the design and evaluation
of manual lifting tasks

THOMAS R. WATERSE, VERN PUTZ-ANDERSONT,
ARUN GARGY, and LAWRENCE J. FINE}

t National Institute for Occupational Safety and Heaith,
4676 Columbia Parkway, Cincinnati, OH 45226, USA
q Department of Industrial and Systems Engineering,
University of Wisconsin~Milwaukee, WI 53201, USA

ERGONOMICS, 1993, voL. 36, NO. 7, 749776
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Criteria for Acceptable Loads

Biomechanics Criterion

Psychophysics Criterion
(Snook & Ciriello, 1991)

Table 3.
ﬁ .g. :‘loorlevcl 1o
kle height
o o 3 01 B,
; . b 2 S 5 9 14 I 2 5 30 8
COMPRESSIVE i 2 a & 1 _— h
T T e B PERMISSIBLE ~ o s & 7 71 8 8 35 1
75 7 8 9 9 10 10 1 14
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Prediction of metabolic rates for manual
- - - *
Physiology materials handling jobs
. . Garg et al (1978)
Criterion

(Garg et al, 1978)

ARUN GARG, DON B. CHAFFIN** and GARY D. HERRIN**

Systems—Design Department, University of Wisconsin-Milwaukee, Milwaukee,
Wisconsin 53201; **The University of Michigan, Ann Arbor, Michigan, 48109

squat lift (kcal/lift)

AE = 107[0.514 BW (0.81-h)) + (2.19L + 0.62S x L) (h; -

hi)] for hy < h; < 0.81]




Revised NIOSH Lifting Equation

Recommended Weight of Lift (RWL) = 23 kg * H-mult * V-mult * D-mult * F-mult * A-mult * C-mult

H-multplier - horizontal location of the load 25/ H
- middle of ankles to
- middle of knuckles (cm)

V-multplier — vertical location of load 1-0.003 | V-75]
D-multplier - vertical travel distance 082+ (45/D)
- origin to destination (cm)
F-multplier - frequency of lifting from look-up table
- lifts / minute on average
A-multiplier - asymmetry angle 1-(0.0032*A)
- rotation of shoulders wrt ankles (deg)  (atA> 135 deg, Amult = 0)
C-multiplier - coupling quality V<75 V=75
%ood (handles) 1.00 1.00
Fair 0.95 1.00
Poor (no handles) 0.90 0.90

Displacement
(D)

h

(Voes1) 1

. |7.:_|

Horizontal

Distance (H)
4—>

s

Vertical
Height
(VORIGIN)

*.

Potvin (2021)
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Composite Acceptable Load (CAL): Potvin (2014)

«  Start with Snook Table values
« 27 locations x 8 frequencies = 216 conditions

« Replace values based on:
* Biomechanics Criterion

» determine hand load resulting in 3,400 N compression force
» Potvin (1997)

) i ) Discipline Design criterion Cut-off value
« Physiology C”tenon _  Biomechanical  Maximum disc compression force  3-4kN (7701bs)
» use Garg Equations to determine loads resulting in o
« 3.1 kcal/min (V <75 cm) Duration of lifting
« 2.2 kcal/min (V > 75 cm) Lift location

(V) cm (in.) <1h 1-2h  2-8h

V<75 (30) 47 357
« Composite Acceptable Load (CAL) FETEALE 2 oE 2 |
* most conservative (lowest) of:
* Psychophysics Criterion
* Biomechanics Criterion
* Physiology Criterion




Composite Acceptable Load (CAL): Potvin (2014)

Frequency (Lifts/min)

Range V Width H [0.002 0.033 02 05 1 43 6.7 12
S-R 1280 76 75 575 10 8 8 8 7 54 28 06
choulder  140.5 51 75 575 1 9 9 9 8 78 41 11
to 153.5 25 75 575 12 10 9 9 9 8 7 29
Arm Reach  128.0 76 49 445 1 9 8 8 8 54 28 0.6
140.5 51 49 445 12 10 9 9 9 78 41 11
153.5 25 49 445 13 11 10 10 9 8 7 29
128.0 76 34 370 13 11 10 10 9 54 28 06
140.5 51 34 370 14 12 1 1 1 78 41 11
153.5 25 34 370 16 14 12 12 12 9 8 29
K-S 66.0 76 75 57.5| 12.3 12 11 11 10 8 46 1.3

o785 51 75 57.5| 12.8 12.8 12 12 11 952 22|
o 91.5 25 75 57.5| 14.0 14 13 13 12 9 8 5.8
Shoulder  66.0 76 49 445 14 12 1 1 10 8 46 1.3
78.5 51 49 445 15 13 12 12 11 9 52 22
91.5 25 49 445 17 14 13 13 12 9 8 58
66.0 76 34 370 15 13 12 12 11 88 46 1.3
78.5 51 34 370 17 14 13 13 12 9.0 52 22
91.5 25 34 370 18 16 14 14 13 11 10 5.8
F-K 0.0 76 75 625 109 10.9 10 10 9 9 25 0.0
12.5 51 75 625 11.0 11.0 1 1 10 9 75 0.0
F'to‘” 25.5 25 75 575 110 11.0 11.0 11.0 11 1 10 0.0
Kokl 0.0 76 49 495| 13.6 12 10 10 10 9 25 0.0
12.5 51 49 495| 137 137 12 12 11 9 75 0.0
25.5 25 49 445| 138 13.8 13 12 12 1 10 0.0
0.0 76 34 420| 157 14 13 13 12 1 25 0.0
H =20 + Width / 2 12.5 51 34 420 158 158 15 15 14 12 75 0.0
H=25+Width/2 555 25 34 37.0| 16.0 16.0 15 15 14 13 12 0.0

Compression Snook = Garg = 3.1 kcal/min (V =75 cm)
=3400 N 75% Capable = 2.2 kcal/min (V > 75 cm)
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Example:

- Knuckle-to-Shoulder Lift
-D=51cm
- box width = 75 cm

Maximum Acceptable Load (kg)

20

18

16

14

12

10

128 1238 12 12 11 9 5.2 2.2
=¥—Biomechanical Criterion
—o—Psychophysical Criterion
=@ Physiological Criterion
=0 Composite Acceptable Load
O
-

-
N
N
N ‘
~
-
-
‘s
-
ss
a
4 6 8 10 12

Frequency (Lifts/min)



RNLE RWLs for Liberty Mutual Female Lift Table Conditions

Frequency (Lifts/min)

Range V D Width H [0.002 0033 02 05 T 43 67 12
SR 1280 76 75 5&75| 72 72 61 58 54 30 17 00
1405 51 75 575 74 74 63 60 55 31 17 00

1535 25 75 575 77 77 66 63 58 33 18 00
Shouder 1280 76 49 445 93 93 79 75 70 39 22 00
WO 1405 51 49 445| 95 95 81 77 71 40 23 00
1535 25 49 445 100 100 85 81 75 42 24 00

1280 76 34 370 112 112 95 91 84 47 27 00

1405 51 34 370 114 114 97 93 86 48 27 00

1535 25 34 370 120 120 102 97 90 51 28 00

KS 660 76 75 575| 87 87 74 71 65 37 21 __ 00
785 51 75 5750 [90 90 77 73 68 38 21 __ 00

915 25 75 575 95 95 84 7.7 74 40 23 00

khucke 660 76 49 445| 113 M3 96 91 84 47 27 00
to 785 51 49 445 116 116 99 94 87 49 28 00
Shouder 915 25 49 445 123 123 105 100 92 52 29 00
660 76 34 370 135 135 115 110 102 57 32 00

785 51 34 370 140 140 1.9 113 105 59 33 00

915 25 34 370| 148 148 126 120 111 62 35 00

FK 00 76 75 625| 63 63 53 51 47 26 15 00
125 51 75 625| 67 67 57 55 51 28 16 00

255 25 75 575 78 78 66 63 58 33 18 00

. 00 76 49 495 79 79 67 64 59 33 19 00
o 125 51 49 495| 85 85 72 69 64 36 20 00
knuee 255 25 49 445/ 98 98 83 80 74 41 23 00
00 76 34 420 93 93 79 76 70 39 22 00

125 51 34 420/ 100 100 85 81 75 42 24 00

255 25 34 370 116 116 98 94 87 49 27 00

D oTTaTrTSTSTSTSS . | TSShS—————GGLEESLSSSS——————



Example:

20
=¥—Biomechanical Criterion

—o—Psychophysical Criterion

- Knuckle-to-Shoulder Lift 18

-D= 5? cm 16 —A—NIOSH RWL
= bOX W|dth = 75 cm =0 Composite Acceptable Load

=@ Physiological Criterion

Maximum Acceptable Load (kg)

RNLE RWL values
9.0 9.0 7.7 7.3

0 2 4 6 8 10 12
Frequency (Lifts/min)
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RNLE RWLs for Liberty Mutual Female Lift Table Conditions

Composite Acceptable Load RWL
for Snook & Ciriello (1991) Conditions for Snook & Ciriello (1991) Conditions
Frequency (Lifts/min) Frequency (Lifts/min)
Range V D Widh H [0.002 0033 02 05 1 43 6.7 12 Range V D Width H [0002 0033 02 05 1 43 6.7 12
SR 1280 76 75 575 10 8 8 8 7 54 28 06 S-R 1280 76 75 575| 72 7.2 61 58 54 30 17 00
Shoulder 1405 51 75 575 11 9 9 9 8 7.8 441 4] 140.5 51 75 575 74 74 63 60 55 3.1 17 00
to 153.5 25 75 575 12 10 9 9 9 8 7 29 153.5 25 75 575 77 77 66 63 58 33 18 00
Arm Reach  128.0 76 49 445 11 9 8 8 8 54 28 06 Shoulder  128.0 76 49 445 93 93 79 75 70 39 22 00
140.5 51 49 445 12 10 9 9 9 7.8 441 1.1 o ey, 140.5 51 49 445 95 95 81 77 74 40 23 00
153.5 25 49 445 13 11 10 10 9 8 7 29 153.5 25 49 445 100 100 85 8.1 75 42 24 00
128.0 76 34 37.0 13 11 10 10 9 54 28 06 128.0 76 34 370 112 112 95 91 84 47 27 00
140.5 51 34  37.0 14 12 1 1 11 7.8 41 1.1 140.5 51 34 370 114 114 97 93 86 48 27 00
153.5 25 34 37.0 16 14 12 12 12 9 8 29 153.5 25 34 37.0] 120 120 102 97 9.0 51 28 0.0
K-S 66.0 76 75 575 12.3 12 £E] £E] 10 8 46 1.3 K-S 66.0 76 75 575 87 87 74 71 65 37 21 0.0
coueke | 785 51 75 575 12.8 12.8 12 12 1 9 52 22 78.5 51 75 575/ 190 90 77 73 68 38 21 0.0
o 91.5 25 75 575 14.0 14 13 13 12 9 8 58 91.5 25 75 575 95 95 81 7.7 71 40 23 00
Shoulder 6.0 76 49 445 14 12 1" 1 10 8 46 1.3 Knuckle ~ 66.0 76 49 445 113 113 96 9.1 84 47 27 00
78.5 51 49 445 15 13 12 12 1" 9 52 22 to 78.5 51 49 445 116 116 99 94 87 49 28 0.0
91.5 25 49 445 17 14 13 13 12 9 8 58 Shoulder 91,5 25 49 445 123 123 105 100 92 52 29 00
66.0 76 34 370 15 13 12 12 11 88 46 1.3 66.0 76 34 370 135 135 115 110 102 57 32 00
78.5 51 34 370 17 14 13 13 12 9.0 52 22 78.5 51 34 370/ 140 140 119 1.3 105 59 33 00
91.5 25 34 370 18 16 14 14 13 1 10 58 91.5 25 34 37.0] 148 148 126 120 111 62 35 0.0
F-K 0.0 76 75 625 10.9 10.9 10 10 9 9 25 0.0 FK 0.0 76 75 625| 63 63 53 51 47 26 15 00
12.5 51 75 625/ 11.0 11.0 11 1 10 9 75 0.0 12,5 51 75 625! 67 67 57 55 51 28 16 00
Foor 255 25 75 5750 110 1.0 1.0 11.0 11 11 10 00 255 25 75 575 78 78 66 63 58 33 18 00
Knu‘ikle 0.0 76 49 495| 13.6 12 10 10 10 9 2.5 0.0 Floor 0.0 76 49 495 7.9 7.9 6.7 6.4 5.9 3.3 1.9 0.0
12.5 51 49 495| 13.7 13.7 12 12 1 9 75 0.0 © 12.5 51 49 495 8.5 8.5 7.2 6.9 6.4 3.6 2.0 0.0
255 25 49 445| 138 138 13 12 12 11 10 0.0 Knuckle 255 25 49 445 98 98 83 80 74 441 23 00
0.0 76 34 42.0| 15.7 14 13 13 12 11 25 0.0 0.0 76 34 420 9.3 9.3 7.9 7.6 7.0 3.9 2.2 0.0
H =20 + Width / 2 12.5 51 34 420| 15.8 15.8 15 15 14 12 75 0.0 12.5 51 34 420 10.0 10.0 8.5 8.1 7.5 4.2 24 0.0
H =25+ Width /2 255 25 34 370| 16.0 16.0 15 15 14 13 12 00 25.5 25 34 370 116 116 98 94 87 49 27 00
Compression Snook = Garg = 3.1 kcal/min (V = 75 cm)
=3400 N 75% Capable = 2.2 kcal/min (V > 75 cm)
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CAL vs RNLE RWL =-

RMS Error = 3.8 kg (8.4 Ibs) 15

Mean Error =-3.30 kg (-7.3 Ibs)

Explained variance = 78%

~95% of females would be capable 107

of the RNLE RWL Loads
- supposed to be 75% capable

If the RNLE must be used, use a
Lifting Index (LI) of 1.65
- supposed to be LI = 1.00

Revised NIOSH Lifting Equation RWL (kg)

T T ‘ T T T T T T T T T
0.0 5.0 10.0 15.0 20.0

Composite Acceptable Load (kg)

D TS | D SShTTTTeTETETETETGELGLLLLLSSS——————



RNLE Lifting Index vs Risk: Fox et al (2019)

Applied Ergonomics 81 (2019) 102897

. o e D L
Contents lists available at ScienceDirec Applied
Ergonomics

Applied Ergonomics

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

Understanding outcome metrics of the revised NIOSH lifting equation 0 )

Check for
updates

Robert R. Fox™ , Ming-Lun Lu", Enrico Occhipinti®, Matthias Jaeger‘I

% General Motors Company, Warren, MI, USA

" NIOSH Taft Laboratories, Cincinnati, OH, USA

©EPM International Ergonomics School, Milan, IT, Italy

4 IfADo-Leibniz Research Centre for Working Environment and Human Factors at Dortmund University of Technology, Germany

Lifting Index Risk Recommended Actions

LI<1.0 Very Low None, in general, for the healthy working population

Pay attention to low frequency/high load conditions and extreme or

<Ll<1.
1.0<Li=15 Low static posturesh. Consider efforts to lower the LI

15<LI<2.0 Moderate Redesign tasks and workplaces according to priorities to reduce the

LI
20<LI=3.0 High High priority for changes to the task to reduce the LI
LI >3.0 Very High  |Immediate changes should be made to the task to reduce the LI

D ST | D TSShth—————EETETETETEGEGELEELLS——————
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New Assessment Tool:
The Liberty Mutual
Manual Materials Handling
Equations



Liberty Mutual MMH Research: 1971 to 1991

1
Snook
(1971)
1 Gender Task ParticBants 28
Conditions 9
Box Widths M
SnOOk Lift Ranges FK, KS, SR
( 1971 ) Distances per effort (m) 0.51
Frequencies (per min) 1t06.7
Distances per min (m 0.51t0 3.4
- onditions
Task Particpants 28 Box Widths M
- Ranges FK, KS, SR
Conditions 9 Lower Distances per effort (m) 0.51
. Frequencies (per min) 1to 10
Box Widths M Distances per min (m) 0.51t05.1
Conditions 12
Distances per effort (m) 0.51 Push |Distances per effort (m) | 2.1t030.5
- - - Frequencies (per min) 0.6 to 10
Stover Snook Frequencies (per min) 1t06.7 Distances per min (m)___2.110 365
N - onditions
Distances per min (m) 0.51t0 3.4 Heights KnE
Pull |Distances per effort (m) 2.1
Frequencies (per min) 1to 10
Piftances - Distance per miput? = distance per effort x f'requncy. Box Widths - “S” = small (0.33 to 0.36 m), “M” = medium (0.49 m), Distances per min (m) 21t021.3
L” =large (0.75 to 0.76 m), “XL” = extra large (0.96 m), "NH" = no handles Conditions 18
Carry: Heights - “K” = knuckle, “E” = Elbow Box Widths M
c Carry Heights K, E
Lift & Lower: Ranges — “FK” = floor-to-knuckle, “KnE” = knee-to-elbow, “KS” = knuckle-to-shoulder, “SR” = shoulder-to-reach. arry Distances per effort (m) | 2.1t08.5
Pull & Push: Heights — “KnE” = between knee & elbow, “K-15" = knuckle minus 15 cm, “S” = shoulder Frequenmes (pe.r min) 11010
Distances per min (m) 2.11t028.1
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[ ]
Libert tual MM esearch: 1971 to 1991
y Mutu HR h: 197
n= 7 1 2 3 4 5 6 7
Snook Snook & Snook & Ciriello & Ciriello & | Ciriello, Snook | Ciriello, Snook
(1971) Ciriello Ciriello Snook Snook etal. etal.
(1974a) (1974b) (1978) (1983) (1990) (1993)
Gender Task _[Particpants 28 16 15 10 10 6
Conditions 9 1 41 16 6 28
Box Widths M M S M, L S.M L S S, XL, NH
Lift Ranges FK, KS, SR FK FK, KnE, KS | FK KnE,KS | FK,KnE, KS | FK, KnE, KS
Distances per effort (m) 0.51 0.51 0.25t00.76 | 0.25t00.76 0.51 0.51
Frequencies (per min) 1t06.7 4.3 1/day to 6.7 | 1/dayto 12 1t04.3 1t04.3
Distances per min (m) 0.51t03.4 22 0.001to 5.1 | 0.001t06.1 0511022 0.51t02.2
Conditions 9 16 6
Box Widths M S S
Ranges FK,KS, SR FK, KS FK, KnE, KS
Lower Distances per effort (m) 0.51 0.51 0.51
Frequencies (per min) 1to 10 1/day to 12 1t04.3
Distances per min (m) 0.51t0 5.1 0.001t06.1 0.51t02.2
Conditions 12 1 16 12 1 1
Male Heights KnE KnE K-15, KNE, S KnE KnE KnE
Push [Distances per effort (m) | 2.1t030.5 15.2 2.1t061.0 7.6,30.5 7.6 15.2
Frequencies (per min) 0.6to 10 24 1/day to 4 1/day to 4 1 1
Distances per min (m) 2.11t036.5 36.5 0.004 to 36.5 | 0.016 to 30.5 7.6 15.2
Conditions 3 4 2 1
Heights KnE K-15, KnE, S KnE KnE
Pull  |Distances per effort (m) 2.1 2.1 2.1,7.6 15.2
Frequencies (per min) 1to 10 1/day to 1 1 1
Distances per min (m) 2110213 0.004 t0 2.1 21,76 15.2
Conditions 18 1 7 1 12
Box Widths M M S S S, L NH
Carry Carry Heights K E K K K K
Distances per effort (m) 2.1t08.5 4.3 4.3 2.1 21t07.6
Frequencies (per min) 1to 10 6 1/day to 6 1 1t04.3
Distances per min (m) 2.1t028.1 256 0.01t0 25.6 2.1 21t09.1
Gender Task |Particpants 15 12 12
Conditions 6 58 6
Box Widths M S.M L S
Lift Ranges FK, KS, SR FK, KnE, KS | FK, KnE, KS
Distances per effort (m) 0.51 0.25100.76 0.51
Frequencies (per min) 1t06.7 1/day to 12 1t04.3
Distances per min (m) 0.51t034 0.001t06.1 0511022
Conditions 6 16 6
Box Widths M S S
Ranges FK, KS, SR FK, KS FK, KnE, KS
Lower Distances per effort (m) 0.51 0.51 0.51 St V t
Frequencies (per min) 1t0 10 1/day to 12 1t04.3
Distances per min (m) 0.51t0 5.1 0.001t06.1 0.51t02.2 Over I nce
Conditions 8 27 1 iri
E | Heights KnE K-15, KnE, S KnE SnOOk Clrlello
emale| pysh |Distances per effort (m) 2110305 2110610 7.6
Frequencies (per min) 0.5t05 1/day to 4 1
Distances per min (m) 2110261 0.016t0 36.5 7.6
Conditions 2 3 2
Heights KnE K-15, KnE, S KnE
Pull  |Distances per effort (m) 2.1 2.1 21,76
Frequencies (per min) 1t05 1 1
Distances per min (m) 2.11010.7 21 21,76
Conditions 12 7 1
Box Widths M S S
c Carry Heights K, E K K
MY [Distances per effort (m) 211085 4.3 2.1
Frequencies (per min) 1to 10 1/day to 6 1
Distances per min (m) 2.1t028.1 0.011t025.6 2.1
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The desngn of manual handling tasks: revised tables of maximum
acceptable weights and forces

ERGONOMICS, 1991, voL. 34, NO. 9, 11971213

Stover H. Snook and Vincent M. Ciriello |
Liberty Mutual Insurance Company, 71 Frankland Road, Hopkinton, MA 01748, USA

Table 3. Maximum accepiable weight of lift for females (kg).

Floor level to Knuckle height 1o
. & = knuckle height shoulder height
5 § g One lift every One lift every
2 2 5 9 14 1 2 5 30 8 s 9 14 1 2 s 30 8
3 A= s min h s min h
90 5 6 7 7 'l 8 9 12 5 6 7 9 9 9 10 ¥
75 4 8 9 9 10 10 " 14 6 7 8 10 i i 12 14
76 50 V] 10 10 i 12 12 13 17 7 8 9 112 12 13 16
25 ? nu 12 13 4 14 15 21 i 9 10 i3 14 14 1S 18
10 7 13 Y’ 14 15 16 17 23 » 10 i 14 IS 5 17 20
90 6 7 ' 8 9 9 10 4 6 ? 8 9 10 10 1 13
75 7 ) 9 10 i 1 13 17 ? 8 9 1 12 12 13 15
75 51 50 $ 10 1 12 13 14 15 21 [ 9 1 13 4 14 5 17
25 10 2 13 15 i6 16 8 24 ie " 12 14 16 16 17 20
10 7] FY I$ 1? 18 18 20 27 1 12 14 16 17 17 19 22
90 6 8 ] 9 9 9 i 14 6 ? 8 10 1" " 12 14
75 s 10 3 1 12 12 13 i ? 8 9 12 13 13 14 17
23 50 10 1 13 13 14 14 16 21 9 10 1) 14 15 15 16 19
25 1 14 15 15 16 17 19 25 10 T 12 16 17 17 19 2
10 n 16 1”7 17 19 19 21 29 n 12 14 18 19 19 21 24

20



Liberty Mutual MMH Research: 1971 to 2011

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19
Snook Snook & Snook & Ciriello & Ciriello & | Ciriello, Snook | Ciriello, Snoofl Ciriello et al Ciriello Ciriello Ciriello Ciriello Ciriello Ciriello Ciriello Ciriello Ciriello Ciriello et al. | Ciriello et al.
(1971) Ciriello Ciriello Snook Snook etal etal (1999) (2001) (2002) (2003) (2004a) (2004b) (2005) (2007a) (2007b) (2008) (2010) (2011)
(1974a) (1974b) (1978) (1983) (1990) (1993)
Gender Task _|Particpants 28 16 15 10 10 6 6 8 8 14 23
Conditions 9 1 41 16 6 4 15 6
Box Widths M M S ML S ML S S, XL, NH L S XL S
Lift |Renges FK, KS, SR FK FK, KnE, KS | FK,KnE, KS | FK, KnE, KS | FK, KnE, K FK FK, KnE, KS FK. KS
Distances per effort (m) 0.51 0.51 0.25t00.76 | 0.25100.76 0.51 0.51 0.25100.76 0.51 0.51
F ies (per min) 11t06.7 4.3 1/day to 6.7 1/day to 12 1t04.3 1t04.3 4.3 1/day to 20 1t012
Distances per min (m) | 0.51t0o3.4 2.2 0.001t05.1 | 0.001t06.1 [ 051t022 | 051022 111033 0.0011010.2 0.51t06.1
Conditions 9 16 6 12 6
Box Widths M S S S.L S
Lower |Ranges FK,KS, SR FK,KS FK, KnE, KS FK,KS FK,KS
Distances per effort (m) 0.51 0.51 0.51 0.25100.76 0.51
F ies (per min) 11010 1/day to 12 1t04.3 4.3 1t0 12
Distances per min (m) | 0.51to 5.1 0.001t06.1 | 0.51t02.2 11t03.3 0.51t06.1
Conditions 12 1 16 12 1 1 2 2 2
Male Heights KnE KnE K-15, KNE, S KnE KnE KnE KnE KnE KnE
Push [Distances per effort (m) | 2.1t030.5 15.2 2.11061.0 7.6.30.5 7.6 15.2 . 7.6.15.2 7.6 7.6
Frequencies (per min 0.6to 10 24 1/day to 4 1/day to 4 1 1 1 1 1 1,4
Distances per min (m) [ 2.1t036.5 365 0.00410 365 | 0.016 t0 30.5 76 152 76 76152 76 7.6.30.5
Condition: 3 4 2 1 2 2
Heights KnE. K-15, KnE, S KnE KnE. KnE KnE
Pull  [Distances per effort (m) 2.1 2.1 21,76 15.2 7.6015.2 7.6
F ies (per min) 11010 1/day to 1 1 1 1 1.4
Distances per min (m: 2110213 0.004t02.1 21,76 152 7610152 7.6.30.5
Conditions 18 1 7 1 12 2
Box Widths M M S S S,L,NH S
Carry Heights K.E K K K K K
Cary 5 iances per sffort(m) | 211085 23 23 21 211076 23
F ies (per min) 11010 6 1/day to 6 1 1t04.3 1,43
Distances per min (m) | 2.1to0 28.1 256 0.01t0256 2.1 211091 43,183
Gender Task PanicEants 15 12 12 10 11 10 10 19 24
Conditions Sm— 6 4 15 6
Box Widths s . S.L S.LXL s
Lift |Renges 1. Snook (1971) FK. KnE, KS 8. Ciriello et al. (1999) FK FK, KnE, KS FK_KS
Distances per effort (m) 2 S e 0.51 e 0.25t00.76 0.51 0.51
Frequencies (per min . nook & Ciriello (1974a) Tto43 9. Ciriello (2001) 43 T/day to 20 Tto12
Distances per min (m s 0511022 P 111033 [0.001t010.2 0.51t0 6.1
Condiions 3.  Snook & Ciriello (1974b) B 10. Ciriello (2002) 5 5
Box Widths s s P S.L s
Lower [Renges 4. Ciriello & Snook (1978) TS 11. Ciriello (2003) S RIS
Distances per effort (m: H™ 0.51 H™ 0.25 t0 0.76 0.51
ool 5. Ciriello & Snook (1983) T3 12. Ciriello (2004a) 5 ot
Distances per min (m [ 0511022 i 111033 0511061
Zstance: 6. Ciriello, Snook et al. (1990) . 13. Ciriello (2004b) = = o = =
Heights e KnE s ke KnE KnE KnE KnE
Female| puch bemesprenm] /-  Ciriello, Snook et al. (1993) e 14. Ciriello (2005) 5552 76 76 76 76
Frequencies (per min 1 H LI 1 1 02,1 1 1,4
Distances per min (m 2110261 0.016t036.5 76 1 5 Clrle"O (20073) 76152 76 152, 7.6 76 7.6,305
Conditions 2 3 2 H L 2 1 2
Heights KnE K-15, KnE, S KnE 16 Clrle"O (2007b) l KnE KnE KnE
1
Pull  [Distances per effort (m) 21 2.1 2.1,7.6 iri 7.61t015.2 241 7.6
Ditances percftortn 2L - : 17. Ciriello (2008) | - ; 18
Distances per min (m 211010.7 2.1 21.76 18. Ciriello et al. (2010) 761015.2 2.1 76.305
Conditions 12 7 1 2 2
[Box Widths M s s Ciriello et al. (2011) s s
Cart Carry Heights K E K K K K
vy Distances per effort (m 21t08.5 4.3 2.1 21,43 4.3
Fr ies (per min) 11010 1/day to 6 1 1,43 1,43
Distances per min (m) 2.1t028.1 0.01t025.6 2.1 EERX] 4.3.18.3



ERGONOMICS Taylor & Francis
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The Liberty Mutual manual materials handling (LM-MMH) equations

Jim R. Potvin®®, Vincent M. Ciriello®, Stover H. Snook?, Wayne S. Maynard® and George E. Brogmus?

3Liberty Mutual Insurance, Boston, MA, USA; "Potvin Biomechanics Inc, Tecumseh, ON, Canada




Procedures

« Original Data

« summarized by task and gender
+ total of 612 MAL values, average of 14 participants per MAL
» Lift, Lower, Push (initiate & sustain), Pull (initiate & sustain) and Carry
+ female and male

D TS ST



Conditions: 19 Studies from 1971 to 2011

Conditions with MAL Values

Unique Combinations

Liberty Mutual Tables

DA

Task Gender | Conditions Total n Mean n Combinations Mean n Combinations| % with Data
Lift Female 95 1,192 12.5 54 221 216 25%
Male 126 1,510 12.0 58 26.0 216 27%
L Female 46 618 134 34 18.2 216 16%
ower
Male 49 706 14.4 37 19.1 216 17%
Inittal Female 39 499 12.8 26 19.2 105 25%
Push Male 47 788 16.8 32 24.6 105 30%
Sustained Female 46 604 13.1 30 20.1 105 29%
Male 48 804 16.8 32 25.1 105 30%
Inittal Female 11 153 13.9 6 255 105 6%
Pull Male 14 226 16.1 9 25.1 105 9%
Sustained Female 12 168 14.0 7 24.0 105 7%
Male 14 226 16.1 9 25.1 105 9%
Carry Female 24 344 14.3 22 15.6 42 52%
Male 41 718 17.5 32 22.4 42 76%
Total Female 273 3,578 13.1 179 20.0 894 20%
per Gender Male 339 4978 14.7 209 23.8 894 23%
Lift 221 2,702 12.2 112 241 432 26%
Totals Lower 95 1,324 13.9 71 18.6 432 16%
per Task Push 180 2,695 15.0 120 22.5 420 29%
Pull 51 773 15.2 31 24.9 420 7%
Carry 65 1,062 16.3 54 19.7 84 64%
19 Studies (Equations) 612 8,556 14.0 388 221 1,788 21.7%
7 Studies (1991 Tables) 472 6,580 13.9 338 19.5 1,788 18.9%
+30% +15%




Procedures

TECHNICAL REPORT AD
NATICK/TR-15/007
L. Gordon et al. (2014)
° @) rigin al Data 2012 ANTHROPOMETRIC SURVEY OF U.S. ARMY
. PERSONNEL: METHODS AND SUMMARY STATISTICS
« summarized by task and gender
+ total of 612 MAL values, average of 14 participants per MAL 214 cm

« Lift, Lower, Push (initiate & sustain), Pull (initiate & sustain) and Carry
« female and male

Arm Reach

*  Anthropometry \
« estimated heights with ANSUR Il database taem ____J
* knee, knuckle height, elbow, shoulder, stature, and arm reach '

* note: very close to the Liberty Mutual participant averages

133 cm

110 cm

102 cm

. Equation Development VW AT
* input variables .

« V (vertical), D (vertical or horizontal), F & H (for Lift & Lower)

+ independent effects of changes in each variable on the MAL

73 cm

- normalize each scale factor to 1.00 v W e
* determine the maximum/reference load for best fit
+ Lifting & Lowering

» extrapolated Box Width back to 0 m

. based on compression limits of 3,700 N (F) & 4,000 N (M) (Jager, 2018) >

» extrapolated to 2 and 3 vertical ranges Male Female

. NIOSH (2018) & Mital et al (1993)
]



Analysis Example: Scale Factors (Push & Pull Female)

Initiate

0.7
0.6

0.5

Sustain

Frequency Effect
(Normalized to 1/day)
o'"
y =-0.0050681x2 - 0.0758138x + 0.7171027 OO
R?=0.9657904
-8 6 -4 2
Ln(Frequency)
Frequency Effect
1.0 Q... (Normalized to 1/day)
08 O
0.6
04
y =-0.0032853x2 — 0.0836856x + 0.6024365
02 R? = 0.8831507
0.0
-8 6 4 2

Ln(Frequency)

Vertical Effect

1.20
teo ) o
....... '-.©
0.80
cd
0.60 _ )
y =-1.3662388x? + 2.7896308x - 0.4282735
R2=1.0000000
0.40
0.20
0.00
05 0.7 0.9 1.1 1.3 15
Vertical Height (m)
Vertical Effect

1.20

1.00 O

0.80 o

o
0.60
y =-1.6537520x2 + 3.1863499x - 0.5405838

0.40 R2 = 1.0000000

0.20

0.00

05 0.7 0.9 1.1 13 15

Vertical Height (m)

1.20

0.80

0.60

0.40

0.20

Distance Effect

y = 0.0001054x2 - 0.0142700x + 1.0792832
R?=0.9906297

0.00

1.20

0.80

0.60

0.40

0.20

0.00

10 20 30 40 50 60 70
Distance Horizontal (m)

Distance Effect

y =0.0001254x2 - 0.0189002x + 1.0654734
R? = 0.9662522

10 20 30 40 50 60 70
Distance Horizontal (m)

D TS D ShSS————GGELSESSLSS——————



Reference Load: Example — Carry Male

Empirical Data (x) vs New Equation (y) - Carry Male

80 RMS Difference = 3.5 kg
70 )
u’
60 P
The Scale Factors all had a maximum of 1.0 S o
i~
To predict the actual MAWL, | found the 9 50
“‘Reference Load” multiplier (within 0.1 kg) g El
that minimized the RMS difference between: a
the Empirical Weighted Average MAWL w
. c 40 2 m
and the LM MMH Equation o a .-
s o -
w 30 m
=
s O &
E 20 DD’/ Iil
ki Y
oo
10 - O
0 kL
0 10 20 30 40 50 60 70 80

Empirical Weighted Average MAWL (kg)

] 27



Combined
Data

LM MMH Equation 50th Percentile MAL (kg)

75

~

0

65 |

60 1

55 1

50

45

40

35 A

30 A

25 A

20 A

r2=0.90 ,
.
0
3
O
o o
O //,
© TN
o °
¢}
‘ o
o o
e ®
°of s o
o PR °
=® ¢ o o°
,,/’O<><> o)
o % o
23 O Lift-Male (n = 58)
o © oLower-Male (n = 37)
as oPush-Initial-Male (n = 32)
° ¢ Push-Sustained-Male (n = 32)
o° ° APull-Initial-Male (n = 9)
o ©O APull-Sustained-Male (n =9)

Female (n=176):r2=0.78
Male (n =201):r2=0.86
All (n=377):r2=0.90

O Carry-Male (n = 24)
oLift-Female (n = 54)
OLower-Female (n = 34)

¢ Push-Initial-Female (n = 26)
©Push-Sustained-Female (n = 30)
APull-Initial-Female (n = 6)
APull-Sustained-Female (n = 7)
OCarry-Female (n = 19)

10 15 20 25 30 35 40 45 50 55 60 65 70

Empirical MAL Weighted Average (kg)

28

75




Inputs: Lift & Lower Equations

V
@oce ATOPA
F = Frequency DV = | Vrop — VeoTTom |
minute
: VRM = (V1op + VeotToMm)
_____ A 5
H = (Horigin + HoesT) :
2
H = Huax
vV :
® o+ @ BOTTOM Y
e O e I e oo v /
€ > € >
Horicin ' Hpest

00



Lift & Lower: Female

o0 ‘,’;OF’A
F = Frequency DV = Vrop — Veorrom |
minute :
VRM = (V1op + Vgorrom)
S S A
H = (Horiin *+ Hoest)
H = Huax
® o @ Veotrom V
MAL = RL [Hsp] [VRMsg] [DVsg] [Fsr] > £ o4 |
i HORIGIN E HDEST
Lift - Female
MAL = 349 [1.2602 — — ] [0.0877 + YRM _ VRM] 1 199 _ IMPV)) [0 6767 — 1) _ In(F)”
S [ ' 0.7686] ' 13.69 9.221 [ ' 7.696] ' 12.59 228.2
CV=0.260
H VRM DH F
Lower - Female o o o oF
H VRM VRM? In(DV In(F In(F)?
MAL=37.0[ - ]! - ][ — ( )][ — ()— ()]
CV =10.307

D L LI



I Inputs: Push & Pull Carry I
Equations Equations

DH (Pull) DH (IiJsh)

DH

F = Frequency/min \Y




Excel App Modules: Female Lift & Lower - Outputs

Lift Lower
Vp=1285m MAL (75% capable) 9.9 kg 10.1 kg
A Aoy 1.285-0775) H 03380)m
=051 m %Capable (of Actual Load) | 73.6% | | 75.4% |
* N m- 2075 Vios | 1.285]m
H i 2
R =1.03m
S — Vaorrom 0.775|m RL| | 34.9kg 37.0 kg
Scale Hesr 0.766 0.766
| =030+ 040 F[_ 6]min Factors VRMg; 0.948 0.948
=0.38 m (SF) DVSF 0.907 0.907
Actual Load [ 10.00]kg Fse 0.520 0.520
L Nets; 0.343 0.343
%Capable %Capge 0.825 0.793
Totalgr 0.283 0.272
VRM 1.030]m
DV 0.510|m
DV/min m/min
32




Liberty Mutual ErgoValuator™ [<eeec s = coroe

Liberty Mutual ErgoValuator™

Business

Qb

a+ Il @

Kinetica Labs, Inc

Test1/ Trial1
Task Type Lift

'mk S LM Percentiles NIOSH/BIRP EE
I Populaton Percenties

Population Percentile

Medium High

Horizontal Hand Distance

Horizontal Hand Distance

Dutroit Steaet Warahouse | Liftieg Heavy Box 20in.
ot 16in.

— — -~ / A
Paoputation Percentile In

Horzontal Hand Distance

o S
Ul

- x = = . Oin. F——————

:02 :04 :06 :08

Hand Height From Ground

Hand Height From Ground
e rgps P Tt

Fre. s




Advantages of the LM-MMH Equations

1. Based on 12 more recent studies than The Snook & Ciriello (1991) Tables
* 30% more MAL conditions, 15% more unique conditions

2. Based on more participants
e 129% in total, 141% more females

3. Wider range of Lift & Lower conditions
«  Box Width down to 0 m (minimum was ~36 cm or 14”)
« all vertical lifting ranges

4. Do not require interpolations
*  Much easier integration into software
Provides task parameter scale factors to guide design
Versus the RNLE

»  Better reflection of the RNLE criteria than the RNLE
« also includes pushes, pulls and carries

Ll R
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Challenging the Validity of 3DSSPP for
Estimating Manual Arm Strength



)

I Digital Human Models & Work Simulation I

Unrestricted © Siemens AG (2016) &%

] 36




3D Static Strength Prediction Program (3DSSPP)

Fle Edt Tasclnput Hand-Model View StckViews Hominoid-Viev Amimation Reports About

Bl op - View from Z Ads s [@[= Front - View from ¥ Ais = [@][= Side - View from X s =@l
3 =i (=] L&

| —  —

B Untitied Task =E=
3D55PP - Strength Capabilities Report [ ]
i Description Hand Forces M)
Company: Unknown Company, Analpst: Unknown, Date: 1241018 L ......... Left:335 Right 335 I
Tazk: Untitled Task - Frame 0 1~ Hand Locations [cm] -
Gender: Female, Percentile; BOth, Height: 1628 cm, ‘weight: 721 kg Left  Right
Comment; :
Horizontal: 416 416
Yertical: 8.0 B30
. | et PP B R
Demand Lt Capacity | [ Demand Right i
 Pequied || PopulaionStiength | | Fiequied || Population Strength |
tMoment Muscle  Mean S0 Cap  Moment Muscle  Mean S0 Cap
[M-m] Effect  [M'm]  [M'm] [%] [M-m) Effect  [M'm]  [M-m] [%]
P P—
Yerist Flews/E =t EXTEM 55 1.8 935 248 EXTEM 54 1.9 544
Ulnar/Radial De ROLDEY 7R 24 921 -41 DLDEY a1 2B 937
Farearm Rof SUPIN 71 24 998 0.2 SUPIM 7R 26 997
Demand Elbows Fle/E =t FLE=M Ny 83 965 166 FLE*M 341 90 975
Shoulder Humeral Rt LATERL 225 59 998 51 JLATERL 24.1 B3 934
Rat'n Bk/Fd ORWRD 429 146 993 0.7 Rw/RD 461 157 998
Abduc/fdduc ARDUCT T 99 B58 336 BOLICT 405 106 740
—— I—

37



Applied Ergonomics 94 (2021) 103415

Contents lists available at ScienceDirect

Applied Ergonomics

"L
%%;4 A

[ SEVIE

T

2 journal homepage: http://www.elsevier.com/locate/apergo

K

A comparison between measured female linear arm strengths and estimates
from the 3D Static Strength Prediction Program (3DSSPP)

Andrew D. Hall?, Nicholas J. La Delfa®, Chris Loma¢, Jim R. Potvin®"

] 38




Data Collection

« 15 university age females

« 2 data collections
+ JAS: joint axis strengths
+ 8 axes, replicate Stobbe (1982)
* MAS: right manual arm strength
* 4 hand locations

Backward
Joint Strength

« 6 MAS directions:
» anterior, posterior, superior, inferior, medial & lateral

* modifications:
« eliminate wrist/forearm as a limiting joint
« see La Delfa & Potvin (2014)

« 3DSSPP analysis with two Raters
« used mean of the two

.\ A A Push MAS
+ 360 conditions Eye heigh

* 15 subjects x 4 hand locations x 6 directions 45 deg

] 39



Elbow: Extension

EF: 120°
SV: §°
SH: 0°

Shoulder: Abduction

Shoulder: Backward Horizontal

Stobbe Strength

EF: 90°
SV: 90°
SH: 0°

Shoulder: Lateral Humeral

EF: 90°
SV: 5°
SH: 0°

)

Shoulder: Adduction

EF: 90°
SV: 90°
SH: 0°

EF: 90°
SV: 90°
SH: 0°

Shoulder: Medial Humeral




Manual Arm Strength: Conditions

45 deg

~Eye

Height

Data Collection

4 Hand Locations
6 Force Directions
24 trials per participant

~Umbilical |

Height

90 deg

Data Analysis

Compare measured
strength to that
estimated with
3DSSPP




Measured vs 3ADSSPP Manual Arm Strength

500 1 o

450 + (©)

Z 400
L

Average Error ‘g’» o

-6.7 N (-1.51bs) & -2.5% g 350

» o ©
£

RMS Error & 300

56.0 N (12.6 Ibs) & 40.4% T
c
. (1] 1

Overall explained = 2% © Anterior

variance = 29.2% 5 © Posterior
% 200 o Superior
£ © Inferior
E A Lateral
o 150 & Medial
o
[}
(22}
a
“ 100

50 |
0 T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500

Measured Manual Arm Strength (N)
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|

New Assessment Tool:
The Arm Force Field (AFF) Method
to Predict Manual Arm Strength



Applied Ergonomics 59 (2017) 410—421

Contents lists available at ScienceDirect ' \
Applied
Ergonomics

Applied Ergonomics

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

The ‘Arm Force Field’ method to predict manual arm strength based @CmssMark
on only hand location and force direction - :

Nicholas J. La Delfa ¢, Jim R. Potvin >~

@ Department of Kinesiology, University of Waterloo, Waterloo, Ontario, Canada
b Department of Kinesiology, McMaster University, Hamilton, Ontario, Canada

Dr. Nick La Delfa
Assistant Professor
Ontario Tech

e vy




La Delfa & Potvin (2017)

« compiled data from 4 studies
« collected over a 12 year period
« 135 females
age range: 20 to 60 yrs
« 36 hand locations
* 6 or 26 force directions
« 536 conditions
13,460 strength trials

] 45



Hand Locations Across Studies

%6 View from %6 View from %6 View from

Right Lateral Posterior Superior
0.4 0.4 O % %D

. 8 o@
0.2 0.2 @ @§O
il O 1) O
— O
0.2 -0.2
0.4 0.4
-0.6 -0.6 -0.6
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.6 0.4 0.2 0 0.2 0.4 0.6 0.6 0.4 0.2 0 0.2 0.4 0.6

AR



La Delfa & Potvin (2017)

ANN predicts manual arm strength in Og
« relative to axis system defined at the shoulder

gravity effects added after . o
e can enter arm posture (Or)
» oritis predicted

Lateral
Lateral

Axes s Rt /- / p

» create axis system at shoulders w .

Right Left

Anterior

Inputs (Forward)
* hand location relative to shoulder
« force direction in global frame

Ll AT



The Arm Force Field: Predicting MAS

La Delfa & Potvin (2016)

« Atrtificial Neural Network (ANN)
* 3 hand location coordinates
» 3 force directions
« produced 18 inputs

Hand Location Force Direction

Inputs
Up P
Lateral
Hidden
Layer
Anterior
Hand Location
(Up, Lat, Ant)
Force Direction Output (MAS) ( 4

(Up, Lat, Ant)

] 48




Results: Manual Arm Strength La Defa & Potvin (2016)

Anterior Anterior
250 T 250 T
Shoulder 90° Umb 0°
200 T Anterior- Anterior- 200 T Anterior-

Anterior-
Lateral

Medial Lateral Medial

150 1

s Inferior = 108.8 N
Superior = 1154 N

1 -
00 Inferior = 96.4 N

T ‘ i Superior = 720N
c Lateral Medial t t

Medial V t \] t t t i Lateral
h N |
™=, e e *|nferior “
== Horizontal
= = *Superior
Posterior- Posterior- Posterior- Posterior-
Medial 1 Lateral Medial 1 Lateral

Posterior

Posterior

memmmnmmi Syperior (up) forces combined with horizontal directions

== == == == |nferior (down) forces combined with horizontal directions

Ll AQ



AFF vs 3BDSSPP: Errors

La Delfa & Potvin (2017)

250

20| Overall: RMSD = 6.4 N

150 +

100 +

ANN Predicted Strength (N)

%01 O Development Data (n=456)

r*2=0.970, RMSD = 5.21 N

@ Test Data (n=80)
r"2=0.842, RMSD = 13.13 N

0 50 100 150 200 250
Measured Strength (N)

R0



AFF vs 3BDSSPP: Errors

La Delfa & Potvin (2017) 3DSSPP 7.1

500 °
450 - o
Overall: RMSD =6.4 N Overall: RMSD =56.0 N
= 0.65 kg Z400 | = 5.7 kg
s
=) o
c
® 350 -
n o ®
E
< 300 |
I ° 5
2 )
s < 250 o @ Anterior
S 00 © o Posterior
- 2 200 oo d o Superior
200 £ 1 % ° < Inferior
= A ° E A A Alateral
z d o %) .
B 150 a8 2% Q. 150 4 A o o 4 Medial
g Iy . o O @ O
: & 2 N
3 . . o 6’@0 °
5100 & N ™ 100 J R
z < 3 . o
oo .t ® 50
s0 oDevel t Data (n=456) ] . . .
2 0370, RUSD <521 N Error is 8.8 times higher than AFF
@ Test Data (n=80)
rr2=0.842, RMSD = 13.13 N
0 0 T T T T T T T T T T
0 50 100 160 20 260 0 50 100 150 200 250 300 350 400 450 500

Measured Strength (N)

Measured Manual Arm Strength (N)
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The AFF:
In Jack

5

2

2

Input
Human: |hurman0
% Capable: 75 ::j
Maximum Acceptable Exertion (MAE)
Compute MAE
Frequency: |1.0 ::ﬂeﬁortsfmin

Duration:  |1.0 :asecondsfeffort

Results
Left Right

Maximum acceptable strength 22601 156.84N

Actual load applied to figure 0101

Percent capable

Maximum acceptable exertion

Compute

Usage Dismiss




The AFF:

In Process

Simulate

‘

' [)T £33 Envelope Setup Tﬁe E @ =, Kinect ..,

Posture Recorder ..,

ip Vision Analysis Tracking
ope Envelope Tools ~ Setup~
Analyze Ergonomics

Mation Capture

Jack

Active Human

e o@-m-

Arm Strength Evaluation (Arm Force Field)-Jack

—Manual arm strength

Percent capable: 7h H %

Arm strength for this scenario is:
Left: Right:

253.39| I 192.14

Percent capable: 99.88 I 98.53

M N
Current load: 50.00 N I 100,00 M
% %o

r~Maximum acceptable force (MAF)

Frequency: |1 efforts/minute
Duration: 1 seconds/efforts

[~ Compute MAF based on effort frequency and duration

Maximum acceptable force:
Left: Right:

-: N '-+N

Update Results I

Close

D CoTTTTaTSTSTSTSSS L SSSheeeeTeeTEeEELLLLLLSSS——————_—




The AFF: .

n

antos

Viewport

Camera: | CsCamera ~ (% @ ® | Snapping: | Off

Gender: Male ~
Weight: 78159 N
Height: 1819 CM

Inputs

Cycle Time: @)

Frequency: @
Duration Range: @

Maximum Acceptable Effort (+): g

Enter Applied Force Magnitudes

Left Am
~!| | csPointLoad1 ~

Right Am

CsPointLoad v N

Apply Forces

Estimate Percent Capable

Estimate Maximum Acceptable Forces
Pct Capable: |75

Left Am (%capable): 80.5

Farce Applied: 200.000 N

Right Am (%capable}: 79

Force Applied: 200000 N

Left Am (N) 2134 Right Am {N) ~ 208.4

MNormal | Edit

[] Write to File Estimate Am Force

54




|

New Assessment Tool:
Above-Shoulder Model
& Assessment Tool

David Rempel & Jim R. Potvin
DRAFT: Under Review



_ -aCromLion

(e

Above-Shoulder Work Subacromial

impingement Sburse : N ™
" suprasplnatus -

Supraspinatus

Above-shoulder risk factors lesion
* hand above the shoulder Biceps
. (long head)
» forceful hand exertions
* shoulder load

« Supraspinatus tendon tears
* repeated forceful impingement of the tendon
* glenohumeral rotation
» deltoid fatigue
« degenerative changes to the tendon

Subscapularis
lesion

Scalenus medius

Scalenus anterior

 Bursitis

« Thoracic Outlet Syndrome

/
Neurovascular
bundle

* No Ergonomic Tools to specifically assess the risk of S s
work above the shoulder Subclavien artry

Subclavian vein

Pectoralis minor

] 56




Shoulder Rhythm & Subacromial Impingement

Subacromial

Subacromial
impingement

Supraspinatus
lesion

esion

Bloomsbury Osteapathy

] 57




Model Development: Flowchart

HT

I
nputs Humero- Gleno- Subacromial
Hand Location —-»| thoracic » humeral » Impingement
Angle Angle Scale Factor
.| Manual Arm Out_put:
T - Strength > Maximum
Force Direction > (251 Percentile) Ac:eptable
orce
.| Maximum Acceptable Effort
Duty Cycle " Fatigue Scale Factor

D ST D TSShShShh——————ETETETETETETEGELELELLSS—————



Model Development: Hand Location Matrix

Lateral View Superior View
AP

Inputs

< P
.| Manual Arm
» — | Strength
A Force Direction *| (25" Percentile)

Duty Cycle Maximum Acceptable Effort
y oy e Fatigue Scale Factor

Humero- Gleno- Subacromial
Hand Location |L thoracic % humeral —» Impingement

Angle Angle Scale Factor

calculate Hum:erothoracic
(HT) angle

- Anterior (AP): 0.1 to 0.5 m (by 0.1 M)

- Superior (Sl): 0.0 to 0.5 m (by 0.1)

- Mediolateral (ML): -0.2 medial to 0.4 m lateral (by 0.2)
n=120

Limit reach t0 0.20 to 0.55 m (n =77)

50t female segment lengths

assume the plane of
shoulder/elbow/knuckle
is vertical

Output:
Maximum
Acceptable
Force

D TS D SSShShhhEEETETETETETELL——




Model Development: Scapulohumeral Rhythm

Inputs

Hand Location I—

A\ 4

Humero- Gleno-

thoracic —» humeral % Impingement—

Angle Angle

Subacromial

Scale Factor

Manual Arm

vy

Strength

Force Direction

(25t Percentile)

Duty Cycle

| Maximum Acceptable Effort
i Fatigue Scale Factor

140

120

-
[=]
o

80

60

40

Glenohumeral Rotation (deg)

20

-8-Kon et al. (2008): Mean Active ABduction with 0 & 3 kg
-o-Ludewig et al. (2009): Mean Active AB & ADduction
-A-Matsuki et al. (2011) Mean Active, Dominant AB & ADduction
-e-Lee et al. (2020) Mean of Active AB & ADduction

-e-Mean Glenohumeral Angle

Output:
Maximum
Acceptable
Force

20 40 60 80 100 120

Humerothoracic Rotation (deg)

140



Model Development: Subacromial Impingement

Absolute Pressures - Yamamoto et al (2010)

Contact between the coracoacromial arch and the rotator 0.14
cuff tendons in nonpathologic situations: A cadaveric
study
Nobuyuki Yamamoto, MD?, Takayuki Muraki, PhD?, John W. Sperling, MD", 0 12
Scott P. Steinmann, MD®, Eiji Itoi, MD¢, Robert H. Cofield, MD®, Kai-Nan An, PhD** .
|
1
© 0.10 |
o :
= |
o :
- 0-08 :
[7)] 1
(7)) 1
Q 1
& :
T 0.06 :
1
£ :
c ! i
1 !
S 0.04 A T
. 1 1
1 60 to 90 deg :
! :
1 1
Inputs H Gl Sub. ial I :
umero- eno- ubacromia - H H 1 H
Hand Location 1| traae. || rumorat |- tmncomont 0.02 -@ Coracoacromial Ligament - Flexion :
Angle Angle Scale Factor : 1
1 1
Manual Arm M‘Jal;:;u:m : i
Force Direction > (25t§g:?3;:me) Ac;i?(tzzble 0_00 T T T T T T : T T T : T |
0 10 20 30 40 50 60 70 80 90 100
IE | Maximum Acceptable Effort
Ly vee " Fatigue Scale Factor Glenohumeral Angle (deg)
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Model Development: AFF Manual Arm Strength

Superior
ML =-0.2 m (Medial) ML=0m ML = +0.2 m (Lateral ML =+0.4 m
AP>| 0.1 0.2 | 0.3 | 04 | 05 01 ] 02 ]| 03| 0405 01 ] 02 ]| 03] 0405 01|02 ] 03] 0405
0.5 | 985 104.2(101.5 101.7
04 | 44.4 | 52.7 | 66.0 59.6 | 53.7 | 52.3 66.7 | 58.9 | 54.2
sI 0.3 | 489 | 57.2|57.7[66.4 54.8 | 63.1 [ 56.4 | 55.0 67.9 | 65.8 [ 52.9 | 49.8 72.5 | 62.9
0.2 | 448 [ 59.9 | 59.3 | 54.2 45.8 | 60.6 | 65.5 [ 514 | 47.7 59.2 [ 65.5 | 60.2 | 49.0 80.5 [ 70.6 | 50.8
0.1 57.8 | 62.4 | 63.7 | 49.9 | 45.2 54.1 | 67.8 | 50.5 | 45.8 58.5 [ 59.5 | 64.2 | 47.5 | 46.9 101.1[ 82.1 | 56.7
0.0 [ 71.0 | 69.9 | 68.6 | 50.6 [ 43.2 59.2 | 68.4 | 48.6 | 43.2 58.5 [ 57.4 | 64.7 | 46.6 | 43.2 102.5( 89.8 | 62.0
Anterior
ML =-0.2 m (Medial) ML=0m ML = +0.2 m (Lateral ML =+0.4 m
AP>| 041 02 | 03 ) 04 |05 0102 )03 ([ 04] 05 011102 ) 03[ 04] 05 011102 ) 03[ 04] 05
0.5 [ 701 58.0 | 80.0 51.0
04 | 69.7 [ 68.0 | 79.1 71.6 [ 64.8 | 69.5 61.5 [ 58.0 | 64.7
s 0.3 [ 828 [ 71.8 |69.6 | 82.8 75.6 [ 721 |1 65.7 | 72.8 679 [ 63.5 ]| 61.3 [ 70.9 60.4 [ 53.6
0.2 | 85.8 | 75.7 | 64.9 [ 69.1 62.4 | 69.4 [ 64.6 | 61.5 | 68.2 62.7 | 65.9 | 62.1 | 64.5 78.1 | 63.9 [ 56.7
0.1 | 97.0 | 83.4 | 69.3 [ 65.3 | 73.6 64.7 | 68.5 | 58.9 | 59.4 69.4 | 71.0 [ 69.2 | 65.9 | 70.3 114.5]| 84.9 [ 65.5
0.0 | 1084 | 98.7 | 82.8 [ 73.7 | 77.4 80.3 | 84.7 | 68.8 | 59.6 91.2 |1 87.7 [ 83.3 [ 75.5 | 74.8 132.3]1105.8[ 79.2
Inputs -
Humero- Gleno- Subacromial
| Hand Location I »| thoracic » humeral » Impingement
Angle Angle Scale Factor
AP Manual Arm Ou?put:
4 R | Strength > sl (]
i|\/||_ | Force Direction | (25% Percentile) Acceptable
Force

Duty Cycle

62

Maximum Acceptable Effort

Fatigue Scale Factor




Recommended Above-Shoulder Acceptable Forces

Recommended Anterior Maximum Forces (N)

ML = -0.2 m (Medial)

ML=0m

ML = +0.2 m (Lateral)

ML =+0.4 m

AP >

01 ] 02]03([04]05

01| 02]03([04]05

01/ 02]03[04]05

01 ] 02| 03

Sl

0.5

0.4

0.3

0.2

0.1

0.0

redacted
(for now)

1= 1

Recommended Superior Maximum Forces (N)

ML = -0.2 m (Medial)

ML =0m

ML =+0.2 m (Lateral)

ML =+0.4 m

AP >

01 /02 [03][04]05

01 /02 ] 03[04]05

01/ 02]03][04]05

01| 02] 03

Sl

0.5

0.4

0.3

0.2

0.1

0.0

Inputs

| Hand Location I

| Force Direction |

Humero- Gleno- Subacromial
» thoracic » humeral » Impingement
Angle Angle Scale Factor
.| Manual Arm Mc;l;t"‘:‘ul:m
| 4 Strength >
"| (25" Percentile) Ac;irr):::ble

.| Maximum Acceptable Effort

Duty Cycle

Fatigue Scale Factor

63




Maximum Acceptable Effort (%)

Correct for Duty Cycle: MAE Equation or TLV

Inputs Humero- Gleno- Subacromial
Hand Location »| thoracic —» humeral —» Impingement
Angle Angle Scale Factor
Output:
Manual Arm A
> Maximum
10 Table Value Force Direction > (zsffg:?c?;:tile) Acceptable
for Single Effort I Force
Maximum Acceptable Effort
90 Duty Cycle Fatigue Scale Factor

Predicting Maximum Acceptable Efforts
for Repetitive Tasks: An Equation s0%
Based on Duty Cycle

80

70
Jim R. Potvin, McMaster University, Hamilton, Ontario, Canada

60

Based on the Documentation of the

MVC =-0.143 * In(DC) + 0.066 ‘
R?=0.85 = ‘ for Chomical Substances

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

50 : gavnyslul Agents
v % ice
40 30% -
e L o N * &
20% r'3 -
. 0% ‘ i i
20 able Val, & |
acc ue 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
°Unt scaled

10 Or dug fo Duty Cycle
0 T T T T T T T T T T T T T T T T T T T '

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

Duty Cycle (Percent)




Summary

* Forthe 21 years from 1991 to 2012
« very few new ergonomics assessment tools were introduced

« Ergonomists became dependent on their familiar tools
e« easytouse

* however, many older tools may not be valid
* The Liberty Mutual MMH Equations should replace the Revised NLE
» adds pushes, pulls & carries
«  The Arm Force Field should replace the methods currently used in digital human models like 3DSSPP

« There is a future need for:
* more validation studies

* new assessment tools
* eg. the Above-Shoulder Tool

« we must look beyond biomechanics A
* ie. tools to assess peak demand (with peak capacity)
* more tools needed that combine the risks of multiple tasks (eg. RCRA by Gibson & Potvin, 2016)

» decreased capacity
» muscle fatigue & cumulative passive tissue damage
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Thank You!

jim.potvin@amail.com

Link to Cloud Folder with Ergonomics Tools



mailto:jim.potvin@gmail.com
https://bit.ly/3pYRJwn

