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• 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

• Ease of use vs validity??
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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)

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

• A Method to Assess Above-Shoulder Work
• Rempel & Potvin (in review)
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Challenging the Validity of the
Revised NIOSH Lifting Equation
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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)
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Garg et al (1978)

Criteria for Acceptable Loads

NIOSH = 3400 N

(Chaffin & Andersson, 1991)

Biomechanics Criterion Psychophysics Criterion 
(Snook & Ciriello, 1991)

Physiology
Criterion 
(Garg et al, 1978)
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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 0.82 + ( 4.5 / 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)     (at A > 135 deg, A-mult = 0)

C-multiplier - coupling quality V<75 V≥75
Good (handles) 1.00 1.00
Fair 0.95 1.00
Poor (no handles) 0.90 0.90

Revised NIOSH Lifting Equation

Horizontal 
Distance (H)

Displacement
(D)

Vertical
Height
(VORIGIN)

(VDEST)

A

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)

• Physiology Criterion
• use Garg Equations to determine loads resulting in 

• 3.1 kcal/min (V ≤ 75 cm)
• 2.2 kcal/min (V > 75 cm)

• Composite Acceptable Load (CAL)
• most conservative (lowest) of:

• Psychophysics Criterion
• Biomechanics Criterion
• Physiology Criterion
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Composite Acceptable Load (CAL): Potvin (2014)

Compression 
= 3400 N

Snook =
75% Capable

Garg = 3.1 kcal/min (V ≤ 75 cm)
= 2.2 kcal/min (V > 75 cm)

Range V D Width H 0.002 0.033 0.2 0.5 1 4.3 6.7 12
128.0 76 75 57.5 10 8 8 8 7 5.4 2.8 0.6
140.5 51 75 57.5 11 9 9 9 8 7.8 4.1 1.1
153.5 25 75 57.5 12 10 9 9 9 8 7 2.9
128.0 76 49 44.5 11 9 8 8 8 5.4 2.8 0.6
140.5 51 49 44.5 12 10 9 9 9 7.8 4.1 1.1
153.5 25 49 44.5 13 11 10 10 9 8 7 2.9
128.0 76 34 37.0 13 11 10 10 9 5.4 2.8 0.6
140.5 51 34 37.0 14 12 11 11 11 7.8 4.1 1.1
153.5 25 34 37.0 16 14 12 12 12 9 8 2.9

66.0 76 75 57.5 12.3 12 11 11 10 8 4.6 1.3
78.5 51 75 57.5 12.8 12.8 12 12 11 9 5.2 2.2
91.5 25 75 57.5 14.0 14 13 13 12 9 8 5.8
66.0 76 49 44.5 14 12 11 11 10 8 4.6 1.3
78.5 51 49 44.5 15 13 12 12 11 9 5.2 2.2
91.5 25 49 44.5 17 14 13 13 12 9 8 5.8
66.0 76 34 37.0 15 13 12 12 11 8.8 4.6 1.3
78.5 51 34 37.0 17 14 13 13 12 9.0 5.2 2.2
91.5 25 34 37.0 18 16 14 14 13 11 10 5.8

0.0 76 75 62.5 10.9 10.9 10 10 9 9 2.5 0.0
12.5 51 75 62.5 11.0 11.0 11 11 10 9 7.5 0.0
25.5 25 75 57.5 11.0 11.0 11.0 11.0 11 11 10 0.0

0.0 76 49 49.5 13.6 12 10 10 10 9 2.5 0.0
12.5 51 49 49.5 13.7 13.7 12 12 11 9 7.5 0.0
25.5 25 49 44.5 13.8 13.8 13 12 12 11 10 0.0

0.0 76 34 42.0 15.7 14 13 13 12 11 2.5 0.0
12.5 51 34 42.0 15.8 15.8 15 15 14 12 7.5 0.0
25.5 25 34 37.0 16.0 16.0 15 15 14 13 12 0.0

S-R

K-S

F-K

Frequency (Lifts/min)

H = 20 + Width / 2
H = 25 + Width / 2

Shoulder
to

Arm Reach

Knuckle
to

Shoulder

Floor
to

Knuckle
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Frequency (Lifts/min) 

Biomechanical Criterion 

Psychophysical Criterion 

Physiological Criterion 

NIOSH RWL 

Composite Acceptable Load 

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

Example: 

Range V D Width H 0.002 0.033 0.2 0.5 1 4.3 6.7 12
128.0 76 75 57.5 10 8 8 8 7 5.4 2.8 0.6
140.5 51 75 57.5 11 9 9 9 8 7.8 4.1 1.1
153.5 25 75 57.5 12 10 9 9 9 8 7 2.9
128.0 76 49 44.5 11 9 8 8 8 5.4 2.8 0.6
140.5 51 49 44.5 12 10 9 9 9 7.8 4.1 1.1
153.5 25 49 44.5 13 11 10 10 9 8 7 2.9
128.0 76 34 37.0 13 11 10 10 9 5.4 2.8 0.6
140.5 51 34 37.0 14 12 11 11 11 7.8 4.1 1.1
153.5 25 34 37.0 16 14 12 12 12 9 8 2.9

66.0 76 75 57.5 12.3 12 11 11 10 8 4.6 1.3
78.5 51 75 57.5 12.8 12.8 12 12 11 9 5.2 2.2
91.5 25 75 57.5 14.0 14 13 13 12 9 8 5.8
66.0 76 49 44.5 14 12 11 11 10 8 4.6 1.3
78.5 51 49 44.5 15 13 12 12 11 9 5.2 2.2
91.5 25 49 44.5 17 14 13 13 12 9 8 5.8
66.0 76 34 37.0 15 13 12 12 11 8.8 4.6 1.3
78.5 51 34 37.0 17 14 13 13 12 9.0 5.2 2.2
91.5 25 34 37.0 18 16 14 14 13 11 10 5.8

0.0 76 75 62.5 10.9 10.9 10 10 9 9 2.5 0.0
12.5 51 75 62.5 11.0 11.0 11 11 10 9 7.5 0.0
25.5 25 75 57.5 11.0 11.0 11.0 11.0 11 11 10 0.0

0.0 76 49 49.5 13.6 12 10 10 10 9 2.5 0.0
12.5 51 49 49.5 13.7 13.7 12 12 11 9 7.5 0.0
25.5 25 49 44.5 13.8 13.8 13 12 12 11 10 0.0

0.0 76 34 42.0 15.7 14 13 13 12 11 2.5 0.0
12.5 51 34 42.0 15.8 15.8 15 15 14 12 7.5 0.0
25.5 25 34 37.0 16.0 16.0 15 15 14 13 12 0.0

S-R

K-S

F-K

Frequency (Lifts/min)
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RNLE RWLs for Liberty Mutual Female Lift Table Conditions

Range V D Width H 0.002 0.033 0.2 0.5 1 4.3 6.7 12
128.0 76 75 57.5 7.2 7.2 6.1 5.8 5.4 3.0 1.7 0.0
140.5 51 75 57.5 7.4 7.4 6.3 6.0 5.5 3.1 1.7 0.0
153.5 25 75 57.5 7.7 7.7 6.6 6.3 5.8 3.3 1.8 0.0
128.0 76 49 44.5 9.3 9.3 7.9 7.5 7.0 3.9 2.2 0.0
140.5 51 49 44.5 9.5 9.5 8.1 7.7 7.1 4.0 2.3 0.0
153.5 25 49 44.5 10.0 10.0 8.5 8.1 7.5 4.2 2.4 0.0
128.0 76 34 37.0 11.2 11.2 9.5 9.1 8.4 4.7 2.7 0.0
140.5 51 34 37.0 11.4 11.4 9.7 9.3 8.6 4.8 2.7 0.0
153.5 25 34 37.0 12.0 12.0 10.2 9.7 9.0 5.1 2.8 0.0

66.0 76 75 57.5 8.7 8.7 7.4 7.1 6.5 3.7 2.1 0.0
78.5 51 75 57.5 9.0 9.0 7.7 7.3 6.8 3.8 2.1 0.0
91.5 25 75 57.5 9.5 9.5 8.1 7.7 7.1 4.0 2.3 0.0
66.0 76 49 44.5 11.3 11.3 9.6 9.1 8.4 4.7 2.7 0.0
78.5 51 49 44.5 11.6 11.6 9.9 9.4 8.7 4.9 2.8 0.0
91.5 25 49 44.5 12.3 12.3 10.5 10.0 9.2 5.2 2.9 0.0
66.0 76 34 37.0 13.5 13.5 11.5 11.0 10.2 5.7 3.2 0.0
78.5 51 34 37.0 14.0 14.0 11.9 11.3 10.5 5.9 3.3 0.0
91.5 25 34 37.0 14.8 14.8 12.6 12.0 11.1 6.2 3.5 0.0

0.0 76 75 62.5 6.3 6.3 5.3 5.1 4.7 2.6 1.5 0.0
12.5 51 75 62.5 6.7 6.7 5.7 5.5 5.1 2.8 1.6 0.0
25.5 25 75 57.5 7.8 7.8 6.6 6.3 5.8 3.3 1.8 0.0

0.0 76 49 49.5 7.9 7.9 6.7 6.4 5.9 3.3 1.9 0.0
12.5 51 49 49.5 8.5 8.5 7.2 6.9 6.4 3.6 2.0 0.0
25.5 25 49 44.5 9.8 9.8 8.3 8.0 7.4 4.1 2.3 0.0

0.0 76 34 42.0 9.3 9.3 7.9 7.6 7.0 3.9 2.2 0.0
12.5 51 34 42.0 10.0 10.0 8.5 8.1 7.5 4.2 2.4 0.0
25.5 25 34 37.0 11.6 11.6 9.8 9.4 8.7 4.9 2.7 0.0

Frequency (Lifts/min)

S-R

K-S

F-K

Shoulder
to

Arm Reach

Knuckle
to

Shoulder

Floor
to

Knuckle
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Frequency (Lifts/min) 

Biomechanical Criterion 

Psychophysical Criterion 

Physiological Criterion 

NIOSH RWL 

Composite Acceptable Load 

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

Example: 

RNLE RWL values
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RNLE RWLs for Liberty Mutual Female Lift Table Conditions

Range V D Width H 0.002 0.033 0.2 0.5 1 4.3 6.7 12
128.0 76 75 57.5 7.2 7.2 6.1 5.8 5.4 3.0 1.7 0.0
140.5 51 75 57.5 7.4 7.4 6.3 6.0 5.5 3.1 1.7 0.0
153.5 25 75 57.5 7.7 7.7 6.6 6.3 5.8 3.3 1.8 0.0
128.0 76 49 44.5 9.3 9.3 7.9 7.5 7.0 3.9 2.2 0.0
140.5 51 49 44.5 9.5 9.5 8.1 7.7 7.1 4.0 2.3 0.0
153.5 25 49 44.5 10.0 10.0 8.5 8.1 7.5 4.2 2.4 0.0
128.0 76 34 37.0 11.2 11.2 9.5 9.1 8.4 4.7 2.7 0.0
140.5 51 34 37.0 11.4 11.4 9.7 9.3 8.6 4.8 2.7 0.0
153.5 25 34 37.0 12.0 12.0 10.2 9.7 9.0 5.1 2.8 0.0

66.0 76 75 57.5 8.7 8.7 7.4 7.1 6.5 3.7 2.1 0.0
78.5 51 75 57.5 9.0 9.0 7.7 7.3 6.8 3.8 2.1 0.0
91.5 25 75 57.5 9.5 9.5 8.1 7.7 7.1 4.0 2.3 0.0
66.0 76 49 44.5 11.3 11.3 9.6 9.1 8.4 4.7 2.7 0.0
78.5 51 49 44.5 11.6 11.6 9.9 9.4 8.7 4.9 2.8 0.0
91.5 25 49 44.5 12.3 12.3 10.5 10.0 9.2 5.2 2.9 0.0
66.0 76 34 37.0 13.5 13.5 11.5 11.0 10.2 5.7 3.2 0.0
78.5 51 34 37.0 14.0 14.0 11.9 11.3 10.5 5.9 3.3 0.0
91.5 25 34 37.0 14.8 14.8 12.6 12.0 11.1 6.2 3.5 0.0

0.0 76 75 62.5 6.3 6.3 5.3 5.1 4.7 2.6 1.5 0.0
12.5 51 75 62.5 6.7 6.7 5.7 5.5 5.1 2.8 1.6 0.0
25.5 25 75 57.5 7.8 7.8 6.6 6.3 5.8 3.3 1.8 0.0

0.0 76 49 49.5 7.9 7.9 6.7 6.4 5.9 3.3 1.9 0.0
12.5 51 49 49.5 8.5 8.5 7.2 6.9 6.4 3.6 2.0 0.0
25.5 25 49 44.5 9.8 9.8 8.3 8.0 7.4 4.1 2.3 0.0

0.0 76 34 42.0 9.3 9.3 7.9 7.6 7.0 3.9 2.2 0.0
12.5 51 34 42.0 10.0 10.0 8.5 8.1 7.5 4.2 2.4 0.0
25.5 25 34 37.0 11.6 11.6 9.8 9.4 8.7 4.9 2.7 0.0

Frequency (Lifts/min)

S-R

K-S

F-K

Shoulder
to

Arm Reach

Knuckle
to

Shoulder

Floor
to

Knuckle

Compression 
= 3400 N

Snook =
75% Capable

Garg = 3.1 kcal/min (V ≤ 75 cm)
= 2.2 kcal/min (V > 75 cm)

Range V D Width H 0.002 0.033 0.2 0.5 1 4.3 6.7 12
128.0 76 75 57.5 10 8 8 8 7 5.4 2.8 0.6
140.5 51 75 57.5 11 9 9 9 8 7.8 4.1 1.1
153.5 25 75 57.5 12 10 9 9 9 8 7 2.9
128.0 76 49 44.5 11 9 8 8 8 5.4 2.8 0.6
140.5 51 49 44.5 12 10 9 9 9 7.8 4.1 1.1
153.5 25 49 44.5 13 11 10 10 9 8 7 2.9
128.0 76 34 37.0 13 11 10 10 9 5.4 2.8 0.6
140.5 51 34 37.0 14 12 11 11 11 7.8 4.1 1.1
153.5 25 34 37.0 16 14 12 12 12 9 8 2.9

66.0 76 75 57.5 12.3 12 11 11 10 8 4.6 1.3
78.5 51 75 57.5 12.8 12.8 12 12 11 9 5.2 2.2
91.5 25 75 57.5 14.0 14 13 13 12 9 8 5.8
66.0 76 49 44.5 14 12 11 11 10 8 4.6 1.3
78.5 51 49 44.5 15 13 12 12 11 9 5.2 2.2
91.5 25 49 44.5 17 14 13 13 12 9 8 5.8
66.0 76 34 37.0 15 13 12 12 11 8.8 4.6 1.3
78.5 51 34 37.0 17 14 13 13 12 9.0 5.2 2.2
91.5 25 34 37.0 18 16 14 14 13 11 10 5.8

0.0 76 75 62.5 10.9 10.9 10 10 9 9 2.5 0.0
12.5 51 75 62.5 11.0 11.0 11 11 10 9 7.5 0.0
25.5 25 75 57.5 11.0 11.0 11.0 11.0 11 11 10 0.0

0.0 76 49 49.5 13.6 12 10 10 10 9 2.5 0.0
12.5 51 49 49.5 13.7 13.7 12 12 11 9 7.5 0.0
25.5 25 49 44.5 13.8 13.8 13 12 12 11 10 0.0

0.0 76 34 42.0 15.7 14 13 13 12 11 2.5 0.0
12.5 51 34 42.0 15.8 15.8 15 15 14 12 7.5 0.0
25.5 25 34 37.0 16.0 16.0 15 15 14 13 12 0.0

S-R

K-S

F-K

Frequency (Lifts/min)

H = 20 + Width / 2
H = 25 + Width / 2

Shoulder
to

Arm Reach

Knuckle
to

Shoulder

Floor
to

Knuckle

Composite Acceptable Load
for Snook & Ciriello (1991) Conditions

RWL 
for Snook & Ciriello (1991) Conditions
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CAL vs RNLE RWL

RMS Error = 3.8 kg (8.4 lbs)
Mean Error = -3.30 kg (-7.3 lbs)

Explained variance = 78%

~95% of females would be capable 
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
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RNLE Lifting Index vs Risk: Fox et al (2019)

Lifting Index Risk Recommended Actions

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

1.0 < LI ≤ 1.5 Low Pay attention to low frequency/high load conditions and extreme or 
static posturesh. Consider efforts to lower the LI

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

2.0 < 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
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New Assessment Tool:
The Liberty Mutual

Manual Materials Handling
Equations
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Liberty Mutual MMH Research: 1971 to 1991

Stover Snook

1
Snook 
(1971)

Task Particpants 28
Conditions 9
Box Widths M
Ranges FK, KS, SR
Distances per effort (m) 0.51
Frequencies (per min) 1 to 6.7
Distances per min (m) 0.51 to 3.4

Lift

Distances  - Distance per minute = distance per effort x frequency. Box Widths - “S” = small (0.33 to 0.36 m), “M” = medium (0.49 m), 
“L” = large (0.75 to 0.76 m), “XL” = extra large (0.96 m), "NH" = no handles

Carry: Heights - “K” = knuckle, “E” = Elbow 

Lift & Lower: Ranges – “FK” = floor-to-knuckle, “KnE” = knee-to-elbow, “KS” = knuckle-to-shoulder, “SR” = shoulder-to-reach. 

Pull & Push: Heights – “KnE” = between knee & elbow, “K-15” = knuckle minus 15 cm, “S” = shoulder

1
Snook 
(1971)

Gender Task Particpants 28
Conditions 9
Box Widths M
Ranges FK, KS, SR
Distances per effort (m) 0.51
Frequencies (per min) 1 to 6.7
Distances per min (m) 0.51 to 3.4
Conditions 9
Box Widths M
Ranges FK, KS, SR
Distances per effort (m) 0.51
Frequencies (per min) 1 to 10
Distances per min (m) 0.51 to 5.1
Conditions 12
Heights KnE
Distances per effort (m) 2.1 to 30.5
Frequencies (per min) 0.6 to 10
Distances per min (m) 2.1 to 36.5
Conditions 3
Heights KnE
Distances per effort (m) 2.1
Frequencies (per min) 1 to 10
Distances per min (m) 2.1 to 21.3
Conditions 18
Box Widths M
Carry Heights K, E
Distances per effort (m) 2.1 to 8.5
Frequencies (per min) 1 to 10
Distances per min (m) 2.1 to 28.1

Carry

Lift

Lower

Pull

PushMale
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Liberty Mutual MMH Research: 1971 to 1991

Stover           Vincent
Snook           Ciriello 

1 2 3 4 5 6 7
Snook 
(1971)

Snook & 
Ciriello 
(1974a)

Snook & 
Ciriello 
(1974b)

Ciriello & 
Snook 
(1978)

Ciriello & 
Snook 
(1983)

Ciriello, Snook 
et al.

(1990)

Ciriello, Snook 
et al.

(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
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 0.25 to 0.76 0.25 to 0.76 0.51 0.51
Frequencies (per min) 1 to 6.7 4.3 1/day to 6.7 1/day to 12 1 to 4.3 1 to 4.3
Distances per min (m) 0.51 to 3.4 2.2 0.001 to 5.1 0.001 to 6.1 0.51 to 2.2 0.51 to 2.2
Conditions 9 16 6
Box Widths M S S
Ranges FK, KS, SR FK, KS FK, KnE, KS
Distances per effort (m) 0.51 0.51 0.51
Frequencies (per min) 1 to 10 1/day to 12 1 to 4.3
Distances per min (m) 0.51 to 5.1 0.001 to 6.1 0.51 to 2.2
Conditions 12 1 16 12 1 1
Heights KnE KnE K-15, KNE, S KnE KnE KnE
Distances per effort (m) 2.1 to 30.5 15.2 2.1 to 61.0 7.6, 30.5 7.6 15.2
Frequencies (per min) 0.6 to 10 2.4 1/day to 4 1/day to 4 1 1
Distances per min (m) 2.1 to 36.5 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
Distances per effort (m) 2.1 2.1 2.1, 7.6 15.2
Frequencies (per min) 1 to 10 1/day to 1 1 1
Distances per min (m) 2.1 to 21.3 0.004 to 2.1 2.1, 7.6 15.2
Conditions 18 1 7 1 12
Box Widths M M S S S, L, NH
Carry Heights K, E K K K K
Distances per effort (m) 2.1 to 8.5 4.3 4.3 2.1 2.1 to 7.6
Frequencies (per min) 1 to 10 6 1/day to 6 1 1 to 4.3
Distances per min (m) 2.1 to 28.1 25.6 0.01 to 25.6 2.1 2.1 to 9.1

Gender Task Particpants 15 12 12
Conditions 6 58 6
Box Widths M S, M, L S
Ranges FK, KS, SR FK, KnE, KS FK, KnE, KS
Distances per effort (m) 0.51 0.25 to 0.76 0.51
Frequencies (per min) 1 to 6.7 1/day to 12 1 to 4.3
Distances per min (m) 0.51 to 3.4 0.001 to 6.1 0.51 to 2.2
Conditions 6 16 6
Box Widths M S S
Ranges FK, KS, SR FK, KS FK, KnE, KS
Distances per effort (m) 0.51 0.51 0.51
Frequencies (per min) 1 to 10 1/day to 12 1 to 4.3
Distances per min (m) 0.51 to 5.1 0.001 to 6.1 0.51 to 2.2
Conditions 8 27 1
Heights KnE K-15, KnE, S KnE
Distances per effort (m) 2.1 to 30.5 2.1 to 61.0 7.6
Frequencies (per min) 0.5 to 5 1/day to 4 1
Distances per min (m) 2.1 to 26.1 0.016 to 36.5 7.6
Conditions 2 3 2
Heights KnE K-15, KnE, S KnE
Distances per effort (m) 2.1 2.1 2.1, 7.6
Frequencies (per min) 1 to 5 1 1
Distances per min (m) 2.1 to 10.7 2.1 2.1, 7.6
Conditions 12 7 1
Box Widths M S S
Carry Heights K, E K K
Distances per effort (m) 2.1 to 8.5 4.3 2.1
Frequencies (per min) 1 to 10 1/day to 6 1
Distances per min (m) 2.1 to 28.1 0.01 to 25.6 2.1

Female

Carry

Lift

Lower

Pull

Push

Carry

Lift

Lower

Pull

Push

Male

n = 7
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Snook 
(1971)

Snook & 
Ciriello 
(1974a)

Snook & 
Ciriello 
(1974b)

Ciriello & 
Snook 
(1978)

Ciriello & 
Snook 
(1983)

Ciriello, Snook 
et al.

(1990)

Ciriello, Snook 
et al.

(1993)

Ciriello et al.
(1999)

Ciriello
(2001)

Ciriello
(2002)

Ciriello
(2003)

Ciriello
(2004a)

Ciriello
(2004b)

Ciriello
(2005)

Ciriello
(2007a)

Ciriello
(2007b)

Ciriello
(2008)

Ciriello et al.
(2010)

Ciriello et al.
(2011)

Gender Task Particpants 28 16 15 10 10 6 6 6 8 8 14 23
Conditions 9 1 41 16 6 28 4 15 6
Box Widths M M S, M, L S, M, L S S, XL, NH L S, XL S
Ranges FK, KS, SR FK FK, KnE, KS FK, KnE, KS FK, KnE, KS FK, KnE, KS FK FK, KnE, KS FK, KS
Distances per effort (m) 0.51 0.51 0.25 to 0.76 0.25 to 0.76 0.51 0.51 0.25 to 0.76 0.51 0.51
Frequencies (per min) 1 to 6.7 4.3 1/day to 6.7 1/day to 12 1 to 4.3 1 to 4.3 4.3 1/day to 20 1 to 12
Distances per min (m) 0.51 to 3.4 2.2 0.001 to 5.1 0.001 to 6.1 0.51 to 2.2 0.51 to 2.2 1.1 to 3.3 0.001 to 10.2 0.51 to 6.1
Conditions 9 16 6 12 6
Box Widths M S S S, L S
Ranges FK, KS, SR FK, KS FK, KnE, KS FK, KS FK, KS
Distances per effort (m) 0.51 0.51 0.51 0.25 to 0.76 0.51
Frequencies (per min) 1 to 10 1/day to 12 1 to 4.3 4.3 1 to 12
Distances per min (m) 0.51 to 5.1 0.001 to 6.1 0.51 to 2.2 1.1 to 3.3 0.51 to 6.1
Conditions 12 1 16 12 1 1 2 2 2 2
Heights KnE KnE K-15, KNE, S KnE KnE KnE KnE KnE KnE KnE
Distances per effort (m) 2.1 to 30.5 15.2 2.1 to 61.0 7.6, 30.5 7.6 15.2 7.6 7.6, 15.2 7.6 7.6
Frequencies (per min) 0.6 to 10 2.4 1/day to 4 1/day to 4 1 1 1 1 1 1, 4
Distances per min (m) 2.1 to 36.5 36.5 0.004 to 36.5 0.016 to 30.5 7.6 15.2 7.6 7.6, 15.2 7.6 7.6, 30.5
Conditions 3 4 2 1 2 2
Heights KnE K-15, KnE, S KnE KnE KnE KnE
Distances per effort (m) 2.1 2.1 2.1, 7.6 15.2 7.6 to 15.2 7.6
Frequencies (per min) 1 to 10 1/day to 1 1 1 1 1, 4
Distances per min (m) 2.1 to 21.3 0.004 to 2.1 2.1, 7.6 15.2 7.6 to 15.2 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
Distances per effort (m) 2.1 to 8.5 4.3 4.3 2.1 2.1 to 7.6 4.3
Frequencies (per min) 1 to 10 6 1/day to 6 1 1 to 4.3 1, 4.3
Distances per min (m) 2.1 to 28.1 25.6 0.01 to 25.6 2.1 2.1 to 9.1 4.3, 18.3

Gender Task Particpants 15 12 12 10 11 10 10 19 24
Conditions 6 58 6 4 15 6
Box Widths M S, M, L S S, L S, L, XL S
Ranges FK, KS, SR FK, KnE, KS FK, KnE, KS FK FK, KnE, KS FK, KS
Distances per effort (m) 0.51 0.25 to 0.76 0.51 0.25 to 0.76 0.51 0.51
Frequencies (per min) 1 to 6.7 1/day to 12 1 to 4.3 4.3 1/day to 20 1 to 12
Distances per min (m) 0.51 to 3.4 0.001 to 6.1 0.51 to 2.2 1.1 to 3.3 0.001 to 10.2 0.51 to 6.1
Conditions 6 16 6 12 6
Box Widths M S S S, L S
Ranges FK, KS, SR FK, KS FK, KnE, KS FK, KS FK, KS
Distances per effort (m) 0.51 0.51 0.51 0.25 to 0.76 0.51
Frequencies (per min) 1 to 10 1/day to 12 1 to 4.3 4.3 1 to 12
Distances per min (m) 0.51 to 5.1 0.001 to 6.1 0.51 to 2.2 1.1 to 3.3 0.51 to 6.1
Conditions 8 27 1 2 2 2 2 2
Heights KnE K-15, KnE, S KnE KnE KnE KnE KnE KnE
Distances per effort (m) 2.1 to 30.5 2.1 to 61.0 7.6 7.6, 15.2 7.6 7.6 7.6 7.6
Frequencies (per min) 0.5 to 5 1/day to 4 1 1 1 0.2, 1 1 1, 4
Distances per min (m) 2.1 to 26.1 0.016 to 36.5 7.6 7.6, 15.2 7.6 1.52, 7.6 7.6 7.6, 30.5
Conditions 2 3 2 2 1 2
Heights KnE K-15, KnE, S KnE KnE KnE KnE
Distances per effort (m) 2.1 2.1 2.1, 7.6 7.6 to 15.2 2.1 7.6
Frequencies (per min) 1 to 5 1 1 1 1 1, 4
Distances per min (m) 2.1 to 10.7 2.1 2.1, 7.6 7.6 to 15.2 2.1 7.6, 30.5
Conditions 12 7 1 2 2
Box Widths M S S S S
Carry Heights K, E K K K K
Distances per effort (m) 2.1 to 8.5 4.3 2.1 2.1, 4.3 4.3
Frequencies (per min) 1 to 10 1/day to 6 1 1, 4.3 1, 4.3
Distances per min (m) 2.1 to 28.1 0.01 to 25.6 2.1 4.3, 9.1 4.3, 18.3

Female

Carry

Lift

Lower

Pull

Push

Carry

Lift

Lower

Pull

Push

Male

Liberty Mutual MMH Research: 1971 to 2011

8. Ciriello et al. (1999)
9. Ciriello (2001)
10. Ciriello (2002)
11. Ciriello (2003)
12. Ciriello (2004a)
13. Ciriello (2004b)
14. Ciriello (2005)
15. Ciriello (2007a)
16. Ciriello (2007b)
17. Ciriello (2008)
18. Ciriello et al. (2010)
19. Ciriello et al. (2011)

1. Snook (1971)
2. Snook & Ciriello (1974a)
3. Snook & Ciriello (1974b)
4. Ciriello & Snook (1978)
5. Ciriello & Snook (1983)
6. Ciriello, Snook et al. (1990)
7. Ciriello, Snook et al. (1993)
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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
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Combinations % with Data
216 25%
216 27%
216 16%
216 17%
105 25%
105 30%
105 29%
105 30%
105 6%
105 9%
105 7%
105 9%
42 52%
42 76%
894 20%
894 23%
432 26%
432 16%
420 29%
420 7%
84 64%

1,788 21.7%
1,788 18.9%

Liberty Mutual Tables
Gender Conditions Total n Mean n

Female 95 1,192 12.5
Male 126 1,510 12.0
Female 46 618 13.4
Male 49 706 14.4
Female 39 499 12.8
Male 47 788 16.8
Female 46 604 13.1
Male 48 804 16.8
Female 11 153 13.9
Male 14 226 16.1
Female 12 168 14.0
Male 14 226 16.1
Female 24 344 14.3
Male 41 718 17.5
Female 273 3,578 13.1
Male 339 4,978 14.7
Lift 221 2,702 12.2
Lower 95 1,324 13.9
Push 180 2,695 15.0
Pull 51 773 15.2
Carry 65 1,062 16.3

612 8,556 14.0
472 6,580 13.9

Conditions with MAL Values

7 Studies (1991 Tables)

Task

19 Studies (Equations)

Total 
per Gender

Totals 
per Task

Carry

Lift

Lower

Pull
Inittal

Sustained

Push
Inittal

Sustained

Conditions: 19 Studies from 1971 to 2011

+30%

Combinations Mean n
54 22.1
58 26.0
34 18.2
37 19.1
26 19.2
32 24.6
30 20.1
32 25.1
6 25.5
9 25.1
7 24.0
9 25.1
22 15.6
32 22.4
179 20.0
209 23.8
112 24.1
71 18.6
120 22.5
31 24.9
54 19.7
388 22.1
338 19.5

Unique Combinations

+15%
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Knuckle Height
73 cm

Shoulder Height
133 cm

Arm Reach
196 cm

78 cm

144 cm

214 cm

Male Female

Elbow Height
102 cm

110 cm

Knee Height
45 cm

49 cm

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

• Anthropometry
• estimated heights with ANSUR II database

• knee, knuckle height, elbow, shoulder, stature, and arm reach
• note: very close to the Liberty Mutual participant averages

• Equation Development
• input variables

• V (vertical), D (vertical or horizontal), F & H (for Lift & Lower)
• independent effects of changes in each variable on the MAL
• normalize each scale factor to 1.00
• determine the maximum/reference load for best fit
• Lifting & Lowering 

• extrapolated Box Width back to 0 m 
• based on compression limits of 3,100 N (F) & 4,000 N (M) (Jager, 2018)
• extrapolated to 2 and 3 vertical ranges
• NIOSH (2018) & Mital et al (1993)

Gordon et al. (2014)
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y = -0.0032853x2 - 0.0836856x + 0.6024365
R² = 0.8831507

0.0
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0.4

0.6
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-8 -6 -4 -2 0 2

Frequency Effect
(Normalized to 1/day)

y = -1.6537520x2 + 3.1863499x - 0.5405838
R² = 1.0000000
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1.00
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Vertical Effect

y = 0.0001254x2 - 0.0189002x + 1.0654734
R² = 0.9662522

0.00

0.20
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0.80
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Distance Effect

y = -0.0050681x2 - 0.0758138x + 0.7171027
R² = 0.9657904

0.5

0.6

0.7

0.8

0.9

1.0

1.1

-8 -6 -4 -2 0 2

Frequency Effect
(Normalized to 1/day)

y = -1.3662388x2 + 2.7896308x - 0.4282735
R² = 1.0000000

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0.5 0.7 0.9 1.1 1.3 1.5

Vertical Effect

y = 0.0001054x2 - 0.0142700x + 1.0792832
R² = 0.9906297

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0 10 20 30 40 50 60 70

Distance Effect

Analysis Example: Scale Factors (Push & Pull Female)

Initiate

Sustain

Ln(Frequency)

Ln(Frequency)

Vertical Height (m)

Vertical Height (m)

Distance Horizontal (m)

Distance Horizontal (m)

y = -0.0032853x2 – 0.0836856x + 0.6024365
R2 = 0.8831507
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Empirical Data (x) vs New Equation (y) - Carry Male

Reference Load: Example – Carry Male

Empirical Weighted Average MAWL (kg)

LM
 M

M
H

 E
qu
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n 
Es

tim
at

e 
(k

g)The Scale Factors all had a maximum of 1.0

To predict the actual MAWL, I found the 
“Reference Load” multiplier (within 0.1 kg) 
that minimized the RMS difference between: 
the Empirical Weighted Average MAWL 
and the LM MMH Equation

RMS Difference = 3.5 kg
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Empirical MAL Weighted Average (kg) 

Lift-Male (n = 58)
Lower-Male (n = 37)
Push-Initial-Male (n = 32)
Push-Sustained-Male (n = 32)
Pull-Initial-Male (n = 9)
Pull-Sustained-Male (n = 9)
Carry-Male (n = 24)
Lift-Female (n = 54)
Lower-Female (n = 34)
Push-Initial-Female (n = 26)
Push-Sustained-Female (n = 30)
Pull-Initial-Female (n = 6)
Pull-Sustained-Female (n = 7)
Carry-Female (n = 19)

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

All (n = 377): r2 = 0.90

Combined 
Data

r2 = 0.90
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VBOTTOM

HORIGIN

VTOP

HDEST

DV = | VTOP – VBOTTOM | F = Frequency
minute

VRM = (VTOP + VBOTTOM)
2 

H = (HORIGIN + HDEST)
2 

H = HMAX

Inputs: Lift & Lower Equations 
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Lift & Lower: Female

 

 

3.1.  Lift and Lower equations 
MAL	 = 	RL	[(!"]	[*+,!"]	[-*!"]	[.!"] 
 
Lift - Female 

MAL = 34.9	 *1.2602 −	 0
0.76863		40.9877 +	

678
13.69 −	

678!

9.2219		*0.8199 −	
ln(=6)
7.696 3		40.6767 −	

ln(?)
12.59 −	

ln(?)!
228.29 

CV	=	0.260	
Lower - Female  

MAL = 37.0	 *1.2602 −	 0
0. 37686 		40.9877 +	 67813.69 −	

678!

9. 9221 		*0.8199 −	 ln(=6)7. 3696 		40.6767 −	 ln(?)12.59 −	
ln(?)!
228. 92  

CV	=	0.307	
Lift - Male 

MAL = 82.6	 *1.3532 −	 0
0.70793		40.7746 +	

678
1.912 −	

678!

3.2969		*0.8695 −	
ln(=6)
10.62 3		40.6259 −	

ln(?)
9.092 −	

ln(?)!
125.09 

CV	=	0.276	
Lower - Male (note: only the RL, FSF, and CV values are different from the Lift - Male equation) 

MAL = 95.9	 *1.3532 −	 0
0. 37079 		40.7746 +	 6781.912 −	

678!

3. 9296 		*0.8695 −	 ln(=6)10. 362 		40.5773 −	 ln(?)10.80 −	
ln(?)!
255.99 

CV	=	0.304	

Where:  

RL is the maximum possible (reference) load from the equations (kg), VRM is the vertical range middle (m) calculated as 
the mean of the minimum and maximum heights, DV is the distance travelled vertically each lift or lower (m), H is the 
horizontal reach distance to the handles (m), and F is the frequency per minute.  

    Constraints: 

Horizontal reach distance (H) must range from 0.20 to 0.68 m for females and 0.25 to 0.73 m for males. If H changes during 
a lift or lower, the mean H or maximum H can be used.   

Maximum vertical height of the hand is calculated as VRM + DV/2 and must not exceed arm reach for the anthropometry 
being used (e.g. 1.96 m and 2.14 m for 50th percentile females and males, respectively, Table 3).  

Distance travelled vertically (DV) per lift or lower must not be lower than 0.25 m or exceed arm reach for the anthropometry 
being used.  

Frequency (F) must range from 1 per day (i.e. 1/480 = ~0.0021/min) to 20/min.  

Mean vertical velocity is calculated as DV x F and must not exceed 11 m/min.  

  

RL = ~77 lbs

RL = ~81 lbs

HSF VRMSF DHSF FSF

VBOTTOM

HORIGIN

VTOP

HDEST

DV = | VTOP – VBOTTOM | F = Frequency
minute

VRM = (VTOP + VBOTTOM)
2 

H = (HORIGIN + HDEST)
2 

H = HMAX
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Inputs: Push & Pull Carry
Equations Equations

V

DH (Push)DH (Pull)

F = Frequency/min V

DH (Carry)

F = Frequency/min

V

DH
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Excel App Modules: Female Lift & Lower - Outputs

VO
= 0.775m

HO = 0.30 m

VD = 1.285 m 

HD = 0.46 m

DV = | 1.285 – 0.775 | 
= 0.51 m

VRM = (1.285 + 0.775)
2 

= 1.03 m

H = (0.30 + 0.46)
2 

= 0.38 m

Inputs Lift Lower
MAL (75% capable) 9.9 kg 10.1 kg

H 0.380 m
%Capable (of Actual Load) 73.6% 75.4%

VTOP 1.285 m

VBOTTOM 0.775 m RL 34.9 kg 37.0 kg
HSF 0.766 0.766

F 6 /min VRMSF 0.948 0.948

DVSF 0.907 0.907
Actual Load 10.00 kg FSF 0.520 0.520

NetSF 0.343 0.343
%Capable 75 %CapSF 0.825 0.793

         TotalSF 0.283 0.272
VRM 1.030 m

DV 0.510 m

DV/min 3.06 m/min

v1.07
Potvin, Ciriello, Snook, Maynard, Brogmus (2021)

Scale 
Factors 

(SF)

Liberty Mutual Insurance, Potvin Biomechanics Inc
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Liberty Mutual ErgoValuatorTM
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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
• 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

5. Provides task parameter scale factors to guide design

6. Versus the RNLE
• Better reflection of the RNLE criteria than the RNLE
• also includes pushes, pulls and carries
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Challenging the Validity of 3DSSPP for 
Estimating Manual Arm Strength
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Digital Human Models & Work Simulation

Unrestricted © Siemens AG (2016)
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3D Static Strength Prediction Program (3DSSPP)

CapacityDemand CapacityDemand

Demand Capacity
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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

• 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
• 360 conditions

• 15 subjects x 4 hand locations x 6 directions

Backward 
Joint Strength 

Push MAS 
Eye height 
45 deg 



Elbow: Extension

Elbow: Flexion

Shoulder: Lateral Humeral

Shoulder: Medial Humeral

Shoulder: Backward Horizontal

Shoulder: Forward Horizontal

Shoulder: Abduction

Shoulder: Adduction

EF: 120º
SV: 5º
SH: 0º

EF: 90º
SV: 5º
SH: 0º

EF: 90º
SV: 90º
SH: 0º

EF: 90º
SV: 90º
SH: 0º

EF: 90º
SV: 5º
SH: 0º

EF: 90º
SV: 90º
SH: 0º

EF: 90º
SV: 90º
SH: 60º

EF: 90º
SV: 90º
SH: 0º

Stobbe Strength
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~Eye
Height

~Umbilical
Height

~0º ~90º

~Eye
Height

~Umbilical
Height

~0º ~90º45 deg 90 deg

Manual Arm Strength: Conditions

Data Collection
• 4 Hand Locations
• 6 Force Directions
• 24 trials per participant

Data Analysis

Compare measured 
strength to that 
estimated with 
3DSSPP
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Ergonomics Software vs Measured MAS
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Posterior
Superior
Inferior
Lateral
Medial

Measured vs 3DSSPP Manual Arm Strength

Average Error 
-6.7 N (-1.5 lbs) & -2.5%

RMS Error
56.0 N (12.6 lbs) & 40.4%

Overall explained 
variance = 29.2%
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New Assessment Tool:
The Arm Force Field (AFF) Method

to Predict Manual Arm Strength
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Dr. Nick La Delfa
Assistant Professor

Ontario Tech
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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

1D

2D3D
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La Delfa & Potvin (2017)
• ANN predicts manual arm strength in 0g 

• relative to axis system defined at the shoulder

• gravity effects added after
• can enter arm posture
• or it is predicted

• Axes
• create axis system at shoulders

• Inputs
• hand location relative to shoulder
• force direction in global frame

Superior
(Up)

Anterior
(Forward)

Lateral
Right Lateral

Right
Lateral
Left

Anterior
Right

Anterior
Left

Superior
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The Arm Force Field: Predicting MAS

• Artificial Neural Network (ANN)
• 3 hand location coordinates
• 3 force directions
• produced 18 inputs

Up

Lateral

Anterior

Force Direction
(Up, Lat, Ant)

Hand Location
(Up, Lat, Ant)

Inputs

Hidden
Layer

Output (MAS)

Hand Location Force Direction

Up Lat Ant Up Lat Ant

La Delfa & Potvin (2016)
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Results: Manual Arm Strength
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Inferior = 108.8 N
Superior = 115.4 N

Inferior = 96.4 N
Superior = 72.0 N

Superior (up) forces combined with horizontal directions

Inferior (down) forces combined with horizontal directions

La Delfa & Potvin (2016)
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AFF vs 3DSSPP: Errors
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Development Data (n=456) 
r^2=0.970, RMSD = 5.21 N 

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

Overall: RMSD = 6.4 N 
= 0.65 kg

La Delfa & Potvin (2017)
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AFF vs 3DSSPP: Errors

Overall: RMSD = 6.4 N 
= 0.65 kg

La Delfa & Potvin (2017)
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Overall: RMSD = 56.0 N 
= 5.7 kg

Error is 8.8 times higher than AFF

3DSSPP 7.1
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The AFF: 
in Jack



53

The AFF: 
in Process
Simulate
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The AFF: 
in Santos
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New Assessment Tool:
Above-Shoulder Model

& Assessment Tool
David Rempel & Jim R. Potvin

DRAFT: Under Review
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• Above-shoulder risk factors
• hand above the shoulder
• forceful hand exertions
• shoulder load

• Supraspinatus tendon tears
• repeated forceful impingement of the tendon

• glenohumeral rotation
• deltoid fatigue

• degenerative changes to the tendon

• Bursitis

• Thoracic Outlet Syndrome

• No Ergonomic Tools to specifically assess the risk of 
work above the shoulder

Above-Shoulder Work
acromion

bursa

supraspinatus

hum
eru
s
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acromion

bursa

supraspinatus

hum
eru
s

Shoulder Rhythm & Subacromial Impingement

HT = 0° ST = 0° T = 0°

Subacromial
Space

HT ST GH
0 0.0 0.0
10 3.4 6.6
20 6.9 13.1
30 10.3 19.7
40 13.8 26.2
50 17.2 32.8
60 20.6 39.4
70 24.0 46.0
80 27.4 52.6
90 30.8 59.2
100 34.2 65.8
110 37.6 72.4
120 41.0 79.0
130 44.4 85.6
140 47.8 92.2
150 51.1 98.9
160 54.5 105.5
170 57.9 112.1
180 61.2 118.8
190 64.6 125.4
200 67.9 132.1
210 71.3 138.7
220 74.6 145.4

HT = 88°

ST = 28°

T = 0°

GH = 60°

HT = 130°

ST = 40°

T = 0°

GH = 90°
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Model Development: Flowchart

Hand Location
Humero-
thoracic
Angle

Gleno-
humeral
Angle

Output:
Maximum

Acceptable
Force

Inputs

Duty Cycle

Manual Arm
Strength

(25th Percentile)

Subacromial
Impingement
Scale Factor

Maximum Acceptable Effort
Fatigue Scale Factor

Force Direction

HT

ST

T = 0°

GH
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AP

SI

HT

AP

ML

Lateral View Superior View

Model Development: Hand Location Matrix

- Anterior (AP): 0.1 to 0.5 m (by 0.1 M)
- Superior (SI): 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 to 0.20 to 0.55 m  (n = 77)

50th female segment lengths

assume the plane of 
shoulder/elbow/knuckle
is vertical

calculate Humerothoracic
(HT) angle

Hand Location
Humero-
thoracic
Angle

Gleno-
humeral
Angle

Output:
Maximum

Acceptable
Force

Inputs

Duty Cycle

Manual Arm
Strength

(25th Percentile)

Subacromial
Impingement
Scale Factor

Maximum Acceptable Effort
Fatigue Scale Factor

Force Direction
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Kon et al. (2008): Mean Active ABduction with 0 & 3 kg

Ludewig et al. (2009): Mean Active AB & ADduction

Matsuki et al. (2011) Mean Active, Dominant AB & ADduction

Lee et al. (2020) Mean of Active AB & ADduction

Mean Glenohumeral Angle

Model Development: Scapulohumeral Rhythm

Humerothoracic Rotation (deg)
G

le
no

hu
m

er
al

 R
ot

at
io

n 
(d

eg
)

Hand Location
Humero-
thoracic
Angle

Gleno-
humeral
Angle

Output:
Maximum

Acceptable
Force

Inputs

Duty Cycle

Manual Arm
Strength

(25th Percentile)

Subacromial
Impingement
Scale Factor

Maximum Acceptable Effort
Fatigue Scale Factor

Force Direction

HT ST GH
0 0.0 0.0
10 3.4 6.6
20 6.9 13.1
30 10.3 19.7
40 13.8 26.2
50 17.2 32.8
60 20.6 39.4
70 24.0 46.0
80 27.4 52.6
90 30.8 59.2
100 34.2 65.8
110 37.6 72.4
120 41.0 79.0
130 44.4 85.6
140 47.8 92.2
150 51.1 98.9
160 54.5 105.5
170 57.9 112.1
180 61.2 118.8
190 64.6 125.4
200 67.9 132.1
210 71.3 138.7
220 74.6 145.4

HT = 88°

ST = 28°

T = 0°

GH = 60°
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Coracoacromial Ligament - Flexion

Model Development: Subacromial Impingement

60 to 90 deg

Glenohumeral Angle (deg)

Hand Location
Humero-
thoracic
Angle

Gleno-
humeral
Angle

Output:
Maximum

Acceptable
Force

Inputs

Duty Cycle

Manual Arm
Strength

(25th Percentile)

Subacromial
Impingement
Scale Factor

Maximum Acceptable Effort
Fatigue Scale Factor

Force Direction

HT ST GH
0 0.0 0.0
10 3.4 6.6
20 6.9 13.1
30 10.3 19.7
40 13.8 26.2
50 17.2 32.8
60 20.6 39.4
70 24.0 46.0
80 27.4 52.6
90 30.8 59.2
100 34.2 65.8
110 37.6 72.4
120 41.0 79.0
130 44.4 85.6
140 47.8 92.2
150 51.1 98.9
160 54.5 105.5
170 57.9 112.1
180 61.2 118.8
190 64.6 125.4
200 67.9 132.1
210 71.3 138.7
220 74.6 145.4

HT = 88°

ST = 28°

T = 0°

GH = 60°

HT = 0° ST = 0° T = 0°

Subacromial
Space

HT ST GH
0 0.0 0.0
10 3.4 6.6
20 6.9 13.1
30 10.3 19.7
40 13.8 26.2
50 17.2 32.8
60 20.6 39.4
70 24.0 46.0
80 27.4 52.6
90 30.8 59.2
100 34.2 65.8
110 37.6 72.4
120 41.0 79.0
130 44.4 85.6
140 47.8 92.2
150 51.1 98.9
160 54.5 105.5
170 57.9 112.1
180 61.2 118.8
190 64.6 125.4
200 67.9 132.1
210 71.3 138.7
220 74.6 145.4

HT = 88°

ST = 28°

T = 0°

GH = 60°

HT = 130°

ST = 40°

T = 0°

GH = 90°
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Model Development: AFF Manual Arm Strength
Superior

AP > 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
0.5 98.5 104.2 101.5 101.7
0.4 44.4 52.7 66.0 59.6 53.7 52.3 66.7 58.9 54.2
0.3 48.9 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 44.8 59.9 59.3 54.2 45.8 60.6 65.5 51.4 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

AP > 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
0.5 70.1 58.0 80.0 51.0
0.4 69.7 68.0 79.1 71.6 64.8 69.5 61.5 58.0 64.7
0.3 82.8 71.8 69.6 82.8 75.6 72.1 65.7 72.8 67.9 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
0.0 108.4 98.7 82.8 73.7 77.4 80.3 84.7 68.8 59.6 91.2 87.7 83.3 75.5 74.8 132.3 105.8 79.2

ML = -0.2 m (Medial) ML = 0 m ML = +0.2 m (Lateral) ML = +0.4 m

SI

ML = -0.2 m (Medial) ML = 0 m ML = +0.2 m (Lateral) ML = +0.4 m

SI

Hand Location
Humero-
thoracic
Angle

Gleno-
humeral
Angle

Output:
Maximum

Acceptable
Force

Inputs

Duty Cycle

Manual Arm
Strength

(25th Percentile)

Subacromial
Impingement
Scale Factor

Maximum Acceptable Effort
Fatigue Scale Factor

Force Direction

AP

SI

HT

AP

ML

Lateral View Superior View
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Recommended Above-Shoulder Acceptable Forces

Hand Location
Humero-
thoracic
Angle

Gleno-
humeral
Angle

Output:
Maximum

Acceptable
Force

Inputs

Duty Cycle

Manual Arm
Strength

(25th Percentile)

Subacromial
Impingement
Scale Factor

Maximum Acceptable Effort
Fatigue Scale Factor

Force Direction

AP > 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3
0.5 8.8 1.0 7.8 6.9
0.4 37.3 42.2 46.1 22.6 35.3 45.1 31.4 35.3 39.2
0.3 60.8 66.7 79.5 86.3 42.2 58.9 72.6 90.3 50.0 55.9 68.7 77.5 46.1 47.1
0.2 62.8 68.7 80.4 101.0 56.9 62.8 75.5 95.2 121.6 52.0 57.9 69.7 90.3 47.1 52.0 64.7
0.1 67.7 72.6 85.3 105.0 132.4 69.7 82.4 102.0 129.5 56.9 61.8 74.6 94.2 121.6 48.1 53.0 65.7
0.0 73.6 78.5 91.2 110.9 138.3 81.4 93.2 113.8 140.3 62.8 67.7 80.4 100.1 127.5 49.1 54.9 67.7

AP > 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3
0.5 12.8 2.0 12.8 14.7
0.4 49.1 50.0 42.2 34.3 48.1 48.1 54.9 55.9 48.1
0.3 74.6 73.6 67.7 51.0 57.9 72.6 67.7 56.9 77.5 75.5 69.7 53.0 76.5 68.7
0.2 74.6 72.6 67.7 57.9 73.6 72.6 66.7 56.9 43.2 71.6 69.7 64.7 54.9 67.7 65.7 59.8
0.1 78.5 76.5 71.6 61.8 48.1 76.5 70.6 60.8 47.1 72.6 70.6 64.7 54.9 41.2 61.8 59.8 54.0
0.0 84.4 82.4 77.5 67.7 54.0 83.4 77.5 67.7 54.0 76.5 75.5 69.7 59.8 46.1 60.8 58.9 53.0

SI

SI

Recommended Superior Maximum Forces (N)
ML = -0.2 m (Medial) ML = 0 m ML = +0.2 m (Lateral) ML = +0.4 m

Recommended Anterior Maximum Forces (N)
ML = -0.2 m (Medial) ML = 0 m ML = +0.2 m (Lateral) ML = +0.4 m

redacted
(for now)

DRAFT
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Correct for Duty Cycle: MAE Equation or TLV
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  Equation!

Bjorksten & Jonsson (1977) - fatigue within 1 hour!

Sjogaard et al (1986) - fatigue within 1 hour!

Jorgensen et al (1988) - fatigue within 1 hour!

Bystrom & Kilbom (1990) - fatigue within 1 hour!

Bystrom & Fransson-Hall (1994) - fatigue within 1 hour!

Table Value
for Single Effort

Table Value scaled to 
account for duty cycle

Objective: The objective was to develop an 
equation, for repetitive tasks, that uses frequency and/or 
duty cycle (DC) to predict maximum acceptable efforts 
(MAE) relative to maximum voluntary efforts (MVE).

Background: Ergonomists must determine ac-
ceptable physical demands for a wide variety of tasks. 
Although a large database exists in the literature for 
maximum single-effort strength, far fewer repetitive 
tasks have psychophysical and/or physiological data 
available to guide the prediction of acceptable submaxi-
mal, repeated efforts.

Method: DC represents the total effort duration 
divided by the cycle time. MAEs were calculated by 
dividing average psychophysics-based acceptable loads 
by corresponding single-effort maximum strength using 
69 values from studies of the upper extremities. The 
author developed an equation to characterize the rela-
tionship between MAE and DC.

Results: The resulting equation had DC taken to 
the exponent 0.24, and it predicted MAE very well (r2 
= 0.87%, root mean square [RMS] difference = 7.2% 
of the maximum strength). At higher DC values, the 
equation also demonstrated good agreement with the 
published physiological data.

Conclusion: The limited psychophysical database 
in the literature makes it difficult for ergonomists and 
engineers to recommend acceptable efforts for the 
large variety of repetitive tasks they evaluate. However, 
the proposed equation now allows for a correction of 
the large strength database to estimate acceptable force 
and torque limits for repetitive occupational tasks.

Application: The proposed equation will have wide 
applications for ergonomic practitioners performing 
evaluations of repetitive tasks.

Keywords: physical work, loading, models and mea-
sures, fatigue

INTRODUCTION

Ergonomists must evaluate a wide variety of 
workplace demands and compare them to 
worker capacities to establish tolerance limit 
values (TLVs). The demands are specific to the 
particular task, in terms of the postures, required 
grips and/or pinches, load distribution, force 
and/or torque requirements, and so on. We can 
often extract capacities from the literature for a 
particular population. Most often, the TLVs are 
set to be acceptable to 75% of females (25th 
percentile value), which also accommodates 
most males (Waters, Putz-Anderson, Garg, & 
Fine, 1993). In rare cases, workers perform a 
particular task once or twice a day, such that the 
recommended forces and torques can be very 
close to those recorded during single-effort, 
maximum voluntary efforts (MVEs) for the 
target population. MVEs result in maximum 
voluntary forces and/or torques that reflect the 
maximum strength for that particular condition. 
A large database exists in the literature to pro-
vide information regarding maximum strength 
for a wide variety of tasks (e.g., DiDomenico & 
Nussbaum, 2003; Greig & Wells, 2004; Mital 
& Kumar, 1998; Peebles & Norris, 2003). In 
addition, numerous ergonomics software pack-
ages incorporate existing strength data.

Although strength data can inform upper 
limits for single efforts, most occupational tasks 
require repetitive efforts over the course of a 
day. In such cases, the recommended demands 
should be lower than the maximum strength. 
For example, in auto assembly plants, the cycle 
times are usually close to 60 s, such that, even if 
the frequency of a particular effort is only one 
per cycle, the worker performs about 400 of 
these efforts each workday. It is obvious that a 
muscle, or joint, should not perform that many 
MVEs each day.

The power law in psychophysics was pre-
sented by Stevens (1957) to characterize the 
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Objective: The objective was to develop an 
equation, for repetitive tasks, that uses frequency and/or 
duty cycle (DC) to predict maximum acceptable efforts 
(MAE) relative to maximum voluntary efforts (MVE).

Background: Ergonomists must determine ac-
ceptable physical demands for a wide variety of tasks. 
Although a large database exists in the literature for 
maximum single-effort strength, far fewer repetitive 
tasks have psychophysical and/or physiological data 
available to guide the prediction of acceptable submaxi-
mal, repeated efforts.

Method: DC represents the total effort duration 
divided by the cycle time. MAEs were calculated by 
dividing average psychophysics-based acceptable loads 
by corresponding single-effort maximum strength using 
69 values from studies of the upper extremities. The 
author developed an equation to characterize the rela-
tionship between MAE and DC.

Results: The resulting equation had DC taken to 
the exponent 0.24, and it predicted MAE very well (r2 
= 0.87%, root mean square [RMS] difference = 7.2% 
of the maximum strength). At higher DC values, the 
equation also demonstrated good agreement with the 
published physiological data.

Conclusion: The limited psychophysical database 
in the literature makes it difficult for ergonomists and 
engineers to recommend acceptable efforts for the 
large variety of repetitive tasks they evaluate. However, 
the proposed equation now allows for a correction of 
the large strength database to estimate acceptable force 
and torque limits for repetitive occupational tasks.

Application: The proposed equation will have wide 
applications for ergonomic practitioners performing 
evaluations of repetitive tasks.
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INTRODUCTION

Ergonomists must evaluate a wide variety of 
workplace demands and compare them to 
worker capacities to establish tolerance limit 
values (TLVs). The demands are specific to the 
particular task, in terms of the postures, required 
grips and/or pinches, load distribution, force 
and/or torque requirements, and so on. We can 
often extract capacities from the literature for a 
particular population. Most often, the TLVs are 
set to be acceptable to 75% of females (25th 
percentile value), which also accommodates 
most males (Waters, Putz-Anderson, Garg, & 
Fine, 1993). In rare cases, workers perform a 
particular task once or twice a day, such that the 
recommended forces and torques can be very 
close to those recorded during single-effort, 
maximum voluntary efforts (MVEs) for the 
target population. MVEs result in maximum 
voluntary forces and/or torques that reflect the 
maximum strength for that particular condition. 
A large database exists in the literature to pro-
vide information regarding maximum strength 
for a wide variety of tasks (e.g., DiDomenico & 
Nussbaum, 2003; Greig & Wells, 2004; Mital 
& Kumar, 1998; Peebles & Norris, 2003). In 
addition, numerous ergonomics software pack-
ages incorporate existing strength data.

Although strength data can inform upper 
limits for single efforts, most occupational tasks 
require repetitive efforts over the course of a 
day. In such cases, the recommended demands 
should be lower than the maximum strength. 
For example, in auto assembly plants, the cycle 
times are usually close to 60 s, such that, even if 
the frequency of a particular effort is only one 
per cycle, the worker performs about 400 of 
these efforts each workday. It is obvious that a 
muscle, or joint, should not perform that many 
MVEs each day.

The power law in psychophysics was pre-
sented by Stevens (1957) to characterize the 
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Summary
• For the 21 years from 1991 to 2012

• very few new ergonomics assessment tools were introduced

• Ergonomists became dependent on their familiar tools
• easy to use
• 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
• 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

Demand Capacity
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Thank You!

jim.potvin@gmail.com

Link to Cloud Folder with Ergonomics Tools

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

