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The primary objective of this study was to quantify the effect of dynamic cart pushing exertions on the
biomechanical loading of shoulder and low back. Ten participants performed cart pushing tasks on flat
(0°), 5°, and 10° ramped walkways at 20 kg, 30 kg, and 40 kg weight conditions. An optoelectronic
motion capturing system configured with two force plates was used for the kinematic and ground re-

Keywords: action force data collection. The experimental data was modeled using AnyBody modeling system to
Cart, compute three-dimensional peak reaction forces at the shoulder complex (sternoclavicular, acromio-
Eﬁ;ﬁﬁir clavicular, and glenohumeral) and low back (lumbosacral) joints. The main effect of walkway gradient
Low back and cart weight, and gradient by weight interaction on the biomechanical loading of shoulder complex

and low back joints was statistically significant (all p < 0.001). At the lumbosacral joint, negligible
loading in the mediolateral direction was observed compared to the anterioposterior and compression
directions. Among the shoulder complex joints, the peak reaction forces at the acromioclavicular and
glenohumeral joints were comparable and much higher than the sternoclavicular joint. Increased shear
loading of the lumbosacral joint, distraction loading of glenohumeral joint and inferosuperior loading of
the acromioclavicular joint may contribute to the risk of work-related low back and shoulder muscu-

Biomechanical loading

loskeletal disorder with prolonged and repetitive use of carts.

© 2013 Elsevier Ltd and The Ergonomics Society. All rights reserved.

1. Introduction

The overall burden of work-related musculoskeletal disorders
(WMSDs) is enormous in terms of corporate economics and indi-
vidual health. In the United States, the cost of WMSDs associated
with workers’ compensation, lost wages, and decreased produc-
tivity ranges between $45 and $54 billion annually (Dunning et al.,
2010). In 2010, WMSDs among occupational groups such as la-
borers and material movers, heavy and tractor-trailer truck drivers,
and delivery service truck drivers, whose routine work demands
manual material handling (MMH) tasks, constitute 12% of all
WMSD cases (144,910 out of 1,238,490 cases) requiring days away
from work (Bureau of Labor Statistics, 2010).

Manual material handling (MMH) tasks typically consist of ac-
tivities such as lifting/lowering, pushing/pulling, and holding/car-
rying loads (Smith et al., 2009; Snook, 1978). In recent years, with
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the advent of e-commerce, the number of distribution centers has
increased world-wide. The primary jobs of the workers at these
distribution centers involve order picking and delivery, which
typically are performed using manual handling aids such as carts,
trolleys, and hand-pallet trucks on level and ramped surfaces. The
use of such assist devices eliminates manual carrying and in some
cases lifting and lowering, changing the nature of MMH tasks
predominantly to pushing and pulling. It has been estimated that
nearly half of MMH tasks common at workplaces consist of pushing
and pulling exertions performed on level surfaces and variable in-
clined ramps (Lee and Granata, 2006).

Despite the increased occurrence of pushing and pulling tasks
performed using manual assist devices in occupational settings, the
effect of such exertions on the quantitative loading of the muscu-
loskeletal system was seldom studied. Such knowledge is essential
to understand the etiology of musculoskeletal complaints associ-
ated with the pushing and pulling exertions. Schibye et al. (2001)
evaluated musculoskeletal loading of the low back during push-
ing and pulling exertions performed by refuse collection workers
using a two-wheeled hand cart with 25 kg and 50 kg weights. Peak
L4/L5 compression and shear loading of up to 1500 N and 200 N,
respectively was estimated by the authors using a quasi-static two
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dimensional link segment model. Jager et al. (2007) reported peak
L5/S1 compression and shear loading of up to 2200 N and 200 N,
respectively, for flight attendants’ four-wheeled cart pushing and
pulling tasks performed under three weight conditions (40 kg,
65 kg, and 95 kg). In this study, a spatial dynamic multi-segmental
biomechanical model was applied quasi-statically to estimate
musculoskeletal loading. Using an electromyography (EMG) assis-
ted optimization model, that accounted for the muscle co-
contraction, Hoozemans et al. (2004) estimated peak L5/S1
compression and shear forces of up to 1521 N and 485 N, respec-
tively, during a four wheeled cart pushing tasks (weights = 85, 135
and 320 kg). By applying a similar method, Knapik and Marras
(2009) estimated peak L5/S1 compression and anterioposterior
shear forces of up to 1500 N and 500 N, respectively; pushing
pulling forces of 20%, 30% and 40% of body weight were used in this
study.

The compression and shear loadings reported in the afore-
mentioned dynamic pushing and pulling studies are well below the
critical loading limits of 3400 N (Waters et al., 1993) and 500 N
(McGill, 2007), respectively. This suggests minimal risk of low back
WMSDs. However, in spite of a known association between
shoulder WMSDs and work-related pushing exertions (Hoozemans
et al, 20023, b; Hoozemans et al., 1998; Hughes et al., 1997,
Smedley et al., 2003; van der Beek et al., 1993; van der Beek et al.,
1999), the effect of such exertions on the biomechanical loading of
shoulder joints is currently not well understood. Therefore, in this
study a comprehensive full-body musculoskeletal model was used
to evaluate the effect of pushing exertions performed using manual
carts on the shoulder and low back joints. The specific study ob-
jectives were: (1) formulate a biomechanical model to access dy-
namic pushing tasks; (2) validate the model; (3) quantify effect of
cart weight and walkway gradients on the loading of shoulder
complex and low back joints using this model. Three walkway
gradients (0°, 5° and 10°) and 3 weights (20, 30 and 40 kg) were
tested in this study.

2. Material and methods
2.1. Approach

Alaboratory-based study was performed to quantify the effect of
dynamic two-wheeled cart pushing tasks on the biomechanical
loading of the shoulder complex and low back joints. Human par-
ticipants performed the pushing tasks at different cart weight and
walkway gradient conditions. Three-dimensional (3D) kinematic
and ground reaction force data were recorded using an eight camera
marker-based optoelectronic motion analysis system coupled with
two ground reaction force plates. The experimental data were
modeled using a full-body musculoskeletal model to compute the
biomechanical loading of the shoulder complex and low back joints.
The model outputs for cart wheel reaction force were validated by
comparing it with experimentally measured vertical ground reac-
tion forces.

2.2. Participants

Ten male participants were recruited for data collection. Their
average age, weight, and height were 23.8 (1.8) years, 69.2 (5.0) kg,
and 172.0 (4.3) cm, respectively. All participants were free of acute
and chronic back, shoulder, or other upper extremity MSDs and had
no known neurological disorders. The Physical Activity Readiness
Questionnaire (PAR-Q, British Columbia Ministry of Health) was
used to screen participants for cardiac and other health problems
(e.g., dizziness, chest pain, and heart trouble).

2.3. Apparatus

2.3.1. Motion-capture system

An optoelectronic motion-capture system (Vicon Motion Sys-
tems, CA, USA) was used for recording 3D kinematic data. This
system consists of eight optical cameras that emit infrared light
which reflects off of small retro-reflective markers. The cameras
capture the reflected light and record the location of the markers in
3D space. The marker data were processed using Vicon Nexus 1.5.1
Software (Vicon Motion Systems, CA, USA). This software allows
further processing of marker data (e.g., labeling, gap filling,
filtering) to compute marker coordinates in 3D space. Marker data
was sampled at a rate of 100 Hz.

2.3.2. Custom made walkway

A walkway measuring 0.9 m (3 feet) wide and 6 m (20 feet) long
was constructed using a reinforced wooden frame with cut-outs for
two force plates. Two Kistler force plates (type 9286, Kistler In-
strument Corp., Amherst, NY, USA) were embedded in the wooden
walkway to record the ground reaction force (GRF) data (Fig. 1(a)). A
hydraulic scissor lift table (EHLT-4872-3-43, Vestil Manufacturing
Corp., IN, USA) was attached to one end of the wooden walkway
using a hinge assembly. This table has a collapsed height of 0.18 m
(7 inches) and can be raised to a maximum height of 0.91 m (36
inches). When completely collapsed, the lift table and walkway
provide a flat walking surface. To set up different walkway gradi-
ents, the table height was raised using a hydraulic actuator.

2.3.3. Two-wheeled hand cart

A two-wheeled Harper hand cart (CSLEDTK1935P, Harper
Trucks, Inc., Wichita, KS, USA) was used. This hand cart (1.25 m
height x 0.31 m depth x 0.33 m width) weighs 12 kg and has a
capacity of 317 kg (700 Ibs). The height of the handle is 1.25 m
above ground level with the cart in an upright position and about
0.85 m in a tilted position ready to be moved. Each wheel, made of
rubber, is a 10-inch pneumatic tire. The coefficient of friction for the
cart wheels on a wooden walkway was reported to be approxi-
mately 1.3 by the manufacturer.

2.4. Description of the model

The cart pushing model was developed using the AnyBody
musculoskeletal simulation software (version 4.0, AnyBody Tech-
nology, Aalborg, Denmark). This software combines a solver for the
multi-body inverse dynamics problem with optimizers that
address and solve the redundancy of the muscle recruitment
problem (Damsgaard et al., 2006; Dubowsky et al., 2008). Gait full
body model in the public domain AnyScript Model Repository
(AnyBody Technology, 2011) was used as the base-model to
develop the cart pushing model. The gait full body includes a total
of 34 rigid bodies, 33 joints and over 750 muscle fascicles with real
physiological properties. The model environment, which contains
objects surrounding the human model, was modified by adding a
cart segment (Fig. 2). This segment was defined as a rigid body,
formed using eighteen nodes joined together using a polyline ob-
ject (AnyBody Modeling System, 2012). Additionally, two nodes for
the right and left handle were created to connect the cart with the
hands. The mass properties of the cart were defined by means of a
mass and an inertia tensor.

2.5. Experimental data collection
Upon arriving at the laboratory, participants were provided with

a tour of the experimental set-up. Equipment, data collection pro-
cedures, and specifics of the experimental tasks were explained to
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Fig. 1. (a) A participant performing cart pushing task on a flat walkway; (b) Corresponding marker data labeled using Vicon Nexus software to generate C3D data file; (c) The

biomechanical model driven using the C3D data in the AnyBody modeling system.

the participants and their signatures were obtained on the consent
form approved by the local Institutional Review Board. De-
mographics and anthropometric measures were then recorded for
each participant.

The participants then changed into a test shirt and pant and a set
of thirty-nine reflective markers (diameter = 0.025 m) were affixed
on the various anatomical locations based on the Vicon Plug-in-
Gait marker set (Vicon Plug in Gait Manual, 2003). Additionally
four markers were placed on the cart to track its motion during the
pushing tasks. Participants were subsequently instructed to
perform the pushing tasks using their natural gait and self-selected
technique. All of the participants practiced the pushing tasks on
different gradients at least three times to get themselves familiar-
ized with the nature of physical exertion.

Following the above preparatory steps, participants performed
the dynamic cart pushing tasks on three walkway gradients

Fig. 2. A cart pushing model developed using AnyBody modeling system.

(0°, 5° and 10°) using 3 weights (20, 30 and 40 kg). While specific
data on the ramp inclinations used in the industrial setting is not
available, OSHA recommends that a ramp angle greater than 20°
from the horizontal must be provided with handrails, and ramps
exceeding 30° from the horizontal would be prohibited (OSHA,
2005). In the previous studied ramps of 0°, 2°, 5°, 8°, and 12°
were tested (Bennett et al., 2008; Glitsch et al., 2007; Jdger et al.,
2007). The two gradients of 0° and 5° were selected to be compa-
rable with the previous studies, while the third gradient of 10° was
determined based on the capture volume restriction of the optical
motion analysis system used in this study. Most of the participants
had extreme difficulty pushing weight greater than 40 kg on the
10° walkway, therefore three weights of 20 kg (low), 30 kg (me-
dium) and 40 kg (high) were selected in this study. In the pre-
liminary data collection, the duration of an individual trial was
approximately 30—45 s with a rest period of 90—120 s between the
trials. Three replicates were collected and the trial order was
randomized.

2.6. Data processing

Marker and GRF data were processed using Vicon Nexus soft-
ware and exported in the C3D format. The data transition involved
in these processing steps is illustrated in Fig. 1. The 3D marker
trajectories and GRF data were used as the model input. Marker
trajectories were used to drive the cart pushing model. The
following steps were involved in running the modeling analysis:

(1) Scaling the model based on the participants’ anthropometry

(2) Optimizing model parameters such as marker location, segment
lengths, and joint locations using 3D marker kinematics.

(3) Performing inverse dynamics analysis to compute muscle and
joint forces.

In the AnyBody Modeling System, the muscle force required to
generate motion or sustain body posture is computed using
inverse-dynamic methods by solving a multi-body dynamics
problem. The muscle recruitment in the inverse dynamics process
is solved using a min/max optimization procedure (Rasmussen
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et al.,, 2001), within which the objective function is to minimize the
maximal normalized muscle force. The objective function of the
optimization procedure is:

G<f (M>) = max (f’l(\]l\:l))

Subjected to the following constraints:
f=d
(F*) = 0sie {1,....n™)}

Where, fis the vector of 1™ unknown muscle forces, f™), and joint
reactions, f&). Ni is the momentary strength of muscle i. C is the
coefficient matrix for the “unknown” forces/moments in the sys-
tem while d is a vector of the “known” (applied or inertia) forces.

The lower bound (fi(M) > 0) simply states that muscles can only
pull (not push) and that the upper bound for the force in each
muscle i is the corresponding muscle strength, Ni;

The model output consists of various muscle and joint reaction
forces. In this study, reaction forces in three anatomical directions
(compression or inferosuperior, mediolateral or distraction, and
anterioposterior) for the following shoulder complex and low back
joints were derived for further analysis:

Sternoclavicular joint
Acromioclavicular joint
Glenohumeral joint
Lumbosacral (L5/S1) joint

T — —

(1
(2
(3
(4

2.7. Model validation

AnyBody human models were previously validated in a number
of studies (de Zee and Rasmussen, 2009; Dubowsky et al., 2008;
Manders et al., 2008; Rasmussen et al., 2007) and were successfully
used to estimate muscle and joint reaction forces for various
occupational scenarios (Grujicic et al., 2010; Wu et al., 2008, 2009).
In this study, to formulate the cart pushing model, the environment
of a previously validated full body gait model was modified by
adding a cart segment. The accuracy of the cart and human model
interaction was critical to the model computations. Since the cart
motion and its orientation with respect to the human model was
well controlled using the kinematic data, the cart wheel reaction
forces were compared with measured vertical ground reaction
forces to validate the model. Previously, De Looze et al. (1992) used
a similar approach to validate their two-dimensional dynamic
linked segment model.

In this study, force plates recorded the GRF at two instances: (1)
when the cart wheel was moving over the force plates; (2) when
the participant was stepping on the force plates (Fig. 3). The part of
the GRF data in the C3D file for the cart wheels was zeroed using
C3D editor. The resulting data file was used to run the cart pushing
model. Vertical reaction force (Fz) for the cart wheel estimated by
the model was compared with the vertical component of the GRF
(Fz') to validate the cart and human model interaction.

On average, the duration of cart wheel motion over the force plate
was 0.6 & 0.10 s. The minimum duration was nearly 0.5 s. Therefore,
GRF datafor 0.5 s, i.e. 50 frames (sampling frequency = 100 Hz) were
used for validation. The vertical component of GRF (Fz’) recorded by
the force plates was compared with the reaction force calculated by
the model using root mean squared error (RMSE) estimated using
the following equation (Fong et al., 2008; Plamondon et al., 2007;
Wong and Wong, 2008):

Direction of motion

(a) Original
data
Cart wheel f
Foot step
Cart wheel reaction
(b) Transformed force zeroed
data
" ! 1 1 1

Fig. 3. (a) Vertical GRF data recorded by the force plate during cart pushing task;
(b) Original data was transformed by eliminating force generated by the cart wheel.

n

1/2
1
RMSE = [n > (Fzi - Fz;)z]

i=1

In addition to the RMSE, the correlation coefficient (r) between
the measured and estimated cart wheel reaction forces was
calculated using the following equation:

ST (Fzi — F2) (le’. - ﬁ)

r =

—2 _\2
S (Fzi—F)"y/ 3 (Fz; - Fz’)

Where, Fz — Cart wheel reaction forces estimated by the cart
pushing model;

FZ — Vertical GFR measured by the force plates;
n — Number of samples (n = 50 frames), and i the sample
number (i = 1, ..., 50).

2.8. Statistical analysis

A two-way general linear ANOVA (analysis of variance) was
performed to test the effect of cart weight and walkway gradient
on the biomechanical loading of the shoulder complex and low
back joints. Walkway gradient was treated as a fixed effect with
three levels: (1) flat walkway with 0° gradient; (2) inclined
walkway with 5° gradient; (3) inclined walkway with 10° gradient.
Cart weight was also treated as a fixed factor with three levels: (1)
20 kg; (2) 30 kg; (3) 40 kg. Participants were treated as a random
factor. The adequacy of the linear model was confirmed by using
normal probability plots of residuals between the actual and fitted
values. Significant main and/or interaction effects were further
evaluated by conducting comparison between means using
Tukey’s Honestly Significant Difference (HSD) all-pairwise com-
parison test.
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3. Results
3.1. Model validation

The patterns of cart wheel reaction forces predicted by the
model matched closely with the experimentally measured forces
(Fig. 4). The average correlation coefficient between the measured
and the estimated data across all experimental conditions was 0.92
(Table 1). The average RMSE was 14.11 N, which was 3.71% of the
peak vertical GRF (380 N) recorded across all experimental condi-
tions. The RMSE up to 6% of the peak value was reported to be
acceptable for validation purposes (Fong et al., 2008).

3.2. Low back loading

The main effect of the cart weight and the walkway gradient on
the compression and the shear loading of L5/S1 joint was statisti-
cally significant (all p < 0.001) (Table 2). The peak compression and
shear forces in anterioposterior and mediolateral directions
increased significantly with the increase in the cart weight and the
walkway gradient. The magnitude of shear forces in the medio-
lateral direction was minimal compared to the forces in the other
two directions (compression and anterioposterior). The average of
the peak forces in the mediolateral, anterioposterior, and
compression directions ranged between 48 N— 142 N, 1778 N—817 N,
and 864 N—3245 N, respectively. The interaction effect of cart
weight and walkway gradient on the peak compression and ante-
rioposterior shear forces was statistically significant (Fig. 5) (all
p < 0.001). Avery similar increase in the loading of the L5/S1 joint in

Table 1

Mean root mean squared error (RMSE) and correlation coefficient (r) between the
measured and estimated cart wheel reaction forces at different experimental con-
ditions. Numbers in the parenthesis represent one standard deviation.

Walkway gradient Cart weight RMSE (N) r
0° 20 kg 11.2 (0.95) 0.95 (0.01)
0° 30 kg 11.6 (0.95) 0.95 (0.04)
0° 40 kg 13.6 (0.93) 0.93 (0.02)
5° 20 kg 13.0 (0.93) 0.93(0.04)
5° 30 kg 14.0 (0.93) 0.93(0.04)
5° 40 kg 15.4 (0.92) 0.92 (0.04)
10° 20 kg 14.9 (0.92) 0.92 (0.02)
10° 30 kg 15.5 (0.90) 0.90 (0.01)
10° 40 kg 17.4 (0.88) 0.88 (0.04)
All 14.1 (0.92) 0.92 (0.02)

the anterioposterior and compression directions with the increase
in the weight was observed at 0° and 5° gradients. But at 10°
gradient, the corresponding increase in the loading was much
higher (almost two times) for similar changes in the cart weight.

3.3. Shoulder joint loading

The peak loading of the shoulder joints (sternoclavicular, acro-
mioclavicular, and glenohumeral) in three anatomical directions was
significantly affected by the cart weight and the walkway gradient (all
p < 0.001) (Table 2). For the sternoclavicular joint, the peak reaction
forces in the mediolateral and inferosuperior directions were 2—3
times higher than in the anterioposterior direction. The average

350 1 . r 100 350 1 r 100 350
— Experimental data
300 { ----Model output L g0 300 30 300
250 { ~ Absoluteerror  priep 103 250 250
=0968 | L
S0 ’ 602200 60_ 200 - rvsE < 12.6 | 00~
N - z - z
= SR3ae 2 == < i . 150 400 i =0.986 =
150 1 0 Gradient === b 40 150 1 0° Gradient L 40 150 goi}radlent r L 40
100 { 20k 100 { 30keg 100 { 58
50 - r 20 50 - F 20 50 4 F 20
0 . . . . 0 0 . . . . 0 0 . . . . 0
0 1 5 0 1 5
Time (s) Time (s)
350 9 rusE =90 [ 100 350 7 ruse =3[ 100350
300 4 =0.965 300 A =0.954 300
) L 80 ' - 80
250 250 RMSE = 139
60_ 200 60 200 4 r=0.944 [ 60_
z z z z
150 A L 150 15°G i L 150 1 50 i L
5% Gradient 40 go(eradlent 40 5° Gradient 40
100 1 20 kg 100 {99%e 100 { 40kg
L 20 L L
50 50 A 200 4 20
0 . . . . 0 0 . . . . 0 0 . . . . 0
0 1 2 3 5 0 1 5 0 1 4 5
Time (s) Time (s) Time (s)
350 1 . r 100 350 1 . r 100 350 1 r 100
RMSE = 12.6 RMSE = 10.9
300 =0.947 300 4 =0.909 300
' r 80 r 80 Pt inininie ~ Lo ~~ | 80
250 1 250 1 250 T N~ -

_200 | __o==2gs [ 60_ 200 1 [ 60_200 1 ruse=143[ %0
z T Qe N I . e . r=0864 | <
150 o . L 40 150 1 10° Gradient L 40 150 1 10° Gradient L 40

10° Gradient 30k 40k
100 1 20kg 100 { °7%8 100 1 8
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Fig. 4. Exemplar comparison of estimated and measured vertical GRF data for one of the study participants.
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Main effect of walkway gradient and cart weight on the loading of low back and shoulder joints expressed in terms of peak reaction forces (N). Numbers in the parenthesis

represent one standard deviation.

Anatomical Direction Walkway gradient P-value Cart weight P-value
Joint 0 50 10° 20 kg 30 kg 40 ke
Lumbosacral Medio-lateral (ML) shear 63.6 (34.3) 92.6 (34.3) 104.0 (374) <0.001 64.1 (23.9) 80.6 (32.9) 115.0 (39.5) <0.001
(L5/S1) joint Compression (PD) 1117.6 (305.0) 1538.6 (418.4) 2380.0 (825.0) <0.001 1174.9(338.8) 1666.0 (650) 2195.0 (853.0) <0.001
Anterior-posterior (AP) 239.4(101.6) 3469(965)  569.0 (226.7) <0.001  259.2 (89) 379.0 (165.9) 517.2 (244.0) <0.001
shear
Sternoclavicular Medio-lateral (ML) 58.7 (22.0) 76.0 (28.6) 156.9 (70.3)  <0.001 64.6 (27.8) 107.0 (66.6) 120.0 (70.5) <0.001
(SC) joint Infero-superior (IS) 83.0(33.2) 996 (354)  151.6(48.2) <0.001 76.8(27.9)  1035(358)  153.8(45.8) <0.001
Anterior-posterior (AP) 34.3 (13.9) 36.0 (9.8) 53.7(11.6)  <0.001 34,0 (12.3) 40,5 (12.2) 495 (154)  <0.001
Acromioclavicular Medio-lateral (ML) 308.9(106.5) 337.9(1452) 652.9(297.5) <0.001 289.9(131.5) 4045 (196.9) 6053 (295.7) <0.001
(AC) joint Infero-superior (IS) 396.9(147.3) 4424(179.5) 7824(3082) <0001 3587 (141.9) 523.7(242.3) 739.2(294.3) <0.001
Anterior-posterior (AP) 238.1(99.0)  268.2(940) 4999 (2054) <0.001 2243(100.1) 317.8 (142.0) 464.2(207.0) <0.001
Glenohumeral Distraction (DIS) 507.5 (166.6) 669.5 (240.1) 1036.9 (301.4) <0.001 516.5(184.3) 720.2(269.8) 976.7 (334.3) <0.001
(GH) joint Infero-superior (IS) 302.6 (1582)  353.5(202.7) 651.1(204.3) <0001 282.6(143.0) 420.0(201.3) 604.6(257.3) <0.001
Anterior-posterior (AP) 250.9(98.7)  2758(96.6) 4543 (1729) <0001 2109(57.6)  337.7(1263) 432.3(172.3) <0.001

peak reaction forces acting at the sternoclavicular joint in the
anterioposterior direction ranged between 26 and 63 N. In the
mediolateral and inferosuperior directions, the corresponding
values ranged between 42 and 207 N and 54 N—205 N, respectively.
For the acromioclavicular joint, the average of the peak loading in
the anterioposterior, mediolateral, and inferosuperior directions
ranged between 169 N and 721 N, 211 N-970 N, and 263 N—
1066 N, respectively. For the glenohumeral joint, the peak reaction
forces acting in the distraction direction were higher than
mediolateral and inferosuperior directions. The average peak
reaction forces in the distraction direction ranged between 362 N
and 1372 N. The corresponding values in the anterioposterior and
inferosuperior directions ranged between 175 N—629 N and
185 N—867 N, respectively.

The interaction effect of cart weight and walkway gradient on
the peak joint reaction forces for the sternoclavicular, acromiocla-
vicular, and glenohumeral joints in the three anatomical directions

5000 1 Lumbosacral (L5/S1) joint
4000 A —
3000 -
2000 A
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0 i i~
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2000 Acromioclavicular (AC) joint
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(except anterioposterior direction for sternoclavicular joint and
inferosuperior direction for glenohumeral joint) was statistically
significant (Fig. 5). The increase in the gradient from 5° to 10°
produced a much higher increase in the peak reaction forces
compared to the increase in the gradient from 0° to 5° for the same
weight conditions.

4. Discussion

Manual carts facilitate load carrying and are considered espe-
cially very useful while transferring goods on inclined walkways.
This study was aimed at quantifying biomechanical loading of
shoulder complex and low back joints during bimanual cart
pushing tasks performed under different walkway gradient and
load conditions. Peak joint reaction forces were used as the esti-
mates of biomechanical loading of shoulder complex and low back
joints.
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Fig. 5. Effect of weight and walkway gradient on the biomechanical loading of shoulder complex and low back joints in three anatomical directions: (1) compression (PD) or
inferosuperior (IS); (2) mediolateral (ML) or distraction (DIS); (3) anterioposterior (AP) inverted brackets show results of Tukey’s HSD all-pairwise comparison test. Columns marked
with bracket ends are significantly different from each other. Error bar represent one standard deviation.
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4.1. Low back loading

Weight of the cart and walkway gradient significantly affected
the compression and shear loading in the anterioposterior di-
rections. Relatively, a very small shear loading (<150 N) in the
lateral direction was observed. A similar effect of weight and
gradient on the 3D loading of low back was also reported in the
previous studies (Jager et al., 2007; Laursen and Schibye, 2002).
Laursen and Schibye (2002) estimated compression and ante-
rioposterior shear forces of up to 751 N and 952 N, and 43 N and
80 N, respectively, at the L4/L5 joint for 25 kg and 50 kg weigh
conditions on a flat walkway. For 30 and 40 kg weight conditions,
compression of up to 863 N and 1432 N and anterioroposterior
shear loading of up to 170 and 331 N, respectively, was estimated in
the present study. In a different study, Jdager et al. (2007) estimated
L5/S1 compression of 800 N and 900 N, and 1200 N and 1500 N for
cart weights (combined weight of cart and load) of 45 and 65 kg,
on 0° and 5° inclined walkways, respectively. In the present study,
L5/S1 compression of 1504 N and 1913 N, was estimated for cart
weights of 42 kg and 62 kg (weight of the cart used in this
study = 12 kg), respectively, on 5° inclined walkway.

Overall, the low back compression and shear loading estimated
in this study were a little higher than the previous studies. The
musculoskeletal model used in this study accounted for the trunk
muscle co-contraction, unlike the models used in the previous
studies. The level of muscle co-contraction used in the model
computation affected the biomechanical estimation of joint
loading. Garg and Kapellusch (2009) argued that models that do
not account for the trunk muscle co-contraction underestimate
spine compression forces by as much as 45% and shear forces by as
much as 70%. A comparison of joint loading estimated in this study
with the previous studies show that on average, compressive and
anterioposterior shear forces estimated in this study were 34% and
75% higher than the previous studies.

4.2. Shoulder loading

Variation in the walkway gradient and cart weight significantly
affected the reaction forces acting at the shoulder complex joints. A
few previous studies have reported similar effects of weight on the
net reaction moment at the glenohumeral joint during pushing and
pulling exertions (Abel and Frank, 1991; De Looze et al., 2000;
Laursen and Schibye, 2002; Schibye et al., 2001; Van der Woude
et al., 1995). Only one previous study by Hoozemans et al. (2004)
estimated reaction forces in the inferosuperior direction at the
glenohumeral joint. Hoozemans et al. (2004) also derived a
generalized estimating equation to assess ergonomic consequences
of pushing and pulling exertions performed using a manual cart.
Using this equation, a compression (inferosuperior) force of 482 N
was estimated for a 40 kg weight condition on a horizontal surface.
This number is somewhat different from the compression force of
430 N estimated in the present study. Hoozemans et al. (2004) used
a four wheel cart and much heavier weight conditions (85, 135, and
320 kg) to derive the generalized estimating equation. The nu-
merical difference in the joint loading estimated in the two studies
may be primarily due to these differences in types of carts and the
weight conditions used.

This study reported for the first time a 3D biomechanical loading
of three shoulder complex joints: sternoclavicular, acromiocla-
vicular and glenohumeral joints. While the loading of the sterno-
clavicular joint was found to be minimal, the reaction forces acting
at the acromioclavicular joint were found to be quite high and
comparable with the glenohumeral joint. A similar behavior of
shoulder joints during wheelchair propulsion activities was also
observed by van Drongelen et al. (2011). Anatomically, the

sternocleidomastoid is the only major neck muscle that acts at the
sternoclavicular joint. Upper trapezius and deltoid muscles play an
important role in the stabilization of the acromioclavicular joint.
Whereas, rotator cuff muscles, the supraspinatus, subscapularis,
infraspinatus, and teres minor, act at the glenohumeral joint. The
co-contraction of these relatively bigger and higher number of
shoulder arm muscles may attribute to the higher loading of the
acromioclavicular and glenohumeral joints compared to the ster-
noclavicular joint.

While the distraction loading was found to be higher for the
glenohumeral joint than acromioclavicular joint, higher loading in
the inferosuperior and anterioposterior directions were observed
for the acromioclavicular joint than the glenohumeral joint. The
peak distraction forces acting at the glenohumeral joints were
about 1.7 times that of the acromioclavicular joint. The peak forces
in the inferosuperior and anterioposterior directions at the acro-
mioclavicular joint were about 1.3 and 1.0 times that of the gle-
nohumeral joint. Thus, the results of this study show a similar
loading pattern for the acromioclavicular and glenohumeral joints
in the inferosuperior and anterioposterior directions.

4.3. Risk of WMSD

In the present study, average peak compression forces of up to
2420 N and 3222 N were observed for 30 kg and 40 kg weight
conditions, respectively, on 10° walkway. These values are below
the action limit of 3400 N used for the risk assessment of work-
related low back disorders recommended by NIOSH (NIOSH,
1981) but are closer to/higher than the limit of 2500 N, which
was chosen as the criterion for evaluating low back disc compres-
sion during trolley maneuvers by Jdger et al. (2007). In the ante-
rioposterior direction, reaction forces greater than 500 N are
considered unsafe for the loading of low back (McGill, 2007). In the
present study, anterioposterior shear forces greater than 500 N
were observed on the 10° ramp for the weights of 30 kg (i.e.
combined weight (cart + external weight) of 42 kg) and higher.
Therefore, some risk of low back injury, mainly due to the increased
shear loading in the anterioposterior direction, is associated with
cart pushing exertions. A similar conclusion regarding the risk of
low back injury based on the comparison of compression and shear
loading during cart pushing exertions was also made by Knapik and
Marras (2009).

For the shoulder complex, compression forces stabilize the gle-
nohumeral joint, whereas translational forces in mediolateral or
anterioposterior direction destabilize the joint (Labriola et al., 2005).
A lower ratio between translational and compression forces in-
creases the glenohumeral joint stability and as this ratio increases,
stability of the glenohumeral joint decreases (Lippitt et al., 1993). For
the cart pushing tasks evaluated in this study, the translational
forces acting at the glenohumeral joints in the mediolateral direc-
tion were consistently higher than the compression forces. The ratio
between the translational and compression forces ranged between
1.7 and 2.0 and sufficiently high magnitude (range 650—1370 N) of
mediolateral forces were observed for 40 kg weight (all gradients)
and 10° gradient (weight > 20 kg) conditions. High translational
forces and the increased ratio between the translational and
compression forces destabilize the glenohumeral joint increasing
the risk of shoulder MSD with cumulative exposure.

4.4. Study limitations

A few limitations should be considered while understanding
and translating findings of this study to real workplace situations.
First, biomechanical loadings reported in this study are specific to
the type of cart and the walkway surface used. Altered cart and
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walking surfaces may result in different computational findings.
Furthermore, only the sustained phase of pushing exertion was
investigated because of the restriction on the capture volume
associated with the motion capture system used in this study. The
initial and ending phases involve different cart maneuvering tactics
which may produce, possibly higher, musculoskeletal loading,
especially when performed on inclined surfaces (Bennett et al.,
2008). Finally, participation in this study was voluntary and the
participant pool was limited to university-aged students with little
manual materials handling experience. Furthermore, only male
subjects were tested in this study. Experienced workers as well as
females may use different force exertion strategies. Future studies
should look at larger, more diverse working conditions character-
ized by different work-surfaces, cart designs, populations with
manual materials handling experience, and both genders to
determine how well the trends observed in the current study could
be applied to the working conditions and population.

4.5. Conclusion

In this study, biomechanical loading of three shoulder com-
plex joints, in addition to the low back joint were estimated
during cart pushing tasks using a comprehensive full body
musculoskeletal model. Cart weight and walkway gradient
appeared to affect the mechanical load on the shoulder complex
and low back joints. While the compression loading was low,
shear loading may increase the risk of low back WMSDs. Among
the shoulder complex joints, biomechanical loading of the acro-
mioclavicular joint was found to be high and quite comparable
with the glenohumeral joints. Therefore, ergonomic evaluation of
cart pushing tasks should consider mechanical loading of the
acromioclavicular joints in addition to the glenohumeral and low
back joints.
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