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ABSTRACT
We summarise more than 40years of Liberty Mutual psychophysical research on lifting, lower-
ing, pushing, pulling and carrying, including the 7 studies used to develop the Snook & Ciriello
tables and 12 subsequent studies. Predictive equations were developed based on 612 mean
maximum acceptable loads (MALS), representing 388 unique conditions from 123 female and
149 male participants, starting with a maximum reference load that is scaled based on fre-
quency, height, distance (vertical for lift & lower, horizontal for push, pull and carry tasks) and
horizontal reach (for lft & lower tasks). Representative coefficients of variation are provided to
allow for the calculation of MALS for any percentile. Each equation performed well and, overal,
they explained 90% of the variance in MAL values, with RMS differences of 6.7% and 4.8% of
the full range for females and males, respectively. We propose that these equations replace the
1991 Liberty Mutual Tables.

Practitioner summary: We propose predictive equations to replace the 14 manual materials
handling tables in Snook and Ciriello (1991). These equations are based on 12 more publica-
tions, matched the empirical data well, are easier to use and allow for both a wider range and
more specific inputs than the tables.

Abbreviations: ANSUR: anthropometric survey of U.S. army personnel; C: Coupling; C\
cient of variation; DH: displacement horizontal; DV: displacement vertical; F: frequency; H: hor
zontal reach; LM: Liberty Mutual Insurance; MAL: maximum  acceptable load; MMH: manual
materials_handling; RL: reference load; SF: scale factor; V: vertical height; VRM: vertical
range middle
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I Liberty Mutual MMH Research: 1971 to 1991
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I Liberty Mutual MMH Research: 1971 to 1991 I Conditions: 7 Studies from 1971 to 1991

=7
i 5 S . Conditions with MAL Values Unique Combinations Liberty Mutual Tables
= o Task [ Gender | Conditions | Totaln Mean n i Mean n ions| % with Data
| e Litt Female 70 858 19%
e — Walo 101 1,220 ¥ 25%
5 Female 1%
= Lower o (55
? Ttus s E— 105 24%
E B push [ X 105 30%
e sustamed 456 . 105 28%
[ e —s s S 3 722 105 30%
e ey T 5 75 . 105 4%
= i ull nitial 1 64 105 8%
= Sustained %9 105 %
1 164 X 105 8%
2 276 2 4 8%
By Camy w0 o 672 2 Y 42 67%
) sifpir Total 196 2,460 148 T 894 7%
= per Gender 276 4120 190 894 21%
Vinay L 171 2,078 9 I 432 22%
Femaie e Totals ’—"“"’" 59 826 5 402 |
: " Ciriello por Task Push 150 2235 1 420 26%
- Pull 33 493 2 X 420
a 59 948 4 ¥ 84 51%
7 Studies (1991 Tables) 472 6,580 X 338 X 1,788 18.9%

I Liberty Mutual MMH Research: 1971 to 2011 I Conditions: 19 Studies from 1971 to 2011

S — - i - — Conditions with MAL Values Unique Combinations Tiberty Mutual Tables
s Task [ Gender i Total n Mean n i Mean n i % with Data
m Lift Female 95 1,192 25%
Wale 126 1510 Y 27%
i 618 16%
ower 706 . 7%
- = T - 499 . 5 25%
e i = push Initial 788 105 30%
g z Sustained 604 . 105 29%
i 804 105 30%
— 153 3 105 6%
e 226 . 105 9%
sustamed 168 Y 105 7%
s = = 226 105 9%
r 344 22 a2 52%
—— Carry 718 2 . 42 76%
Total 2 578 179 X 894 20%
T Evs per Gender 339 978 209 894 23%
T 221 702 12 432 26%
o o [ e . = Totals = 2z o — -
— - i per Task 180 695 120 420 29%
3 2 51 773 31 420 1%
T : rry 65 1,062 54 . 84 64%
i : 19 Studies (Equations) 612 8,556 X 388 3 1,768 21.7%
- + 7 Studies (1991 Tables) 472 6,580 3. 338 .5 1,788 18.9%
e e - +30% +15%




I 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 Il database
»  knee, knuckle heigh, elbow, shoulder, stature, and arm reach

Equation Development
* input variables
« H, D (horizontal or vertical), F, V (origin & destination for Lifts & Lowers)
+ determine the independent effects of changes in each variable on the MAL
« normalize each relationship to have a maximum scale factor of 1.00
+ determine the maximum/reference load for best fit.

I Analysis Example: Scale Factors (push & pul Female)
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Lift & Lower
Input Variables Voest
F = Erequency

minute

VoriGIN
.

DV = | VoriGIN — VDEST |

VRM = (VoriGIN + VDEST)
2

L]
P ]
L]
L]
Ao
L]

HoriGiN Hoest

11

I Lift & Lower Equations:

The Lift and Lower equations have the form: MAL = RL [Hgg] [VRMsg] [DVsg] [Fsr]

Lift - Female
H VRM  VRM? In(DV) In(F)
MAL = 34.9 [-— -—] [0.9877 i g™ —9'221] [-— -] el B
CV=0.260
Horizontal Vertical Range Middle Vertical Displacement Frequency
Scale Factor Scale Factor Scale Factor Scale Factor

Lower - Female (note: only the RL and CV values are different from the Lift - Female equation)
MAL = 37.0 |

CV=10.307

In(F)?
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I Push & Pull Input Variables

DH (Pull) DH (Push)
————>

I Push & Pull:

The Push and Pull equations have the form: MAL = RL [Vsg] [DHgg] [Fsg]

Push or Pull - Initial - Female

v ' DH In(F) In(F)?
vt =56 I+ e~ e (- | [o7251 - 5557
CV = [l for Push - Initial - Female, CV = 0.234 for Pull - Initial - Female

Push or Pull - Sustained - Female

MAL = 25.5 | + ey [— DH’] [ ln(F) _In()?

CV = for Push - Sustained - Female, CV = 0.298 for Pull - Sustalned - Female
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I Carry Input Variables Variables

DH (Carry)

15

I Carry Equations

The Carry equations have the form: MAL = RL [Vsg]| [DHsg] [Fsg]

Carry - Female

MAL = 28.6 [-_ %] [-_%] [-_ %

cv =
Carry - Male
2
L = 74 [ ) (- o] [—- 0 - 2
cv=m
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Equations Wi

Al(n = 388): 7 =0,

Versus “
Empirical .

Mean Error = -0.2 kg (-0.2%)
RMS Error = 3.8 kg (3.9%) o
12=0.90

Data

LM MMH Equation 50th Percentile MAL (kg)

oLitMalo (1= 58)
Lower-Male (n=37)
oPush-InliaFMale (n = 32)
‘oPushSustained-Male (n = 32)
aPulLinita-Male (1 = 9)
APulSustainedMale (n =)

B Carry-Male (n = 24)
oLitFemale (n = 54)

O Lower-Female (n = 34)
oPushInitialFemale (n = 26)
oPush-Sustained-Femalo
APul-initia-Female (= 6)
4PulSustained Female (n = 7)
BCany-Female (n = 19)

Empirical MAL Weighted Average (kg)

I Example: Female Lift

« Frequency:
* F=1.0/min

« Heights
« originV=0.775m
+ destination V=1.285m

* Horizontal reach
* originH=0.30m
+ destination H=0.46 m

« The total vertical displacement would
be [1.0] [0.51] = 0.51 m/min.

Vp=1.285m
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Example: Female Lift

Frequency:
* F=6.0/min

* Heights
¢ originV=0.775m
+ destination V=1.285m

« DV=1285-0.775=0.51m
« Vertical Range Middle (VRM) = [1.285
+0.775]/2=1.03m

* Horizontal reach
« originH=0.30m
« destination H=0.46 m

« H=[030+046]/2=0.38m

« The total vertical displacement would
be [1.0] [0.51] = 0.51 m/min.

Vo
=0.775m

5
51m

85-0.775]

VRM = (1.285 + 0.775)
e

=1.03m

H =(0.30 + 0.46)
007049

=0.38m

—>
Ho=0.30m
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I App Modules: Lift & Lower

Lower

H [_0380]m

MAL (at 75% capable)

-038m F

Actual Load

%Capable

[ 3.06]mimin

%Capable (of Actual Load)

RL| [34.9kg 37.0kg

Scale Her| 0.766 0.766
Factors VRMg| | 0948 0.948
(SF) DV 0.907 0.907
[ 0.520 0.520

Nets 0.343 0.343

| %Cape| | 0825 0793

| Total| [ 0283 0272

Potvin'?, Ciriello”, Snook’, Maynard', Brogmus' (2021)
"Liberty Mutual Insurance, “Potvin Biomechanics Inc.
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I App Modules: Push & Pull I App Modules: Carry

s W initite
Initiate Sustain Initiate Sustain MAL (7% capatie) [ 145 kg |
MAL (a7s%capatle)  [17.38 kg| [8.73 kg 1711 kg] [8.64 kg v 0.770|m
v [_1.00]m Capable (of Actual Load) 70.5%
v %Capable (fAmalloat) [ 77.7% | [ 753% | [ 757% | [744% ]| DH [_4300/m
o# [5@lm
o i — L
F 6]/min RL| [36.9kg 255kg 255kg — Scale Vgr
Scale V| [ 0999 0999 0.999 Actual Load [ 15.0]kg Factors DHgr
Initial Load [ 17.0]kg Factors DHg| 0.948 0.948 SF) Fer
SF) [ 0.448 0.448 %Capable [___0.75] Net
Sustained Load [ 8.70]kg Nets 0.424 0.424 %Cap 5
%Capge| 0.856 0.807 0.799 \ m/min Total,
| 0856 | | 0799 |
%Capable Totalg| 0.471 0.342 0.339 ‘:] s
|| Potvin'2. Giello’. Snook'. Maynard”. Brog Potvin'?, Ciriello”, Snook’, Maynard', Brogmus' (2021)
o - nelo  Bnook  aynar "Liberty Mutual Insurance, 2Potvin Biomechanics Inc
Liberty Mutual Insurance, “Potvin Biomechanics Inc

A Comparison Between Measured Female Linear Arm Strengths
and Estimates from the 3D Static Strength Prediction Program (3DSSPP)

Evaluation of the Accuracy of 3DSSPP

Andrew D. Halll, Nicholas J. La Delfa2, Chris Loma3, Jim R. Potvin!*,
!Department of Kinesiology, McMaster University, Hamilton, ON
2Faculty of Health Sciences, Ontario Tech University, Oshawa, ON
3Advanced Ergonomics Studies Program, Fanshawe College, London, ON

to Estimate Manual Arm Strength

rew D. Hall, Nicholas J. La Delfa, Chris Loma, Jim R. Potvin

in review: Applied Ergonomics
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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
+ 80% reach distance
+ heights: eye & umbilicus
« rotations: 0 & 45/60 deg

* 6 MAS directions:

+ 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

« anterior, posterior, superior, inferior, medial & lateral

Backward
Joint Strength

Joint
Axis
Strength

Elbow: Extension

Shoulder: Abduction

&~ & SV: 90°

EF: 90°

SH: 60°

Shoulder: Lateral Humeral

Shoulder: Adduction

Shoulder: Forward Horizontal

Shoulder: Medial Humeral

\

~ | EF: 90° EF: 90°
B . — SV: 5° . SV: 90° SV: 90°
» 15 subjects x 4 hand locations x 6 directions SH: 0° 4 SH: 0° SH: 0°
Anterior Posterior Superior Inferior Lateral Medial . E13D55PP - Joint Locations Report
Data Analysis B s e W
mpany. Unknown Anaysts Unknoun, Dte: 1 n
@move | ik o R
the right Taskc Unitled Task-Frame O Population: roducion =
Current Anthropometry randtothe || 746 o
Vel Gender: Female, Percentle: Dta Enty, Hoight: 1602 Horzaniat: 125 | 2805
(1) enter . Lo em) . Weigt 708K Veticar 7785 | 10543
subject mass location, wrt Commen: Lateral 2561 | 4619
and edit shoulder, Locations (cm)
segment Hand Gip Cerver recorded in Ao
lengths HandWhFioges:  [166 the trals. 2 X v z
v Move the Z s
- elbowto the = &a
Upper. vertical 13804 1781
location
Factors X Joint. vl
(4) Find the force, in the =
(2) modify Open Popuiaion Fie condition’s direction, that ®~
am results in 50% capable for the Angle (Degrees) X Congonent [0
strength Reset To Defut elbow or shoulder axes. e e voomnet B
values Applied at the knuckle for . o -
anterior and wrist for all other zoomporen (155
Manual directions.
Arm Population Editor - Actual Mean - Female Factors Record force and limiting axis ] L5
Requied Popision Stengh Requred Poputsion Srengh
abowexin
Strength Vomew  Mude Wen  SD G Momen  Made Men D Cap
abow extension W) Gl (om) (em 09 (Mm  Elea (N (Nm 4
hamersi mediltation
wist FedBd 01 EXTEN 55 18 99 33 EXTEN 59 19 919
RS Unar/Radial Dev 02 RDLDEV 76 24 %99 29  ROLDEV 82 26 978
bilcal 1 = y ‘ Shouder abduction FocamRot  -00 . S0 00 N s
~umsiical WAL y
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I Measured vs 3DSSPP Manual Arm Strength

500 ° Average Error =-6.7 N (-1.5 Ibs) & -2.5%
RMS Error = 56.0 N (12.6 Ibs) & 40.4%

Overall explained variance = 29.2%

The explained variance within participants,
across the 24 conditions, ranged from 10.4% to
54.1%

Even when using the means pooled across the
15 participants for each of the 24 conditions,
° © ° the RMS error = 39.5 N & 28.6%, and the

o

3DSSPP Estimate of Manual Arm Strength (N)

o %o ° explained variance is only 42.6%
@ Anterior
©Posterior
© Superior
20
< Inferior
alateral
150 & Medial
100
50
0
0 S0 10 1 200 20 30 30 400 40 50

Measured Manual Arm Strength (N)

I Mean & RMS Errors: Absolute

0 25 strel

Mean Error (N)

RMS Error (N)

Inferior | Superior|

Umbilical Hoight Direction

3DSSPP tends to overestimate Posterior
gth, and underestimate inferior and

™
asdeg | 30deg | 45deg | 0deg | Eye [umbilical 45deg | s0deg | Antorior [Posteror] Latoral | Media | nteror | superior
Eve Umbilical Height Angie Dirsction Total
% argest error magnitudes are w o
RMS errors are relatively consistent across the 4 The ‘d’qez‘”z Tor magn l@;‘yﬁjy‘*ﬁﬂ’fg'ﬁ&’e“c\"‘_z’°
hand locations, though slightly higher for 90 deg nz perior (whil
s most commonly used)
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The Arm Force Field (AFF) Method

to Predict Manual Arm Strength

Nick La Delfa & Jim Potvin

31

Applied Ergonomics 59 (2017) 410-421

Contents lists available at ScienceDirect

Applied Ergonomics

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

Applied
Ergonomics

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

Nicholas J. La Delfa ?, Jim R. Potvin >*

4 Department of Kinesiology, University of Waterloo, Waterloo, Ontario, Canada
® Department of Kinesiology, McMaster University, Hamilton, Ontario, Canada

) -
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I Manual Arm Strength Studies

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

Superior Lateral
& 6 1Daxes
Superior  12: 2D planes
3D quadrants
26 directions
Superior
&
Posterior Lateral &
Superior &
Posterior
Lateral

Posterior

Lateral
&

Posterior

I Hand Locations

%6 View from
Right Lateral

% View from
Posterior
o
04 [eRe]
° o
oz g ® o o
4 o
o o
02
o
oo
24 oo
28
02 o 02 o4 os || es  as w2 o 02 os

05

22

4

s

View from
Superior

06 4 22 o 02 04
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I Results: Manual Arm Strength

La Delfa & Potvin (2017)
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The Arm Force Field: Predicting MAS

«  ANN predicts manual arm strength in Og

relative to axis system defined at the shoulder

« gravity effects added after

« can enter arm posture

« oritis predicted
*  Axes

« create axis system at shoulders
* Inputs

« hand location relative to shoulder

force direction in global frame

La Delfa & Potvin (2017)
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The Arm Force Field: Estimating MAS

Hand Location Force Direction

I Results: The AFF Artificial Neural Network

+  Attificial Neural Network (La Delfa & Potvin, 2017) 3DSSPP: from Hall et al (2021) s AFF: from La Delfa & Potvin (2017)
« 3 hand location coordinates (SI, LM, AP) 500 .
« force direction vector (SI, LM, AP) 9V9ra||- RMSD 450 9vera|l. RMSD
. outputs MAS Inputs 3 wof =56.0N(1261bs) o =6.4N (1.4 Ibs)
400
S
g‘ ° =350
) B
& ° o =
£ L
Lo 2
E] a
Hidden Sa o Anterior 30
% oPosterior 2
Layer H oSuperior 2o d
8200 i
£ o Inferior z o
&8 alateral Z N
g 150 4 Medial 150 -
] .,
100 100 > o Development Data (n=456)
Hand Location °, . r"2=0.970, RMSE =521 N
(S1, LM, AP) 50 50 # Test Data (n=80)
La Delfa & Potvin (2017) A r"2=0.842, RMSE = 13.13N
Force Direction ° 0 50 100 150 200 250 300 350 400 450 500 °
(S1, LM, AP) Output (MAS) ( J Measured Manual Arm Strength (N) ° 1 Measured Strangih () 400 0
Arm Strength Evaluation (Arm Force Field)-Jack x

The AFF:
in Jack

Human: [humand
% Capable: 75 3
Masimum Acceptable Exertion (MAE)

Compute MAE

Frequencyr 10 3] efforts/min

Duration: |18 %{seconds/effort

Results

Maximum acceptable strength 23,621

Actual load epplied to figure

Percent capable
Maximum acceptable exertion  5.22

Compute

Usage Dismiss

~Manual arm strength

The AFF:
in Process || m=tese = #x

Simulate
[ n [23%

Current load: so00 N [woo0 n
pecentcpable:  [s985 % [w853 %

- Maximum acceptable force (MAF)

I Compute MAF based on effort frequency and duration
Frequency: [1 effortsminute
Duration: 1 seconds/efforts

Maximum acceptable force:
Left: Right:

[« [

Updste Resuits Close
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The AFF: |5 ) I The AFF Excel App
in Santos = e Enter Applied Force Magnitudes
Left Am -
e fide V|| oot @ & | [m v - e T ) . .
; [e] CePointload] [200.00| N [ on ST R0 1] = The Arm Force Field
Weigh: 819 N || Frequency: @ o e -
Nicholas J,La Delfa & Jim R. Po
Duration Range: v SO Percentle [Body Mass (i 721 o B
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I Above-Shoulder Work

Subacromial impingement
and rotator cuff lesions
~ acroméon

Subacromial i \ N
impingement Wurs: y N\
suprasplnatus

Ergonomics Assessment Tool ——
for Above-Shoulder Work lesion

Biceps
(long head)

David Rempel, Jim R. Potvin

Subscapularis

Work in Progress loalon

Bloomsbury Osteopathy
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I Above Shoulder Tool: Manual Arm Strength

« Artificial Neural Network (ANN)
« 3 hand location coordinates (SI, LM, AP)
force direction vector (SI, LM, AP) Hand Location
«  Superior & Anterior 1
25 percentile MAS
Lateral View
AP

Superior View Inputs

INE]
i Hidden
Layer

Hand Location
(SI, LM, AP) Output (MAS)

Force Direction
(1, LM, AP)

Force Direction

I Above-Shoulder Tool: Shoulder Rhythm

Subacromial

David Rempel & Jim Potvin (2021

Manual Arm Strength
The Arm Force Field
«  Superior (Up)
« Anterior (Forward)
25t percentile

Estimate Glenohumeral Rotation from total shoulder
rotation (HT)

Estimate Sub-acromial impingement force

Establish Sub-acromial impingement force scale
factor
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I Summary

¢ The Liberty Mutual Manual Materials Handling (LM-MMH) Equations
* available soon!

« Evaluation of the Validity of DHM Software for Estimating Manual Arm
Strength
* serious concerns

* The Arm Force Field for Estimating Manual Arm Strength
 accurate alternative

< A New Tool to Assess Above-Shoulder Work
+ awork in progress
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Thank You!

Jim.Potvin@agmail.com

Link to Cloud Folder of Potvin Ergonomics Tools:
https://bit.ly/3pYRJwn




