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Abstract

In this study, the three-dimensional (3D) asymmetric maximum weight lifting is predicted using an inverse-dynamics-
based optimization method considering dynamic joint torque limits. The dynamic joint torque limits are functions of joint
angles and angular velocities, and imposed on the hip, knee, ankle, wrist, elbow, shoulder, and lumbar spine joints. The
3D model has 40 degrees of freedom (DOFs) including 34 physical revolute joints and 6 global joints. A multi-objective
optimization (MOQ) problem is solved by simultaneously maximizing box weight and minimizing the sum of joint torque
squares. A total of 12 male subjects were recruited to conduct maximum weight box lifting using squat-lifting strategy.
Finally, the predicted lifting motion, ground reaction forces, and maximum lifting weight are validated with the experi-
mental data. The prediction results agree well with the experimental data and the model’s predictive capability is demon-
strated. This is the first study that uses MOO to predict maximum lifting weight and 3D asymmetric lifting motion while
considering dynamic joint torque limits. The proposed method has the potential to prevent individuals’ risk of injury for
lifting.

Keywords
Lifting, asymmetric lifting, maximum weight lifting, inverse dynamic optimization, dynamic joint strength

Date received: 8 July 2020; accepted: 12 December 2020

Introduction lifting is a critical issue in many industrial applications.
It is necessary to determine subject-specific maximum
lifting weight and explain why these lifting related inju-
ries occur. However, it is challenging to determine the
maximum lifting weight by experiments, as it is hazar-
dous and risky for the participants.

In industrial settings, asymmetric lifting is more
common than symmetric lifting. For symmetric lifting
the center of gravity moves along the sagittal plane,
whereas for asymmetric lifting the center of gravity
moves along both the sagittal and frontal plane, and
the lateral bending moment on spine reduces the mate-
rial handling capability by 16%.® That is why there is a

Manual material handling (MMH), particularly lifting,
is one of the main reasons for work-related joint and
back injuries,1 which is the most common reason for
seeking medical care for civilians® and the military.’
Injuries associated with MMH play a significant role in
the economy. A study on workers’ compensation claims
shows that about 32% of all claims and 36% of com-
pensation costs are related to MMH.* In the United
States, the economic impact of MMH related injuries
such as low back pain and musculoskeletal disorder is
more than $100 billion per year, considering the direct
and indirect costs.” The direct costs of MMH injuries
are over $13billion in 2016 in the USA.® According to
the U.S. Bureau of Labor Statistics, health care and
social assistance, manufacturing, a.nd re;taﬂ t.rade are University, Stillwater, OK, USA
some of the most affected sectors in private industry, Department of Mechanical Engineering, Texas Tech University, Lubbock,
based on number of nonfatal occupational injuries and  TX, USA
illnesses.” The lack of knowledge and training about
proper lifting strategy, and awareness about the long- ~ Corresponding author: . o
term consequences among the industrial workers make Yujiang Xiang, School of Mechanical and Aerospace Engineering,
Oklahoma State University, 201 General Education Building, Stillwater,
them the most vulnerable persons to work related mus- ok 74078, UsA.
culoskeletal disorders. Therefore, the biomechanics of  Email: yujiang xiang@okstate.edu
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significant difference of the maximum weight predic-
tions between symmetric and asymmetric lifting tasks.

Over the past few years, many researchers conducted
lifting motion predictions. However, most of the stud-
ies focus on symmetric lifting.” ' Researches on asym-
metric lifting prediction are very few, and most of them
are based on static lifting."””> Maximum lifting weight
prediction requires the dynamic strength in joint
space.'®" In muscle space, the crossing muscles’ net
moment generating capacity is based on muscles’ acti-
vations, strength, and moment arms. Furthermore,
muscles’ strength surface (force-length—velocity) and
moment arm properties are changing with the joint
angles and angular velocities. Thus, the dynamic joint
torque limit is a function of joint angle and angular
velocity. Giindogdu et al.? studied 2D lifting prediction
considering dynamic joint torque limits. The optimiza-
tion predicted the maximum box weight, optimal lifting
motion, and total time.

The goal of this work is to build and validate a pre-
dictive 3D asymmetric maximum weight lifting model.
The maximum lifting weight, optimal lifting motion, and
lifting time duration are all predicted based on the given
box locations and the subject’s anthropometric data and
strength. The predicted results are validated with the lift-
ing experimental data (mean and standard deviations).

Method

Experiments

A total of 23 healthy male participants (20-50 years
old) were recruited for the experiments. We discarded
those incomplete data during post-processing and 15
participants’ data were valid. Because a back-lifting
approach was used for three participants these three
subjects were also discarded. The remaining 12 partici-
pants were used for this paper (age: 25.42 + 7.72 years;
height: 182.2 +3.6cm; body mass: 84.16 = 10.16kg)
and all 12 participants used the squat-lifting strategy
for heavy load. The anthropometries of these partici-
pants are shown in Table 1. The following criteria were
used for participant selection: they should be mentally
and physically sound; they should be able to perform
the scripted task, and they should not be on any medi-
cation that might hamper their performance during the
box-lifting task. In addition, these participants con-
sisted of students and university staff that did not have
explicit training in lifting or physical fitness but were
otherwise healthy and capable of performing the box-
lifting task. The Texas Tech University Institutional
Review Board approved the lab experimental protocol
and all participants signed their informed consent form.

One motion capture system with with cameras
(Vicon Motion Systems, Oxford, UK) was used to col-
lect 3D lifting motion data (100 Hz). Two force plates
(Kistler, Winterthur, Switzerland) were used to collect
ground reaction forces (GRFs) with 2000 Hz. The
Vicon plug-in Gait model was used for marker protocol

Anthropometries of subjects.

Table I.

16 19 20 21 22 23

15
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Subject #

38 44 23 20

22

28

20

Age (year)

81.47
1.83

82.64
1.84

75.98 82.28
1.77 1.78

76.48
1.78

72.21
1.85

85.09
1.84

93.62
1.79

1.81
0.8636

103.15
0.12

100.61
1.88

1.82

83.73

72.67
1.87

Weight (kg)
Height (m)

0.9144
0.108
0.074

0.9017
0.116
0.073

0.8636
0.113

0.8128
0.106
0.069

0.8636
0.111

0.9017
0.104

0.8636
0.104
0.074

0.81915
0.114
0.064

0.9144
0.124
0.061
0.06

0.8128

0.11

0.889
0.1

Leg length (m)
Knee width (m)

Ankle width (m)

0.07 0.072 0.075
0.056 0.045 0.055 0.055 0.054 0.064 0.066
0.095

0.055

0.068
0.086
0.09
0.05

0.068
0.053

0.069
0.056

Shoulder offset (m)
Elbow width (m)
Wrist width (m)

0.096
0.058 0.06

0.092
0.059

0.088
0.058

0.086
0.058

0.089
0.053

0.088
0.056

0.092
0.058

0.099
0.055
0.03
0.28

0.09
0.059

0.089
0.055
0.03

0.034 0.029 0.034 0.042 0.036 0.031 0.04
0.248 0.247

0.036

0.026

0.033

Hand thickness (m)

0.232

0.246

0.237 0.228

0.228

0.261

0.265

0.245

0.231

Inter ASIS distance (m)
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Figure I. Snapshot of 3D asymmetric lifting lab experiment.

(markers with 9 mm, spherical) and an additional two
markers were placed on the iliac crests so that a total
of 42 markers were used.”® The following anthropo-
metric parameters were measured for each participant:
leg length, ankle width, knee width, shoulder offset,
elbow width, wrist width, hand thickness, waist circum-
ference, inter-ASIS distance, height, and weight.ﬂ’22

Each subject was instructed to psychophysically
determine their maximum lifting load by gradually
increasing the load on the box (65cm X 35¢m X 15cm)
until the subject felt the load was too heavy to safely
carry. The subjects were instructed to lift the box in the
most comfortable and natural way and then to put the
box on the table. Note that the real maximum lifting
capacity was not used so that subjects could avoid
injury during the experiment, i.e., each subject had a
safety factor in determining his maximum weight.
Therefore, the maximum weight value in this paper
refers to the maximum weight a subject can safely
carry. Once the maximum weight was determined, the
lifting study was started. Because the box did not have
any handle, it was initially placed in front of the partici-
pant on top of a weight disk that was 2.54cm above
the floor to allow for a better grasp on the box. While
placing one foot on each force plate, the subject per-
formed three trials of the lifting task that the partici-
pant lifted the box from the weight disk and set it
down on a 1-m-tall table to their right, that is, an asym-
metric lifting, shown in Figure 1. Between any two
adjacent trials the participant took a 5 min break.

After data collection were done, data post process-
ing was conducted in Vicon® software. Marker data

Figure 2. 3D skeletal model with 40 DOFs.

were labelled, smoothed, and finally converted into a
C3D file, which could be input into Visual 3D® soft-
ware (C-Motion, Inc., Germantown, MD, USA). In
Visual 3D, each participant’s raw kinematic data and
measured anthropometries were used to create hybrid
models for 15 segments: CODA pelvis, trunk, thigh
(bilateral), shank (bilateral) foot (bilateral), head, hand
(bilateral), forearm (bilateral), and upper arm (bilat-
eral). The kinematic and kinetic data were filtered using
a Butterworth filter with cutoff frequencies of 6 and
25 Hz, respectively. Kinematic and kinetic data process-
ing was conducted to extract the following variables:
bilateral ankle flexion, bilateral knee flexion, bilateral
hip flexion, spine flexion and rotation, bilateral elbow
flexion, and bilateral vertical GRFs.

Human model and equations of motion

A 3D human skeletal model is used for predicting
asymmetric maximum weight lifting motion. The model
has 40 degrees of freedom (DOFs) which are repre-
sented as q = [z} 22 z3.....z40] in Denavit-Hartenberg
(DH) representations™ as shown in Figure 2. The
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model consists of one global branch and five physical
branches. The global branch contains six DOFs among
which three are global translations [z;, z, z3] and the
other three are global rotations [z, zs ze]. The global
translations move the model from the origin to the cur-
rent location in the Cartesian coordinate system, and
the center of global rotations is at the pelvis. The physi-
cal branch includes the spine, left arm, right arm, left
leg, and right leg. The spine contains two joints, and
each joint has three DOFs ([z7, s, 7o), [Z10, Z11, Z12])- The
arms and legs are considered symmetric with respect to
the sagittal plane of the spatial model. Each arm has
three parts: upper arm, forearm, and hand. There are
three DOFs for shoulder, two DOFs for elbow, and
two DOFs for wrist. Each leg contains a rear foot, a
forefoot, a shank, and a thigh. Each leg has seven
DOFs: three for hip, one for knee, two for ankle, and
one for the metatarsal joint at forefoot."?

The anthropometric data are generated from Visual
3D software with experimentally measured height,
weight, and stature data. The strength percentile is
retrieved from symmetric maximum weight lifting.**

The general equations of motion (EOM) of the spa-
tial model can be expressed using the Recursive
Lagrangian formulation in a matrix form which con-
tains forward recursive kinematics and backward recur-
sive dynamics.>>

Forward recursive kinematics:

Ai = Ai*lTi (1)
. aT; .
Bi=A =BT, +A_|—¢ (2)
aq;
. aT; .
Cl‘ = Bl' = CiflTi + 2Bifl 4
" o)
2T aT;
+ Al 175> % A— o4
0q? 0q;

where ¢;, ¢;, §; are the joint angle, velocity, and accel-
eration, respectively, T; is the i th DH transformation
matrix,>>A;, B;, C; are the global recursive matrices for
position, velocity, and acceleration, respectively, and
Ao = [I], Bg = C() = [0]

Backward recursive dynamics:

dA; dA; 0A
Ti=zzﬂ<a—’Df> gl B~ fi o Fi - GlALiz  (4)
qi

i 9,
D, =LCI + T, \D;+ (5)
E; =mrx; + T E;+ (6)
Fi=rdu + Tiv 1Fivy (7)
G = hdi + Gi1y (8)

where #r(+) is the trace of a matrix, D; is the inertia and
Coriolis matrix, E; is the gravity torque vector, F; is the
external force torque vector, G; is the external moment
torque vector, I; is the inertia matrix for link i, r; is the
center of mass of link i, g is the gravity vector, m; is the
mass of link i, f = [fix fiy fiz 0]" is the external
force applied on link k, ry is the position of the external

force in the local frame k, hy =[he h, h. 0 ]T is
the external moment applied on link k,
=0 0 1 0]" is for a revolute joint,
=[]0 0 0 O ]T is for a prismatic joint, 8 is
Kronecker delta, D, .+ =[0] and
E,+1 =F,+1 = G,+ = [0] are starting conditions for

recursive matric and vectors.

The GRFs are calculated from a two-step active-pas-
sive algorithm®®2": in first step, the global forces and
moments are calculated from given state variables with-
out GRFs; in second step, the calculated global forces
and moments are transferred to center of pressure and
further applied to metatarsal joints as external forces
and moments.

Optimization formulation

The maximum weight lifting task is formulated as a
nonlinear programming (NPL) problem. In this formu-
lation, the box dimensions, initial and final positions of
the box, and initial, intermediate, and final key joint
values and GRFs are obtained from the experiment.

Design variables. In the current optimization formula-
tion, the design variables are the control points (c¢) of
cubic B-spline interpolation of joint angle profiles for
lifting motion, box weight W, and total time 7T as
X = [cT w T ] The joint torques 7(¢) are directly
calculated from EOM using inverse dynamics, instead
of integrating the differential equations.

Objective functions. The cost function J has large effect
on the predicted motion. A multi-objective optimiza-
tion (MOQ) is used for the maximum weight lifting
prediction by maximizing the box weight and minimiz-
ing the sum of joint torque squares.”® The maximizing
box weight cost function is transformed into a minimiz-
ing negative logarithmic function of box weight. There
are two reasons for this transformation: one is that the
optimizer can only handle the minimization type of
problem; the other reason is that this transformation
facilitates numerical convergence for optimization.
Finally, the MOO cost function is defined as*®

NV () ‘”] )

—wyNlog(W + 10)]

where 75 is the lower joint torque limit and 7Y is the
upper JOIIlt torque limit, # is the number of DOF, wi
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and w, are coefficients for the two normalized cost func-
tions where wy = 0.15 and w, = 0.85,28N[~] is the nor-
malization function by dividing the function’s maximum
absolute value: for both negative logarithmic function of
box weight and joint torque square function, their maxi-
mum absolute values are achieved by purely maximizing

box weight at w; = 0 and w, = 1.13:29:30

Constraints. The constraints imposed on the lifting
motion can be divided into two types: time-dependent
constraints and time-independent constraints. Time-
dependent constraints include dynamic joint torque lim-
its, joint angle limits, dynamic stability, foot-contacting
positions, box collision avoidance, hand distance, and
box-ground parallel. These constraints are imposed
throughout the lifting time interval 7. Time indepen-
dent constraints include initial and final static condi-
tions, initial and final hand positions, initial, mid-time,
and final key joint values from experiment, and initial,
intermediate, and final GRF values from the experi-
ment. These constraints are imposed only at specific
time points of lifting motion.

Time-dependent constraints.

(1) Joint angle limit represents the physical range of
motion which is obtained from experiments:

q-<q(x,7)<qY (10)

where q% and qY represent the lower and upper limits
on the joint angles respectively.

(2) Dynamic joint strength is imposed in this study.
Dynamic joint torque limit is a function of
strength percentile (zy..e), joint angle (¢g), angular
velocity (v), and time (7). The lower and upper
dynamic joint strengths are: 7° = 75(q1, vi, Zscore, 1)
and ¥ = 7Y(gi, vi, Zscore» t) Tespectively. These two

functions are regressed using logistic equations

based on the dynamometer isometric and isoki-
netic strength data.'¢1%3!

4e 4e
+C5

_4i=c372 _it%
[l+e L‘4} [1+e &

4i—¢3 Vit

i —
Tpeak_U =t

] (11)

_4i=93 Yiz¢6

4e 4e

_4i=372 _ri=e72
i

+ cg

Tl'U = Zscore * CV!U * T;;eak_U(ql'a Vi, l) + T‘;eak_U(qi’ Vi, Z)
(12)

T <T,‘U(Qia Vis Zscores t) (13)

where e is the exponential function, ¢;~c¢g are experi-
mental regression coefficients, CV?; is the experimental
upper coefficient covariance, and T;; v 1s the upper
peak torque value for the i th joint.

For the dynamic lower joint torque limit:

eak —

A _ady A s
. e e @
1 —

Tpeak L = d + d» + ds

]2 a2
4= vi—dg
{1+e "4} [l-i-e 1’7]

4 _4i~dy 4 _vi—dg
e e
+ dg 5 ( 14)

7@ 2 7»’,-—116
l+e @ l+e @

L _ d i i
77 = Zscore * CV % T 1(Qis Vis 1) + o 1. (G Vi 1)

(15)

T = TiL(qi, Vis Zscores t) (16)

where e is the exponential function, d;~ds are experi-
mental regression coefficients, CV7 is the experimental
lower coefficient covariance, and 77,, , is the lower
peak torque value for the i th joint. The experimental
dynamic strengths data for hip, knee, ankle, lower
spine, shoulder, elbow, and wrist joints are obtained
from the literature.'®'>3! In equations (11) to (16),
c1~cs, dy~ds, CVi, and CV' are regression values
obtained from experiments. The subject’s strength per-
centile zy.. 1S retrieved from an enumeration optimiza-
tion process for symmetric maximum weight lifting
based on experimental data.?* The strength percentile is
enumerated to increase the strength limits until the lift-
ing optimization converges with the given box weight
and find the optimal motion.

(3) The feet-contacting points are specified on the
ground as follows:

pfeel(xv l) =P (17)

where py,,, are the calculated feet positions, py are speci-
fied feet ground contacting positions.

(4) Dynamic stability is satisfied by constraining the
zero-moment point (ZMP) inside the foot support
region (FSR).?6-27-32

poup(X, 1) € FSR (18)

(5) Box collision avoidance is considered in the opti-
mization formulation to avoid penetration of the
box into human body. The body thickness is rep-
resented by filling up the model with spheres on
the hip, knee, ankle, thigh, shank, lower spine and
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higher spine. The distance (d) between the sphere
center and box center is calculated at each time
point for the box collision avoidance constraint.

L dep

dx,t)=r 3 (19)

where r is the radius of a sphere, and dep is the box
depth.

(6) The distance between the two hands in 3D space is
a constant and equals to the width of the box. This
constraint is expressed as,

Hpright_lmml(x’ l) - pleft_haml(x’ t) H2 = wid (20)

where g pana a0d Pjesi_jana are the right and left hand
locations, respectively, and wid is the width of the box.

(7) To keep the box parallel to the ground during the
lifting process, the height of both hands should be
same.

hright_lmnd(xs Z) = h/fgft_h(md(xv t) (21)

where Nyighi_hana and Ryesi_pana are the right and left hand
heights, respectively.

Time-independent constraints.

(1) The initial and final hand locations are specified
for lifting,

phand(x’ l) = pZOX(l)’Z = 0’ T (22)

where p; . is the given experimental box location, and
Phana 18 the calculated hand location.

(2) The human model is at rest at beginning and end
of lifting motion.

q(x,1) =0,t=0,T (23)

(3) The initial, mid-time, and final key joint angles are
specified.'*

jgix.) — g ()| <o, = 0, 2T 4

where ¢ is the given experimental joint angle including
left and right ankle flexion, left and right knee flexion,
left and right hip flexion, left and right elbow flexion,
spine flexion and rotation, ¢ = 10 degree at boundaries
and ¢ = 5 degree at mid-time point.

(4) Initial, intermediate, and final vertical GRFs are
given from experimental data.

T T 2T
’GRFM-,(X, £ — GRFf,ﬁ(t)‘ <40,1=0,2, 2,2 T
' . 3'2°3
(25a)
T T 2T
|GREgu(x,1) = GRFE, ()] <40.1 =0, 5, 5. 5. T
(25b)
where GRFj,, GRF},,, are the experimental vertical

ground reaction force for right foot and left foot,
respectively.

Results

The experimental and predicted kinematics and kinetics
were investigated in this study. The asymmetric lifting
problem was solved by the optimizer SNOPT>? using a
sequential quadratic programming (SQP) method. It
took about 7CPU minutes to solve the problem on a
laptop computer with Intel(R) Core(TM) i5-7200U
2.50 GHz processor and 8 GB RAM. The maximum
lifted weight during experiment was 235.83 N (24.04 kg)
for Subject #8. The predicted maximum lifted weight for
Subject #8 on right hand and left hand were 128.39 and
128.39 N, respectively, that is, the predicted total lifted
weight was 256.78 N that is 8.9% larger than the maxi-
mum weight of experiment. The optimal lifting time is
1.33s. The strength (zy) for the simulated model was
retrieved from symmetric maximum weight lifting as
1.05.'%* Figure 3 depicts the predicted joint angle and
vertical GRF profiles. The snapshots of the optimal
asymmetric lifting motion are shown in Figure 4.

Discussion and conclusion

The predicted joint angles agree well with the experi-
mental data. Although the predicted right ankle at the
beginning of lifting (Figure 3(b)) and right knee at the
last portion of lifting motion (Figure 3(d)) are outside
of one standard deviation, the pattern and timing of
phase change are consistent with the experimental data.
The predicted hip flexions, elbow flexions, spine flexion,
and spine rotation are all within one standard deviation
of experimental joint angle profiles. However, for the
simulation, the 3D human model started to straighten
and rotate its spine earlier than the experimental subject
did (Figure 3(g) and (h)). Figure 3(k) and (I) shows the
comparisons of vertical GRFs on both feet during lift-
ing. The predicted GRFs are within one standard devia-
tion of experimental data, except the right GRF during
20%-35% of the task.

The predicted maximum lifting weight of Subject #8
is 8.9% higher than the experimental maximum lifting
weight. As mentioned in the Experiments section, the
maximum lifting weight determined during the experi-
ment was a safe maximum weight. The true maximum
lifting weight should be higher than the experimentally
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determined maximum lifting weight. The proposed
MOO asymmetric maximum weight lifting prediction
reveals this insight.

There are some minor discrepancies between the
simulated and experimental joint angle profiles. One

noticeable difference between the prediction and experi-
mental data was the time lag of phase change for a
small portion of the vertical GRF profiles (Figure 3(k)
and (1)). The reason for this discrepancy might be early
phase changes of spinal flexion and rotation compared
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Figure 3. Continued.
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Figure 3. Joint angle and vertical GRF profiles during lifting: (a) left ankle flexion, (b) right ankle flexion, (c) left knee flexion,
(d) right knee flexion, (e) left hip flexion, (f) right hip flexion, (g) spine flexion, (h) spine rotation, (i) left elbow flexion, (j) right elbow

flexion, (k) left vertical GRF, and (1) right vertical GRFE.

to experimental data (Figure 3(g) and (h)). Early exten-
sion of the spine worked as a catalyst to give the model
early upright standing stability and to start the rota-
tion. That early upright standing is also the reason for
the flat profile after 90% of the task for both GRFs.
On the other hand, the experimental lifting strategy
extended the spine later than the simulation model and
rotated the body faster to place the box at the desired
position on the right side. As a result, after the second
peak (85% of the task) the subjects created higher
GRF on the right side and lower GRF on the left side
than the simulation did. Although there are some
deviations of phase change for GRFs, the simulated
profiles were almost within one standard deviation of
the experimental data.

During the experiment, because of the heavy weight,
the subjects tended to stand up straight first, and then
rotate to the right. That is the reason of higher GRF on
right side and lower GRF on left side after 90% of the
task. The last-moment rotation of spine requires fast
twisting of spine muscles with heavy weights on hand.
Such kind of repetitive works can lead to chronic strain
for spine muscles. Also, the higher GRF on right side
and lower GRF on left side may also lead to high joint-
loads on right-side joints especially for lower extremity
joints. Such kind of repetitive works may also lead to
wear down of right hip and knee joints’ cartilage, which
is the cause of hip and knee osteoarthritis.

Although some experimental data are used in the
optimization formulation (equations (24) and (25)) to
guide the prediction, they are necessary to predict accu-
rate results because of the complexity of the 3D asym-
metric lifting motion. The previous studies showed that
mid-time postures or key joint values could improve
the accuracy of lifting prediction.”®* In this study, we
tried to use minimal experimental data in the optimiza-
tion formulation. It was found that three experimental
intermediate GRF constraints (equation (25)) were nec-
essary to capture the history of GRF profiles due to the
fluctuating nature of asymmetric GRFs and the effects
of spine flexion and rotation. Compared to regression
models,'” the proposed predictive model uses much less
experimental data and has more powerful predictive
capability. However, the model’s predictive ability is
compromised by the amount of experimental data used
in the optimization formulation.

It is noted that we used symmetric maximum weight
lifting strength for asymmetric maximum weight lifting
prediction for subject #8. Here we assume that sym-
metric and asymmetric lifting strength percentiles are
similar for this subject. This assumption is reasonably
proved through these simulation and experiments in
this study, as the simulation results predict accurate
asymmetric lifting motion, box weight, and time dura-
tion compared to experimental data by using symmetric
lifting strength. The determined strength percentile of a
person is a global score considering interactions of all
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Figure 4. Snapshots of 3D asymmetric maximum weight lifting.

joints for a task.”* The determined subject-specific
strength value is critical to predict other strength related
tasks to protect the subject from any injury risk in man-
ual material handling. In case the symmetric and asym-
metric strength percentiles are very different for a
subject, the optimization-based enumeration retrieval
approach® can be used to approximate the subject’s
strength percentile for the asymmetric lifting based on
experimental data.

This is the first study using MOO to predict 3D
asymmetric maximum weight lifting motion considering
the dynamic torque limits in the literature. Based on the
comparisons with experimental data for both kine-
matics and kinetics, it is clear that, except for some
minor discrepancies, the results of the predictive model
demonstrated the ability to predict realistic 3D asym-
metric lifting motion, accurate maximum lifting weight,
and lifting time duration. This model also provides
some insight view of 3D asymmetric maximum weight
lifting by considering dynamic joint torque limits, which
can be helpful when analyzing ergonomic safety prob-
lems involving lifting.

In this study, a 3D 40-DOF skeletal model was uti-
lized to predict subject-specific asymmetric maximum
lifting motion and box weight. The lifting task was for-
mulated as a MOO problem by aggregating two cost
functions: maximizing the box weight and minimizing
the sum of joint torque squares. The lifting motion pre-
diction problem was solved by an SQP based optimizer
SNOPT considering dynamic joint strength as one of
the constraints. The development of a predictive human
model that can predict human kinematics and kinetics
accurately is a big challenge. It is necessary to include a
dynamic strength constraint to predict maximum lifting
weight, optimal lifting motion, and lifting time dura-
tion. In addition, MOO can generate more accurate
simulation than single objective optimization.”® The
validated dynamic-joint-strength-based 3D asymmetric
lifting model will give researchers a robust tool to work
on subject-specific motion analysis, which is helpful for
designing workplace and ergonomic tools to avoid
injury for lifting. In future work, we will (1) integrate
the 3D skeletal motion prediction with a OpenSim
model to study muscle activities®>; (2) integrate the
model with the joint-space fatigue model*® to study

repetitive lifting; and (3) develop advanced ergonomic
tools for the prevention of lifting injuries.
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