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ABSTRACT 
 This paper investigates the design ergonomics and biomechanical effects of using a 

backpack for school children.  A 2D-biomechanical model of a person carrying a backpack is 

presented to study the effect of the backpack load and center of mass on the human’s body 

and posture, with focus on the hip joint and the forces on the lumbar spine.  The purpose of 

the model is to determine the effect of the backpack load on the subject’s posture, forces, and 

moments exerted on the subject’s shoulder, hip, and knee joints.   Also to determine the 

muscle forces at the L5/S1 joint required sustaining the load and posturing resulting from 

carrying the backpack.  From the analysis of the model results, it was clear that even a 10% 

of the subject’s weight backpack can result in high extension moments at the hip joint if the 

center of mass of the backpack is not close enough to the subject’s back.  So, alternative 

design of backpack was recommended. 

 

KEYWORDS: Backpack Load; Backpack Carrying Method; Posture; Body Map; Body Weight 

 

1. INTRODUCTION 

 The term ‘Backpack’ was first introduced in the 1910s in the United States. Before 

the term was used, ‘moneyback’ and ‘packsack’ were used to identify such types of bags. 

These bags are carried on the back by means of straps that either go over the shoulders or 

across. The purpose of backpacks is to carry load and it is used in many activities today like 

hiking, laptop carrying, travelling. However, when this type of bags was first used, it was for 

hunters to carry their equipment and preys. At that time backpacks were made of animal skin 

and were sewn together by intestines of animals.  Nowadays, backpacks are widely used for 

carrying school supplies for students. Backpacks are the most suitable tool for carrying daily 

school equipment since they can distribute the load symmetrically [1, 2].  This paper 

investigates the design ergonomics and biomechanical effects of using a backpack for school 

children. 
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1.  Backpack Injuries 

A heavy backpack may cause several types of disorders such as musculoskeletal disorders 

and postural malfunction for the student. Many studies have reported a correlation between 

the load of a backpack and pain [3]. Heavy backpack carrying could cause a wide spectrum 

of pain related to muscuskeletal disorders and postural dysfunctions [4]. Too heavy 

backpacks may cause back pain and other musculoskeletal damage, including neck and 

shoulder pain [5]. School age children are susceptible to musculoskeletal and using a non-

ergonomic backpack will result in serious physical injuries [6]. The pressure caused by 

carrying heavy backpacks is one of the most important factors in musculoskeletal symptoms. 

These symptoms are most prevalent in the neck, shoulders, upper back and lower back [7]. A 

heavier backpack increases potential for neck pain [8]. A heavy backpack also results in 

forward shift of the neutral center of mass of the body and changes the position of the head 

and upper and lower cervical vertebrae [9]. The shoulder is the weak point and not the back 

and a poorly positioned backpack can modify posture and gait [10]. Attwells et al. [9] 

examined the changes in gait and posture cause by increasing load carriage for military 

personnel (Figure 1). They concluded that higher muscle tensions are necessary to sustain 

changes in posture and load which are associated with injury, muscle strain and joint 

problems. 

Through studies, it was found that the injuries associated with the backpack use are mainly 

related to three factors: Weight of the backpack, the center of gravity of the backpack, and the 

carrying posture of the backpack. 

 

 
Figure 1. Testing conditions of experiment. (a) Control: participants wore shorts, t-shirt, standard issue boots, 

socks, helmet and carried an SA80 rifle. Weight 7.95 kg; (b) Webbing: as Control condition with the addition of 
standard waist belt webbing. Weight 15.95 kg; (c) Backpack: as Webbing condition with the addition of 

standard issue 90 Pattern Bergen. Weight 39.95 kg; (d) Light antitank weapon (LAW): as Backpack condition 
with the addition of LAW under the top flap of the backpack. Weight 50.05 kg [9]. 
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2. Weight Factor 

Many children carry heavy backpacks which for some may weight 30% to 40% of their body 

weight [10]. Mackie et al performed a study using a load carriage simulator (Figure 2) and 

four different school backpacks manipulating the backpack weight, hip-belt use and shoulder 

strap length. They showed that the backpack weight has the greatest impact on stress and 

pressure on shoulder then the hip-belt use and shoulder strap adjustment had the next greatest 

effects [11].  

 
Figure 2. Load carriage simulator used for data collection (tight shoulder straps configuration shown) [11]. 

Rampasad et al. [4] conducted a research on preadolescent school children with the objective 

of determining the changes in various postural angles with different backpack weights. They 

concluded that carrying a backpack weighting 15% of body weight changes all the postural 

angles in preadolescent children. Such weight may exceed the recommended guideline load 

limits for adult industrial workers [7]. Several investigators showed that the recommended 

maximum weight to be carried by an individual in a backpack should be 10% to 15% of body 

weight [5, 12, 13, 14, 15, 16]. Some researchers showed that even carrying a 10% of the body 

weight may cause some injuries [4, 10, 17]. According to a study on Saudi Arabian student, 

5% of the body weights is advised as the backpack load [17].  

Lee et al. [8] examined the effect of backpack weight on the cervical Flexion-Relaxation ratio 

(FRR). They found that for the unloaded backpack the FRR was 2.44 on the right and 2.37 on 

the left, for the 10% of body mass backpack, the FRR were 1.91 and 1.89, and for the 20% of 

body mass backpack, FRR were 1.56 and 1.53, respectively. The flexion-relaxation 

phenomenon is related to the end-range spinal posture while moving into flexion from an 

upright posture (i.e., bending forward from standing).  Brackley et al. [5] studied the changes 

in children’s trunk forward lean (TFL), cranio-vertebral angle (CVA) and spinal lordosis 

angle (LA) that occurred with high, medium and low load locations during standing and 
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walking .Their results indicated that significant changes occurred in TFL and CVA when the 

backpack was loaded to 15% body weight. 

3. Center of Mass Factor 

It is most efficient to carry load as close to the body’s center of mass as possible [18]. There 

is no clear guideline to where the backpack center of gravity should be positioned. However, 

research by Chow et al. [13] suggested that positioning the center of gravity at T12 (Figure 3) 

would result in less effect on the spinal deformation in schoolchildren. They used a custom-

made aluminum frame to alter the center of gravity location of the backpack (Figure 4). Legg 

et al. [3] concluded that the strain of load carriage can be minimized by bringing the center of 

gravity of the load as near to the center of gravity of the carrier’s body as possible. 

 
Figure 3. Participant with the gravitationally referenced accelerometers attached on his back for spinal curvature 

measurement [13]. 
 
 

 
Figure 4. (Left) Testing backpack with a custom-made aluminum frame. (Right) The schematic diagram of the 
aluminum frame. The backpack center of gravity location could be adjusted by changing the vertical position of 

the horizontal bar of the frame [13]. 
 

4. Posture Factor 

The comfort of a backpack is a combination of the biomechanical effects on the center of 

mass of the body and the forward leaning posture [18]. Chow et al found that the spinal 

curvature in individuals carrying backpacks is affected by the anterior-posterior position 

(Figure 5) as well as the CG level. They suggested that switching the backpack position 
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occasionally between anterior and posterior position might help to relieve the effects on the 

spine [13]. 

 
Figure 5. Lateral view of a participant carrying the backpack in either anterior or posterior position. The 

particpant was instructed to stand on a foot print to control the feet positions with lateral rotation at 5ᴼ from the 
mid-line and heels at 15 cm apart which was suggested as a natural and comfortable stance [13]. 

 

Carrying the backpack with two shoulder straps affects posture and gait less than carrying it 

on one shoulder [10, 11]. Legg et al. [19] showed that the double strap backpack is associated 

with less discomfort at the back of the neck, less perceived pressure on the shoulders and a 

lower rating of exertion and therefore, the double strap backpack is superior to the single 

strap backpack for student load carriage. 

5. Developments 

New designs of student backpacks have been introduced to the world market including the 

popular single-strap backpack. Although there are huge amounts of investigation in the field 

of ergonomic features of backpacks, there are few research focused on the design of 

backpacks based on ergonomic requirements [6]. Little research has been conducted on the 

design of children’s backpacks [5].   Amiri et al. [6] used the User Centered Design (UCD) 

approach in their research to prepare an improved design of a backpack. Their results showed 

that their new backpack can considerably reduce the effective loads on the shoulders, back 

and neck. UCD is a design philosophy in which the emphasis is on the user and the aim is a 

high level of usability. Amiri et al designed a proper backpack for students 7-9 years old that 

decreases the effective load on their shoulders, neck and waist [6]. The backpack they 

designed is a double strap wide well-padded, with hip belts and shoulder straps. 
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Amiri et al. [6] presented two solutions to decrease the weight felt on the shoulders and back; 

changing the connecting position of the straps from behind to the front of the back and 

classifying the inner side of backpack for better organization.  Changing the straps position 

lead to increasing the vertical loading on the shoulder, however, the connection area 

increased, therefore the pressure felt by the subject is overall decreased. The new organizing 

system transfers the center of gravity of the backpack to the upper section decreasing the 

distance between the CG of the backpack and the shoulder, therefore, resulting in less 

moment at the shoulder.  The UCD backpack designed by Amiri et al. [6] allows for load 

distribution according to ergonomic features where the largest part is near the back where the 

heaviest books are places. The various parts of the UCD backpack were designed detachable 

which allows for the avoidance of excess backpack weight use when not all of the backpack’s 

capacity is required. 

From the previous introduction, it can be concluded that the most significant factor causing 

muscuskeletal injuries from backpack carriage is the load of the backpack, followed by the 

type of strap used and the posture then the location of the center of mass of the load carried. 

Figure 6 compares the frequencies of targeting each factor in previous literature. 

0

5

10

15

Weight CM Strap &
Posture

 
Figure 6. Number of researches found in the literature reviewed focusing on the three factors in muscuskeletal 

injuries from backpack use. 
 

Based on literature, it is recommended to use a backpack load within 10% of the subject’s 

total body weight, use a double strap backpack with padded large enough straps to insure the 

symmetric distribution of the load and the distribution of the load over a larger area of the 

shoulder, the hip belt is also recommended to reduce the load on the shoulders, frequent 

switching between carrying the backpack in the anterior or posterior position is advised, and 

the location of the center of mass of the load should be as close as possible to the center of 

mass of the body. This could be accommodated by configuring the interior of the backpack as 

Amiri et al. [6] did. It is also recommended to use a detachable backpack instead of a full size 

backpack depending on the activity requirements to minimize the unnecessary load being 
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carried.  In this paper, a 2D-biomechanical model of a person carrying a backpack is 

presented to study the effect of the backpack load and center of mass on the human’s body 

and posture, with focus on the hip joint and the forces on the lumber spine.  

 

2. THE PROPOSED MODEL AND METHODOLOGY 

A two-dimensional skeletal model (Figure 7) was created using MS EXCEL to represent the 

human body and to calculate the moment and the forces at each joint, also to calculate the 

forces at the hip joint in the static position. The backpack was added to the model as the 

source of loading where the user defines the weight of the backpack as a percentage of the 

subject’s weight and the location of the center of mass. The backpack load and position is 

user input in the model by selecting the percentage of the subject’s weight to be used, the 

angle from the subject’s back and the link connecting the center of mass of the backpack to 

the shoulder, and the length of that link. Figure 8 illustrates the backpack inputs in the model. 

 

 
Figure 7. Skeletal model of a subject carrying a load on the back (All angles from the axis: 85ᴼ Ankle, 95ᴼ 

Knee, 87ᴼ Hip, -85ᴼ shoulder, 52ᴼ Elbow, 132ᴼ Wrist, and 90ᴼ Neck). 
 

The purpose of the model is to determine the effect of the backpack load on the subject’s 

posture, forces, and moments exerted on the subject’s shoulder, hip, and knee joints. Also to 

determine the muscle forces at the L5/S1 joint required sustaining the load and posturing 

resulting from carrying the backpack. Leaning in the unnatural posture for prolonged times 

results in muscle strain and would affect the cervical spine. The muscles of interest are 

Erector Spinae (Er), Latissimus Dorsi (Lr) and Rectus Abdominal (Rr). As the load is being 

carried on the back, the subject tends to lean forward from the normal posture to counter the 

moment exerted on the hip joint. In reality, subjects tend to use their arms to pull down the 

strap and therefore support on their arm weight and arm muscle forces to reduce the weight 

load on the hip and shoulder. 

 

Load Shoulder 

Hip 

Knee 
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Figure 8. Illustration of the backpack inputs in the 2D skeletal model 
The average height and weight for a 7 to 9 year old child is 45 inches and 57.2 pounds 

[20].The ankle, knee, and hip angles for the standing position from the x-axis were assumed 

at 85ᴼ, 85ᴼ, and 100ᴼ respectively according to literature [21]. Conservatively, the maximum 

muscle force for a child in that age range is about 150 N [22]. Assuming an average muscle 

cross sectional area of 7 cm2, the maximum muscle intensity is then about 20 N/cm2 or 30 

psi. Typically, the maximum muscle intensity applies to short duration loads. So we assume 

that the maximum muscle intensity for this type of activity to be 25% of this value to account 

for the duration factor and other inertia factors that are neglected in this analysis (i.e. 7.5 

psi/muscle or 15 psi for a pair of muscles) This data were used as inputs in the model. Testing 

was done by trying different angles and link lengths for the backpack and recording the 

corresponding moments at the shoulder, hip, knee and ankle. With special focus on the hip 

and the lumbar spine, the resulting muscle forces were calculated to counter the moment. The 

muscle forces were calculated using two different approaches; the same muscle intensity 

approach and the minimum sum of muscles approach. The first approach assumes that 

muscles exert forces relative to their areas while the second approach assumes that the muscle 

with the maximum moment arm will be loaded first to its maximum before the smaller 

muscle is loaded to fill the remaining force required. 

3. RESULTS AND SENSITIVITY ANALYSIS 

For a subject of height 45 inches, weighing 57 pounds, standing in the normal posture shown 

in Figure 9, where the knees are locked and all the joint angles from the x-axis are as shown 

in Table 1, a backpack load was applied in both the posterior posture (Figure 9) and the 

anterior posture (Figure 10).  

Angle between 
hip-shoulder link 
and CM of load 

Link between 
shoulder and 
CM of load 

CM of 
load 
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Figure 9. Normal standing posture the triangle represents the backpack in posterior position). 

 

Table 1.  Joint angles for normal standing posture 

Joint Neck Shoulder Elbow Wrist Hip Knee Ankle 
Angle 90 270 270 270 100 85 85 
 

 

 
Figure 10. Carrying backpack in anterior posture. 

 

The load was applied at values of 0%, 5%, 10%, 15%, and 20% of the subject’s weight. The 

results of the resultant moments at the joints and the muscle forces are presented in Tables 2-9. 

Table 2. Moments in Pdl.in without considering the muscle forces in the posterior posture (The red and 
underlined values represent excessive moments at the hip exceeding the maximum muscle’s intensity). 

 
Joint

Load % of BM 45° 30° 15° 45° 30° 15° 45° 30° 15° 45° 30° 15°

0 (unloaded) 0 0 0 43.87 43.87 43.87 0.09 0.09 0.09 ‐51.32 ‐51.32 ‐51.32

5 16.35 9.75 2.48 73.05 66.45 59.18 23.78 17.18 9.92 ‐33.12 ‐39.72 ‐46.99

10 32.69 19.5 4.97 102.22 89.02 74.49 47.48 34.02 19.76 ‐14.93 ‐28.12 ‐42.65

15 49.04 29.24 7.45 131.39 111.6 89.81 71.18 51.38 29.59 3.27 ‐16.53 ‐38.32

20 65.39 38.99 9.94 160.57 134.17 105.12 94.88 68.48 39.42 21.47 ‐4.93 ‐33.98

AnkleShoulder Hip Knee

Moments (Pdl.in) w/o Muscle Forces
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Table 3. Moments in Pdl.in considering the muscle forces in the posterior posture (The red and underlined 
values represent excessive moments at the hip exceeding the maximum muscle’s intensity). 

 
Table 4. Moments in Pdl.in without considering the muscle forces in the anterior posture. 

 

Table 5. Moments in Pdl.in considering the muscle forces in the anterior posture. 

 

Table 6. Muscle forces using the first approach in the posterior posture (red values indicate muscle forces 
exceeding maximum muscle intensity). 

 

Table 7. Muscle forces using second approach in the posterior posture (red values indicate muscle forces 
exceeding maximum muscle intensity). 

 
Joint

Load % of BM 45° 30° 15° 45° 30° 15° 45° 30° 15° 45° 30° 15°

0 (unloaded) 0 0 0 43.87 43.87 43.87 13.42 13.42 13.42 ‐16.05 ‐16.05 ‐16.05

5 16.35 9.75 2.48 73.05 66.45 59.18 27.77 23.29 18.35 ‐18.21 ‐20.2 ‐22.4

10 32.69 19.5 4.97 102.22 89.02 74.49 42.13 33.16 23.28 ‐20.37 ‐24.36 ‐28.75

15 49.04 29.24 7.45 131.39 111.6 89.81 56.48 43.02 28.21 ‐22.53 ‐28.51 ‐35.1

20 65.39 38.99 9.94 160.57 134.17 105.12 70.83 52.89 33.14 ‐24.68 ‐32.66 ‐41.44

Moments (Pdl.in) w Muscle Forces

Shoulder Hip Knee Ankle

Joint

Load % of BM 45° 30° 15° 45° 30° 15° 45° 30° 15° 45° 30° 15°

0 (unloaded) 0 0 0 43.87 43.87 43.87 0.09 0.09 0.09 ‐51.32 ‐51.32 ‐51.32

5 ‐23.35 ‐18.32 ‐12.04 33.35 38.38 44.65 ‐15.91 ‐10.88 ‐4.61 ‐72.82 ‐67.79 ‐61.52

10 ‐46.69 ‐36.63 ‐24.09 22.83 32.89 45.44 ‐31.9 ‐21.85 ‐9.3 ‐94.31 ‐84.26 ‐71.71

15 ‐70.04 ‐54.96 ‐36.13 12.32 27.4 46.22 ‐47.9 ‐32.82 ‐14 ‐115.81 ‐100.73 ‐81.9

20 ‐93.38 ‐73.28 ‐48.18 1.8 21.9 47 ‐63.89 ‐43.79 ‐18.69 ‐137.3 ‐117.2 ‐92.1

Moments (Pdl.in) w/o Muscle Forces

Shoulder Hip Knee Ankle

Joint

Load % of BM 45° 30° 15° 45° 30° 15° 45° 30° 15° 45° 30° 15°

0 (unloaded) 0 0 0 43.87 43.87 43.87 13.42 13.42 13.42 ‐16.05 ‐16.05 ‐16.05

5 ‐23.35 ‐18.32 ‐12.04 33.35 38.38 44.65 0.79 4.21 8.48 ‐30.21 ‐28.69 ‐26.79

10 ‐46.69 ‐36.64 ‐24.09 22.83 32.89 45.44 ‐11.83 ‐5 3.53 ‐44.36 ‐41.32 ‐37.53

15 ‐70.04 ‐54.96 ‐36.13 12.32 27.4 46.22 ‐24.46 ‐14.21 ‐1.41 ‐58.52 ‐53.96 ‐48.27

20 ‐93.38 ‐73.28 ‐48.18 1.8 21.9 47 ‐37.08 ‐23.42 ‐6.36 ‐72.67 ‐66.6 ‐59.01

Moments (Pdl.in) w Muscle Forces

Shoulder Hip Knee Ankle

Joint

Load % of BM 45° 30° 15° 45° 30° 15° 45° 30° 15°

0 (unloaded) 0 0 0 0 0 0 14.62 14.62 14.62

5 0 0 0 0 0 0 24.35 22.15 19.73

10 0 0 0 0 0 0 34.07 29.67 24.83

15 0 0 0 0 0 0 43.8 37.2 29.94

20 0 0 0 0 0 0 53.52 44.72 35.04

Muscle Forces using Muscle Intensity Approach

Erector Spinae Latissimus Dorsi Force Rectus Abdominal

Joint

Load % of BM 45° 30° 15° 45° 30° 15° 45° 30° 15°

0 (unloaded) 0 0 0 0 0 0 14.62 14.62 14.62

5 0 0 0 0 0 0 24.35 22.15 19.73

10 0 0 0 0 0 0 34.07 29.67 24.82

15 0 0 0 0 0 0 43.8 37.2 29.94

20 0 0 0 0 0 0 53.52 44.72 35.04

Muscle Forces using Minimum Sum of Muscle Approach

Erector Spinae Latissimus Dorsi Force Rectus Abdominal
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Table 8. Muscle forces using first approach in the anterior posture 

 

Table 9. Muscle forces using second approach in the anterior posture. 

  

According to the model output, the moments and forces on the hip and muscles are highest 

above healthy ranges when carrying a 20% of body weight load with the center of mass at 

45°. Through sensitivity analysis, it was found that the hip moment can be restored to a 

healthy value of 80.61 Pdl.in from an original 160.57 Pdl.in and the muscle forces to 26.87 

lbs. from an original 53.52 lbs. if the subject was to lean forward to reach a hip angle of 90° 

with the x-axis instead of the original 100°, however, this increases the moments on the ankle 

to reach -58.49 Pdl.in (flexion) instead of 21.47 Pdl.in. This is typically what school children 

do when carrying heavy bags, they tend to lean forward that might cause other injuries and 

muscuskeletal disorders because it opposes the natural posture for a human body during 

standing or gait.  

It was also found that raising the subject’s arms to become parallel with the x-axis reduces 

the moments on the hip because it creates flexion moments while the backpack creates 

extension moments. When the shoulder angle is reduced to 0° instead of 270°, the hip 

moment was reduced to 115.35 Pdl.in from an original 160.57° and the shoulder moment 

became 20.17 Pdl.in from 65.39 Pdl.in. Keeping the arms lifted up requires muscle strength 

and eventually causes muscle strain. This explains why children tend to lift their elbows and 

wrist and support on the backpack strap while carrying the load as it helps reducing the 

moments on the hip. On the other hand, this adds additional vertical force on the trapezius 

muscle (the arm weight). 

Joint

Load % of BM 45° 30° 15° 45° 30° 15° 45° 30° 15°

0 (unloaded) 0 0 0 0 0 0 14.62 14.62 14.62

5 0 0 0 0 0 0 11.12 12.79 14.88

10 0 0 0 0 0 0 7.61 10.96 15.15

15 0 0 0 0 0 0 4.11 9.13 15.41

20 0 0 0 0 0 0 0.6 7.3 15.67

Erector Spinae Latissimus Dorsi Force Rectus Abdominal

Muscle Forces using Muscle Intensity Approach

Joint

Load % of BM 45° 30° 15° 45° 30° 15° 45° 30° 15°

0 (unloaded) 0 0 0 0 0 0 14.62 14.62 14.62

5 0 0 0 0 0 0 11.12 12.79 19.73

10 0 0 0 0 0 0 7.61 10.96 15.15

15 0 0 0 0 0 0 4.11 9.13 29.94

20 0 0 0 0 0 0 0.6 7.3 15.67

Muscle Forces using Minimum Sum of Muscle Approach

Erector Spinae Latissimus Dorsi Force Rectus Abdominal



JOURNAL OF INTERNATIONAL ACADEMIC RESEARCH FOR MULTIDISCIPLINARY 
Impact Factor 1.393, ISSN: 2320-5083, Volume 1, Issue 12, January 2014 

 

446 
www.jiarm.com 

4.  CONCLUSIONS AND RECOMMENDATIONS 

From the analysis of the model results, it is clear that even a 10% of the subject’s weight 

backpack can result in high extension moments at the hip joint if the center of mass of the 

backpack is not close enough to the subject’s back. Such moments may cause muscle strain 

or eccentricity from the normal posture to counter the extension moments with flexion 

moments resulting from the weight of the chest and head on the cost of affecting the 

curvature of the cervical spine and the load on the disc. Carrying the backpack in the anterior 

posture reduces the moments on the hip but increases the moments on the ankle significantly 

and the shoulders. Therefore, it is recommended to switch the carrying posture from posterior 

to anterior if the subject is carrying the load for prolonged times with a bias towards the 

posterior posture. Since the center of mass of the backpack tends to play an important role in 

generating high moments and muscle forces as proved in the result, An alternative backpack 

design should incorporate an interior that aims to allocate the load as close as possible to 

back. This can be done by designing pockets, elastic belts or separators inside the backpack 

for heavy items like books and laptops that forces the vertical orientation of such items and 

therefore avoiding having their center of mass away from the back. 

 According to literature, the type of strap affects the distribution of loads on the body 

and a double strapped backpack is better than the single strapped backpack which 

concentrated the load on one shoulder. Therefore, it might be wise to investigate designing a 

backpack that allows for larger strap-to-body contact and therefore increases the area of load 

distribution. Wide straps with sufficient padding are recommended for this purpose, with the 

hip belt use and also a chest belt or a cross belt is recommended to add in the design concept. 

The belts do not only help with distributing the weights evenly across a larger section of the 

body, but it also helps during motion like walking or running with the backpack to attach the 

back in place and reduce the moments and discomfort that may result from having the back 

swinging during movement. Figure 11 and       Figure 12 show examples 

of cross straps and chest straps with hip belts. Also, the shoulder straps could be designed 

with handles on them for the subject’s hand to support his arm’s weight on them with little or 

no muscle force. The added arm weight adds a counter moment on the hip and shoulder and 

may reduce the load. 
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Figure 11. Cross strap with hip belt.      Figure 12. Chest strap with hip belt 
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