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Abstract
The overall aim of this research project was to develop a methodology for the development and
evaluation of an energy storage and return (ESAR) system, specifically dynamic rods (DR), for
insertion into a typical backpack. The criteria for a successful ESAR were to reduce the relative
pack vertical displacement at a delayed phase of the gait cycle thus reducing the force demands on
the body. The first objective of this research project was to investigate the effectiveness of the DR
across different loads and dynamic conditions. The approach involved the use of two types of load
carriage evaluation tools: (1) a computational dynamic biomechanical model (DBM) and (2) a
physical Load Carriage Simulator (LCS). The secondary objective was to examine the efficacy of
this methodology and determine if the DR design concept met the ESAR criteria in both the DBM
and LCS. The results demonstrated that, even though the DR had a marginal effect on the relative
z-displacement of the pack and z-forces experienced at the waist and hips for the DBM, similar
results were not observed in the LCS trials. There was also no phase shift of the backpack observed
in either evaluation tool. This, along with the displacement and force data, suggested that the
current DR design did not meet the criteria for an ESAR load carriage device. Finally, the
comparison of key variables between the DBM and LCS demonstrated that the LCS could not be
used to validate the DBM. Despite the limitations of this study, it has provided a starting point
toward developing a standardized protocol for the design and development of novel load carriage
systems. A supplemental study demonstrated that increased tension of the DR straps resulted in a
reduction of shoulder strap forces because the DR acted as a bridge in the mechanical system,
transferring some of the forces from the shoulders to the hip belt (pelvis). Therefore, this DR
concept should be considered in the design of LC devices as the reduction of shoulder forces during
load carriage is an area of concern.
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Chapter 1: Introduction
Personal load carriage systems, typically referred to as backpacks, are considered the most
convenient way to carry an external load. Defined as locomotion while transporting an external
mass supported on the upper torso by shoulder straps and/or hip belts, load carriage can be
examined through perspectives of physiology, biomechanics, and psychophysiology (Knapik et
al., 1996). However, load carriage is a complicated dynamic activity because it implies a broader
context where loads can be secured to the back, chest, head, arms and legs, and in the hands. Its
complexity is partially due to the bipedal locomotion and manipulative capabilities associated with
it, thus making the analysis of load carrying more difficult than that of lifting (Lu & Aghazadeh,
1994).
Personal load carriage systems have a long history in both military and non-military
contexts (MacNeil, 1996). Most military forces use some form of load carriage system, or
backpack, as the primary method to transport personal gear, food, weapons and safety equipment
(Johnson, 2000). However, acute medical problems associated with load carriage can adversely
affect an individual’s mobility and, in a military situation, reduce the effectiveness of an entire unit
(Knapik et al., 1996). This is especially problematic for military personnel since on long marches,
they carry anywhere from 29 to 60 kg (Knapik & Reynolds, 2010) which can be over 50% of body
weight. Another important aspect of load carriage is an individual’s discomfort. For soldiers
carrying backpack loads over long distances, local pain and discomfort are most often reported in
the feet, shoulder and back areas (Knapik et al., 1996).
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In the civilian world, backpack use is a widely accepted form of load carriage for
recreational hikers and the average student (Orloff & Rapp, 2004). Civilian uses, such as camping
or hiking trips, require the transportation of equipment, food and safety necessities, much the same
as is required by the military (Johnson, 2000). Backpacks also constitute a considerable daily
“occupational” load for schoolchildren (Negrini et al.,1999) in which they carry 10% (Brackley &
Stevenson, 2004; Forjuoh et al., 2004) to 30+% (Negrini et al., 1999) of their body weight. It has
been proposed that backpack use could be a contributing risk factor for discomfort, muscle
soreness, and musculoskeletal pain, especially back pain for youth (Sheir-Neiss et al., 2003) and
schoolchildren (Negrini & Carabalona, 2002). Load carriage is also linked to back pain in adults
(Guyer, 2001).
A review of current and historical load carriage systems reveals a wealth of information on
the advantages and disadvantages of numerous backpack configurations and design options
(MacNeil, 1996). Through research and development, pack manufacturers and load carriage
researchers have endeavoured to design more efficient and less injurious load carriage equipment.
Civilian companies have gathered feedback on designs from expert trekkers based on function,
form and fit (Johnson, 2000), whereas researchers in the military arena have predominantly used
physiological factors to better match the person’s capabilities with the task demands and the
environmental conditions (Knapik et al., 1996; Lu & Aghazadeh, 1994). Use of human opinions
and perceptions have been useful to ensure the best possible design for given packs; however,
physiological factors have not been effective in differentiating subtle design differences found
between competing load carriage systems or between design iterations of a given system (Holewijn
& Lotens, 1992; Pierrynowski et al, 1981b). Judging design attributes of a backpack suspension
system is best assessed objectively using biomechanical variables such as: skin contact pressure,
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pack-person motion, suspension system stiffness, and moments and forces on the spine (Bryant et
al., 2004; Stevenson et al., 2004a; Holewijn & Lotens, 1992). These variables are more closely
related to anatomical structures, internal biomechanical forces, and physiological responses of
local tissues; thus, they are better predictors of human discomfort and subtle differences in pack
design (Rigby, 1999; MacNeil, 1996).
Recently researchers and pack designers have started to look at applications from different
fields and applying them to load carriage. For example, advances in amputee prosthetic devices
have gone from passive systems to active energy storage and return (ESAR) systems (Hafner et
al., 2002b). ESAR devices store energy during landing in a gait cycle and return most of that
energy during the propulsive phase. These ESAR designs first captured the attention of athletes
but are now becoming more commonplace. Kram (1991) was the first person to investigate this
concept of energy transfer between the load carriage system and the person in a study involving
springy poles. Although he did not find metabolic advantages, he did find biomechanical
advantages such as reduced vertical displacement during the gait cycle. This led to a better
understanding of how an energy transfer system works while carrying loads during the gait cycle.
This earlier research has deepened our understanding of the interaction between the load
carriage device and the carrier (MacNeil, 1996). When walking or running, the backpack and
human torso interact in a dynamic way because of the cyclic motion of the torso (Ren et al., 2005).
As a result, the mass of the backpack – which is attached to the body – must undergo a similar
vertical displacement (Kram, 1991). In addition, the dynamic coupling between a backpack and
the wearer is a result of inertial properties of the pack and compliance of the shoulder straps, hip
belt and pack frame, which leads to relative motion of the pack with respect to the trunk (Ren et
al., 2005). Therefore, if one were to design a load carriage system with the goal of minimizing the
3

net energy expelled by the user, it would be ideal to minimize changes in relative motion of the
pack, thereby reducing the vertical and rotational forces acting on the body. Lastly, load carriage
design would configure the pack such that it applies a greater vertical load through weight transfer
from the shoulders to the pelvis. These concepts are based on understanding how a dynamic
backpack system must work to reduce overall energy demand (Ren et al., 2005). Despite the fact
that there are a number of novel ESAR designs being developed for backpacks, optimization of
the energy return system is proving to be more difficult than lower limb prostheses because the
motion of the pack is more closely coupled with that of the trunk, which is important for the
bearer’s balance and agility (Ren et al., 2005). In addition, evaluation of these novel ESAR designs
is proving to be difficult, especially if human trials are the principle means of validation because
of natural human variability.
In engineering design, theoretical analysis and computer modelling have long been used to
obtain better designs with a minimum of physical prototyping. With respect to load carriage
design, mathematical modelling can: reduce reliance on human trials in the design and evaluation
of future backpacks; shorten the design iteration and evaluation cycle; and, reduce the costs
associated with user-based evaluations (Gretton & Howard, 2002; Stevenson et al., 2004a). By
treating some parameters as decision variables, a computer model can be used as an optimization
tool to achieve a specified objective (Pelot et al., 2001). If an objective method of evaluating pack
designs during initial stages of the design process could be developed, then poor designs could be
discarded, retaining potentially effective ones, thus saving time and money (Rigby, 1999).
Development of a novel ESAR load carriage device using biomechanical modelling and objective
assessment tools will allow the integration of critical biomechanical factors affecting load carriage
in a highly iterative design process. Not only could ESAR design features be evaluated via a
4

biomechanical model earlier in the design process, but also insights into how the ESAR functions
could be evaluated and optimized before engaging in costly design iterations.
1.1

Research Goal, Specific Objective and Scientific Approach

The overall aim of this research project was to develop a methodology for the development
and evaluation of an energy storage and return system, specifically dynamic rods, for insertion into
a typical backpack. Rigby (1999) outlined the following criteria that could be used in the design
process of a load carriage system: the variables effecting the pack-person interface that determine
a pack’s effectiveness must be understood; objective methods of measuring these elements must
be created; and a method of predicting the objective measures based on pack design criteria and
user-controlled inputs must be generated. Therefore, the approach undertaken in this research
project involved the use of two types of load carriage evaluation tools that were constructed at
Queen’s University1 for Defence Research and Development Canada (DRDC). The first tool,
developed in VisualNastran 4D® (VN4D) (MSC Software Corporation, California, USA), was a
computational dynamic biomechanical model (DBM) that can be used to simulate a variety of load
carriage designs and task conditions. The second tool was the Load Carriage Simulator, Simple
Articulated Mannequin V2.1 (LCS) that moves a 50th percentile male anthropomorphic
mannequin in motion patterns similar to walking, jogging and running. The outcomes from LSC2
have been validated against subjective opinions from user-trials (Stevenson et al., 2004; Bryant et
al., 2004).

1

These tools were designed and developed by Susan Reid in conjunction with the Ergonomics Research Group.
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The specific objective of this research project was to use this scientific approach to
investigate the effectiveness of dynamic rods2 that were inserted into the lateral aspects of a
backpack and tested across different loads and dynamic rod conditions. Several stages were
undertaken to complete this objective. First, a review of the scientific literature was conducted to
examine factors related to load carriage injuries, human load carriage capability, and energy
storage and return systems, as well as the assessment tools used. Second, the Canadian Forces
backpack, including its suspension system (i.e., shoulder straps, waist belt, sternum strap, load
lifter straps) was represented and simulated using the DBM, based on measured material properties
and anchor points. Third, a specific design concept and a set of consistent restraints were developed
in the DBM to measure the effect of dynamic rods (DR) inserted into the lateral edges of the
backpack. Fourth, variable loads and restraint conditions of the dynamic rods were adjusted in the
DBM to create an ESAR design. Then, one set of dynamic rods were constructed and inserted
into the lateral sleeves of the Canadian forces backpack. Last, the LCS was used to examine the
effectiveness of this DR design and backpack suspension system across a number of different loads
and DR tension conditions. This final step allowed the comparison of the DBM to the LCS to
evaluate the effectiveness of these DR and the methodology.
These methodological steps and approach will allow us to achieve specific goals. The first
purpose was to determine if the vertical oscillations (z displacement) of the backpack relative to
the mannequin would be modified in both DBM and LCS. Although the DR may have a minor
effect on the x and y displacements, it was expected that the z displacement would be the most
critical.

2

The design of this particular dynamic rod was developed by Susan Reid of Queen’s University.
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The outcome measures of effectiveness will be the forces at the waist and hips. If effective,
some of the pack-mannequin’s vertical displacement would be reduced. By altering backpack
reaction forces, the dynamic load carriage device would have the ability to transfer the load weight
onto the body without inducing large ancillary forces. By testing a number of different tensions
and loads, we anticipated that least one set of DR characteristics that would help to minimize the
forces acting on the body. The relative motion between the backpack and person (mannequin) was
recorded to help explain any changes seen in the forces acting on the body.
Another objective of this research is to examine the efficacy of the methodology. This is
the first study of ESAR devices for load carriage where the initial stages of design development
have involved modelling and assessment using objective measurement tools. Therefore, it is
important to compare the outcome measures of the two load carriage evaluation tools to determine
the validity of the computational DBM as an effective methodological tool to use in the design and
development process.
It was anticipated that each aspect of the design process would inform subsequent stages
of this project and that the development of an evaluation process would be useful in improving DR
design concepts, identifying areas of future concern, and establishing a valid strategy for
assessment of functional load carriage energy storage and return systems.
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Chapter 2: Review of Literature

2.1

Load Carriage
Individuals engaged in specific recreational, occupational and military pursuits often carry

heavy loads using a variety of pack systems (Knapik et al., 1996). Defined as locomotion, while
transporting an external mass supported on the upper torso by shoulder straps and/or hip belts, load
carriage (LC) can be examined using methodologies from the fields of physiology, biomechanics
and psychophysiology (Knapik et al., 1996), as well as task performance and users’ opinions.
According to Lu & Aghazadeh (1994), assessment of load carriage is complicated by two
characteristics unique to LC: there are many different carrying modes and, more importantly,
human movement patterns are complex. Because there is no ideal single measure or approach to
load carriage evaluation, most assessments employ a combination of various methods (Stevenson
et al., 2004a). Because of the scope of load carriage literature, the effects of external loads on the
human body will be addressed by looking at only medical concerns and factors causing these
concerns. Then, background information will be presented on ESAR systems for amputee gait
because the research field is more advanced. This will be followed by a presentation of ESARs in
load carriage systems.
2.1.1 Medical Problems Associated with Load Carriage
The effects of carrying excessive or unbalanced loads are difficult to analyze partially due
to the inability to quantify musculoskeletal disorders with ease. Regardless, the load carried by
today’s soldier is increasing and thus the medical problems associated with load carriage continue
to plague the military (Beekley et al., 2007). Overuse injuries associated with strenuous marching
are the primary medical concern for soldiers, resulting in substantial pain, impaired function,
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reduced performance and/or temporary absence from participation (Quesada et al., 2000). Knapik
et al. (1992) found that 24% of infantry soldiers who participated in one road march while carrying
heavy external loads suffered an overuse injury. In Lobb’s (2004) survey of recreational
backpackers, 74% reported sustaining injuries while engaging in recreational backpacking and
12.5% of those reported more than one injury.
Lower extremity injuries include a host of medical problems. Lobb (2004) and Knapik et
al. (2004) reported that most injuries associated load carriage involved the ankles, knees and feet
for both recreational backpackers and the military. Load carriage is thought to aggravate or cause
the onset of injuries, especially in the knees or ankles (Birrell & Hooper, 2007). These injuries
include: foot blisters, the most common load carriage related injury (Knapik et al., 1996, 2004),
metatarsalgia, a descriptive term for a nonspecific painful overuse injury of the foot (Kinoshita,
1985; Knapik et al., 1996), plantar fasciitis, Achilles tendonitis, shin splints, stress fractures,
anterior compartment syndrome, and chondromalacia patellae (Quesada et al., 2000).
The upper limb is also susceptible to load carriage injuries; including soft tissue damage,
nerve entrapment, or blood supplies interruptions (Birrell & Hooper, 2007). Birrell & Hooper
(2007) found that the shoulders were rated significantly more uncomfortable than any other region,
probably due to strap pressure. Rucksack palsy is a disabling injury associated with load carriage
(Knapik et al., 1996) where the injury results from compression of the brachial plexus (Mäkelä et
al., 2006; De Luigi et al., 2008). Ergonomic re-engineering of the rucksack design with the
addition of a frame, sternum strap, and a hip belt, has helped to decrease the incidence of rucksack
palsy by reducing the load on the shoulders and the pressure exerted on the axilla region (Knapik
et al., 1996; Knapik et al., 2004). Similarly, prolonged high pressure at the backpack-skin
interfaces can cause extreme pain and injury. Holewijn (1990) looked at pressure at body-backpack
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interfaces, and demonstrated that skin pressure could be the limiting factor of load carriage due to
the pressure on the soft tissues lying between the interface and underlying bone.
Low back injuries can pose a significant problem during load carriage. However, the
specific cause of back injuries is difficult to diagnose because the pain may result from trauma to
a variety of structures including spinal discs, ligaments connecting the vertebral bodies, nerve roots
or supporting musculature (Knapik et al., 1996). Pierrynowski et al. (1981) believed that heavy
loads were a risk factor for back injuries because heavier loads do not move synchronously with
the trunk, thus causing cyclic stress of the back muscles, ligaments and the spine.
2.1.2 Factors Affecting Load Carriage Ability
With increased loads in a backpack, forces and moments about the lumbosacral joint
increase as the spine needs to support more weight. Wearing a backpack causes an added forward
lean of the trunk to offset the additional posterior load (Martin & Nelson, 1986; Goh et al., 1998),
and to compensate for the change in the centre of gravity (Goh et al., 1998). Increasing backpack
mass during marching is also associated with increased peak and mean vertical and anteriorposterior forces exerted on the lower and upper back (Lafiandra & Harman, 2004). Goh et al.
(1998) observed during level walking with a backpack load of 30% body weight (BW) that peak
lumbosacral forces increased by 67% when compared to walking without a backpack load.
To accommodate the posterior shift of the user’s centre of gravity due to the backpack’s
weight, compensatory posture modifications are elicited in both stationary and dynamic situations
to maintain balance and control movement. For example, gait patterns can be altered due to the
combination of increased weight and postural changes (Brackley & Stevenson, 2004). Kinoshita

10

(1985) also observed significant changes in body posture and gait patterns while carrying a heavy
load compared with a light load, regardless of the carrying system employed.
Heavy load carriage is a strenuous muscular task and as such, any economy in the energy
demand would contribute to better performance and less fatigue. Knapik et al., (1996, 2004)
discussed that, in order to create guidelines for load carrying, researchers need to investigate the
factors that contribute to load carriage ability, determine those that have the highest relative impact
on energy demands, and take into consideration the energy demands of the task conditions and of
the person carrying the load.
During load carriage, physiological measures have the ability to detect an increase in
backpack load (Pierrynowski et al., 1981; Morrissey & Liou, 1988). In general, an increase in
backpack loads results in an increase in oxygen uptake, heart rate and pulmonary ventilation
(Bobet & Norman, 1984; Sagiv et al., 1994; Holewijn & Meeuwsen, 2001; Polcyn et al., 2001) as
well as energy cost and relative work intensity (Quesada et al., 2000; Epstein et al., 1988; Knapik
et al., 1996).

Furthermore, increases in load mass lead to a systematic increase in

electromyography (EMG) activity for the rectus abdominis muscles (Al-Khabbaz et al., 2008).
When investigating load carriage devices, there are clear physiological differences between
modes (i.e., pack locations) when carrying the same weight (Datta & Ramanathan, 1971). The
differences in isometric tension required for the different modes of carrying (i.e., front, back,
double-pack [front and back] or head locations) was one of the major causes of variation in the
physiological parameters (Datta & Ramanathan, 1971; Kinoshita, 1985). Load placement, (i.e.,
centre of gravity of the load) is an important determinant of efficient carriage, and it should be
considered in both backpack design and subsequent load distribution (Liu, 2007). Load placement
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can affect energy cost (Stuempfle et al., 2004; Abe et al., 2008a), EMG levels (Bobet & Norman,
1984), and influence body mechanics (Johnson et al., 2001; Knapik et al., 2004). The importance
of load placement is more evident when the body dynamics of load carriage is considered (Knapik
et al., 1996). In principle, the optimum method of load carriage should place the load’s centre of
gravity as close as possible to the body (Legg & Mahanty, 1985; Knapik et al., 1996; Knapik et
al., 2004; Liu, 2007), promote anterior-posterior and lateral stability, and make use of the large
muscle groups (Legg & Mahanty, 1985). When the load is carried close to the trunk, the gross
metabolic rate is directly proportional to the load (Soule et al., 1978).
After comparing load carriage systems, weight was still the most influential factor in load
carriage rather than the specific load carriage system design (Haisman, 1988). However, an
‘optimal’ load (i.e., maximizing load without compromising safety) is considered an elusive
concept because it is impossible to define an optimal load in isolation from other relevant factors
such as velocity, grade, climate, clothing and the nature of the terrain (Haisman, 1988; Knapik et
al., 2004). Furthermore, load carriage limits for adult populations will likely be determined based
on industrial or military requirements rather than physiological or biomechanical limiting
measures (Brackley & Stevenson, 2004). Lastly, because the backpack weight (Golriz & Walker,
2011; AbdulRhamn, Rambely, & Ahman, 2012) is the most common contributor to discomfort,
greater consideration to load carriage system construction and design is warranted (Jacobson et al.,
2003). The elimination of local strain and maintenance of normal posture and gait should also be
considered in the design of load carriage equipment (Haisman, 1988).
For a given individual, not only will the energy expenditure of walking vary with respect
to load carriage, it will vary depending on a number of task condition factors and personal factors
(Pandolf et al., 1977). Modulators of load carriage include, but are not limited to: duration of load
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carriage (Levine et al., 1982; McCaig & Gooderson, 1986; Haisman, 1988; Pandorf et al., 2002;
Knapik et al., 2004); grade (Bobbert, 1960; Goldman & Giampietro, 1962; Gordon, 1983; Santee
et al., 2001; Crowder et al., 2007; Abe et al., 2008b); terrain (Givoni & Goldman, 1971; Pandolf
et al., 1976; Pandolf et al., 1977; Levine et al., 1982; Haisman, 1988); speed (Bobbert, 1960; Han
et al., 1992; Harman et al., 2001; Scott & Christie, 2003; Bastien et al., 2005); temperature (Snook
& Ciriello, 1974; McCaig & Gooderson, 1986; Haisman, 1988; Kok et al., 1988); fatigue (McCaig
& Gooderson, 1986; Haisman, 1988; Knapik et al., 1996); and, food consumption (McCaig &
Gooderson, 1986). Personal charactersitics that affect load carriage include, but are not limited
to: sex (Evans et al., 1980; Martin & Nelson, 1986; Crosbie et al., 1994; Bhambhani & Maikala,
2000; Bilzon et al., 2001); age (Haisman, 1988; Lu & Aghazadeh, 1994; Hawkins & Wiswell,
2003); anthropometry (Kinoshita, 1985; Haisman, 1988; Ricciardi et al., 1999; Rayson et al., 2000;
Pandorf et al., 2002; Beekley et al., 2007); physical training (Rayson et al., 1999; Bilzon et al.,
2001; Pandorf et al., 2002; Simpson et al., 2006; Vanderburgh, 2008); self-pacing (Evans et al.,
1980; Levine et al., 1982; Knapik et al., 1996); and, subjective perspectives (Haisman, 1988; Lu
& Aghazadeh, 1994; Quesada et al., 2000; Mastroianni et al., 2003; Beekley et al., 2007).
Rather than modifying task condition factors, several researchers have started to examine
how energy demand can be reduced through different dynamic load carriage systems. For example,
Kram (1991) demonstrated that using springy poles could transfer the forces within the gait cycle
such that the load-person centre of mass did not oscillate vertically to the same degree nor were
they in the same time phase (Kram, 2001). Several authors have endeavoured to use this concept
in the design of a dynamic backpack with varying success (Good, 2003; Rome et al., 2005; Ren et
al., 2005; Rome et al., 2006; Elmes et al., 2007; Xu et al., 2009; Foissac et al., 2009). Some of the
issues that may interfere with designing a successful system are: optimal stiffness and damping
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coefficients, adjusting to the range of masses and walking speeds, a lack of objective performance
tests, and feasibility of the design solutions. In this research, we propose to address some of these
issues by investigating devices that store and return energy.
2.2

Energy Storage and Return Devices
Energy storage and return (ESAR) devices have gained wide acceptance in the marketplace

(Hafner et al., 2002b) and are often used in prostheses for lower leg amputees in both civilian and
military populations (Kapp & Miller, 2009). However, dynamic ESAR devices for load carriage
are still in the development phase. It is valuable to investigate ESAR principles used in lower leg
prosthetics because they are also required to move a heavy load mass through a cyclical cadence
pattern. The principles will provide valuable insight in the design and evaluation of a novel
dynamic load carriage device. Several ESAR devices will be described, including the Seattle
Foot™ (Seattle Limb Systems, Poulsbo, WA), the Flex-Foot® (Flex-Foot, Inc., Aliso Viejo, CA),
the Niagara Foot® (Niagara Prosthetics & Orthotics International Ltd., Fontill, ON), as well as the
small number of other ESAR devices. The focus of this review of literature will be concentrated
on the Flex-Foot®.
The primary reason for the successful design and implementation of new, innovative
prosthetic designs has been for athletes in sports and recreation and for military service members
with newly-acquired lower leg amputations (Fergason & Harsch, 2009). Athletes using these
designs in competition have led the public to heightened awareness of the challenges involved in
disabled sporting activities such as those seen at the Paralympic Games (Fergason & Harsch,
2009). When selecting an effective prosthesis design for lower-leg amputees, clinicians must take
into consideration the principles of energy transfer (Hafner et al., 2002a). Historically, the solid
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ankle cushioned heel (SACH) design was prescribed to reduce the impact loading at heel strike;
therefore, it stores and releases very little elastic energy to reduce gait demands (South et al., 2010).
Prosthetic feet have become increasingly complex, optimizing energy return via flexible carbon
fibre parts, which can establish a more natural and energy-efficient walking pattern, even under
conditions different from those for walking on a level surface (Wolf et al., 2009). As prosthetic
devices become more complex, the need to understand the mechanical performance of prostheses
becomes even more critical (Hafner et al., 2002a).
The demand for prostheses that are capable of higher levels of performance have shaped
the design and manufacturing of the “energy storing” foot. This type of foot design is capable of
storing energy during stance and returning it to the amputee to assist in forward propulsion in the
push off phase (Hafner et al., 2002a). The great acceptance of these prostheses in clinical practice
is a result of perceived preference for performance afforded by ESAR prosthetic feet in amputee
gait rather than esthetics alone (Hafner et al., 2002b).
In 1981, the Seattle Foot™ (Seattle Limb Systems, Poulsbo, WA) was introduced,
incorporating a flexible Delrin® (DuPont, Wilmington, DE) keel inside a polyurethane shell. The
Delrin keel flexes during loading, thus acting like an elastic spring, which returns a portion of the
input energy to the amputee later in gait (Hafner et al., 2002a).
Soon thereafter, a radically different type of lower limb prosthetic device, the Flex-Foot®,
was introduced into the market in 1987 (Flex-Foot Inc., Aliso Viejo, CA). The Flex-Foot®
prosthesis includes both a flexible carbon fibre shank and a heel shape that allows the entire length
of the prosthesis, rather than solely the foot, to flex, absorb, and return energy to the amputee
(Hafner et al., 2002a; Kapp & Miller, 2009). The Flex-Foot® had several critical design
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breakthroughs that made this product unique and revolutionized the everyday aspirations of
amputees (Figure 1). Its energy storage and release is a function inherent in the patented carbon
fibre design of the Flex-Foot®. Vertical forces generated at heel contact are stored and translated
into linear motion (ÖSSUR, 2010). This motion reduces the need to actively push the body
forward, reducing energy costs for the user. The heel stores the energy during loading as the users
transfer their body weight onto the prosthetic foot and energy is gradually released nearer toe-off
(ÖSSUR, 2010). This allows for optimal return for forward progression of the limb. Lastly, the
Flex-Foot® controls and optimizes how ground reaction forces are transferred to the prosthetic
foot, enabling the user to develop a more natural gait, thus reducing fatigue (ÖSSUR, 2010).

Figure 1. Flex-Foot Cheetah® (Adapted from Össur©, 2010).

Schneider et al. (1993) compared the kinematics and dynamics of a conventional (SACH
foot) and an energy-storing (Flex-Foot®) prosthesis during walking of unilateral, below-knee child
amputees. At both comfortable (0.9 m s-1) and fast (1.3 m s-1) walking speeds, the peak power
generated near toe-off was significantly greater for the Flex-Foot® than the SACH foot, and the
Flex-Foot® absorbed and returned significantly more energy than the SACH foot (Schneider et
al., 1993). During the push-off phase, the SACH foot and Flex-Foot® returned ~20% and ~70%
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of the stored energy, respectively. With increased walking speed, the capacity of the Flex-Foot®
to return stored energy increased while the SACH foot decreased (Schneider et al., 1993). The
researchers explained that the spring-like design of the Flex-Foot® permitted greater deformation
of the foot (energy absorption) when loaded following heel strike and, although both dissipated
some energy in the materials, more energy was stored and returned in the spring-like design of the
Flex-Foot®.
The energy cost and gait mechanics of the traditional SACH foot was compared by Perry
& Shanfield (1993) to four ESAR foot prostheses. They found that the Flex-Foot® caused a
significant reduction in vertical ground reaction force (109% body weight), compared with the
SACH foot (135% body weight) and that the use of the Flex-Foot® resulted in a lower vertical
loading force on the sound limb. Although the Flex-Foot® resulted in slight changes in gait
dynamics, this did not translate to an increase in velocity or energy expenditure, or to energy
conservation (i.e. heart rate, respiratory rate, cadence, respiratory quotient, and energy
expenditure) in the subject population (Perry & Shanfield, 1993). One aspect of the SACH foot
that is favoured by older amputees is its similarity to a natural foot (Perry & Shanfield, 1993).
The Niagara Foot®, an energy-return prosthetic foot, was developed to provide improved
performance for lower leg amputees of post-conflict regions (Figure 2) but was designed to be
worn in a normal shoe. The keel of the Niagara Foot® is composed of a single, S-shaped part,
which acts like a spring to provide elastic energy storage and return during the gait cycle (Beshai
& Bryant, 2003; Curran-Blaney, 2008). Upon heel strike, the lower C-section or heel deflects
upwards, causing the toe portion of the foot to deflect downwards and the contact point to open.
As weight is transferred over the foot, energy is released from the heel and the contact point closes.
Once contact is made, the compliance of the foot decreases (stiffness increases) in order to prepare
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for toe-off. During this phase, the toe portion deflects and stores energy (Beshai & Bryant, 2003).
As the toe lifts off, this energy is released to help propel the limb into the swing phase. The energy
return principle is incorporated into the design of the Niagara Foot® and allows the user to walk
more naturally than conventional designs (Beshai & Bryant, 2003) and can be covered to look like
a normal foot for amputees who value that aesthetic.

Figure 2. The Niagara Foot®, Niagara Prosthetics & Orthotics International Ltd. (Curran-Blaney, 2008).

Hafner et al. (2002b) noted that, while the keel-spring of an ESAR is not an equivalent
replacement for the active musculature of the natural limb, the spring appears to provide a
propulsive (anterior-posterior) force during terminal stance that may assist in propelling the swing
leg forward into the next step. Kinetic force analysis revealed that ESAR prosthetic feet tend to
reduce the sound limb’s weight acceptance force and increase the affected side’s propulsive force
(Hafner et al., 2002b). Most of the significant improvements provided by the ESAR prosthetic foot
on amputee walking gait may be traced back to the design of the flexible keel (Hafner et al., 2002b).
The improved flexibility of the ankle joint provided by the ESAR foot allows for reduced
asymmetry, increased sound side step length, and decreased sound side impact at heel strike
(Hafner et al., 2002b). Additionally, this increased late-stance flexibility allows the amputee to
delay heel-rise and hence maintain a lower centre of gravity (Perry & Shanfield, 1993).
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In 2008, the International Association of Athletics Federation received results of an
independent study conducted at the German Sport University in Cologne in regards to the
biomechanical and physiological analysis of long sprint running by a double trans-tibial amputee
athlete Oscar Pistorius (RSA) using the Flex-Foot® “Cheetah®” prosthetics (IAAF, 2008).
Results of the study showed that Pistorius could run with his prosthetic blades at the same speed
as able-bodied sprinters who were capable of similar levels of performance with 25% less energy
expenditure. Furthermore, the returned energy from the prosthetic blade was close to three times
higher than with the human ankle joint in maximum sprinting. Lastly, the energy loss in the
prosthetic blade was measured at 9.3% during the stance phase, compared to 41.4% average energy
loss in the ankle joint of the able-bodied control athletes (IAAF, 2008). The researchers deemed
that running with prosthetic blades led to less vertical motion in combination with less mechanical
work to lift the body (IAAF, 2008). Perhaps because of this study, Pistorius was allowed to
complete against able-bodied athletes in the China 2012 Olympics.
One research group attempted to harvest the advantages of ESAR for able-bodied athletes.
Morgan et al. (1996) documented the changes in the aerobic demand of running associated with
wearing prototype shoes featuring energy storage and return mechanism like those found in the
Achilles tendon and the longitudinal arch of the foot (Figure 2). They found that wearing the
prototype resulted in lower mean energy expenditure because of energetic contributions provided
by the elastic devices. The fastest runners demonstrated a more noticeable reduction in aerobic
demand (compared to the decrease in overall mean oxygen consumption) while wearing the
prototype shoes. This is congruent with the data indicating that the storage and return of elastic
strain energy is magnified at faster running speeds (Morgan et al., 1996). These data suggest that
running in athletic footwear designed to exploit energy storage and return mechanisms found
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naturally in the human foot and lower leg can be advantageous, particularly at faster running
speeds. The observed decrease in submaximal aerobic demand, although small, may nonetheless
have practical significance for the elite athlete (Morgan et al., 1996). Although not realized to the
same extent, shoe manufacturers use insoles and shoe sole designs and materials to create similar
results (Nigg, 1986).

Figure 3. The prototype (PROTO) shoe. (Adapted from Morgan et al.,1996).

In summary, the ESAR design concepts that were developed for amputee gait can be
extended to other applications. For example, the back muscles are aided during lifting tasks by
springs in a personal lift assistive device that store elastic energy as a person bends down and
returns it during the up phase of the lift (Abdoli et al., 2007, 2008). Regardless of the purpose of
an ESAR device, it is important to verify its effectiveness, safety and user acceptability before
implementation. Both the ESARs for amputee gait and lifting tasks have undergone extensive
scrutiny before implementation. However, ESARs for load carriage are in the early design phase.
As well, researchers are still looking for optimal evaluation strategies. The next section is devoted
to describing the status of ESARs for load carriage.
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2.2.1 Dynamic Load Carriage Devices
Unlike the foot prostheses where only the body is propelled, a backpack adds mass that
must undergo a similar vertical displacement as the person (Kram, 1991). This results in peak
vertical forces that can be twice the static weight of the pack, owing to acceleration of the added
mass (Rome et al., 2006). Such a pack-person system means higher metabolic energy costs when
carrying loads. Kram (1991) was the first researcher to examine a load carriage ESAR by studying
the effect on gait of carrying loads on the ends of long springy poles. Although carrying loads with
compliant poles did not offer any metabolic energy savings, it did provide important
biomechanical advantages. He found that the poles oscillated out-of-phase to the person’s vertical
motions with a consistent 40% reduction in vertical forces on the shoulders. This resulted in a
similar reduction in vertical ground force when compared to the unloaded condition. He surmised
that the poles needed to be very complaint and have a phase shift in peak acceleration in order to
reduce the peak forces on the shoulders (Kram, 2001). If the low natural frequency of the poles
was the square root of spring stiffness divided by the mass being carried (or √k/m), then the poles
natural frequency would be ⅓ of the step frequency.
The next reported attempt to develop a dynamic system was by Good (2003) who created
a Dynamic Framesheet™ (DFS™) that had a set of runners and leaf-springs placed between the
frame and the bag portion of the pack. His goal was to induce oscillations between the frame
sheet and the pack to reduce the forces acing on the body. The system was evaluated using the
Load Carriage Simulator housed at Queen’s University. Unfortunately, the DFS™ resulted in a
greater amount of average force being applied to the body; however, the amplitude of the force
oscillations was reduced. The DFS™ did oscillate somewhat, but not at the right time nor
sufficiently to accomplish the objective. Good (2003) believed that one of the major contributors
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to poor results was the friction between the sliders and the runners which may have introduced too
much damping into the system.
Rome et al. (2006) investigated the biomechanical and energy costs of carrying a 27kg load
suspended by elastic bungee cords from the external frame to create a compliant coupling. The
vertical oscillations in pack-person displacement were reduced by 39% during walking and 33%
during running. The reduction caused an 82% and 86% decrease in the peak system accelerative
forces, and a 33% and 60% decrease in the total peak vertical forces in the walking and running
conditions, respectively (Rome et al., 2006). The pack-person oscillation was reduced mainly
because the amount of movement of the load relative to the frame was similar in magnitude and
nearly 180° out of phase with the frame’s displacement (Rome et al., 2006). If one were to design
a system with the goal of minimizing the net energy expelled by the user, it would be ideal to
minimize the pack-person resultant displacement.
Rome et al. (2005) then proceeded to develop a spring decoupling mechanism that allowed
the frame to move separately from the pack with the objective of converting extracted mechanical
energy, from the vertical movement of the load during walking, to electrical energy for powering
portable devices. In the spring decoupling mechanism, backpack load was not constrained to the
motion of the frame, which created the potential for a reduction in wasted energy by the user
(Elmes et al., 2007). Although the authors expected higher values, the averaged vertical
displacement of the hip during each step was 11.9 mm less for the unlocked condition.
Furthermore, there was an 11.8% reduction in the peak force exerted by the load onto the person,
as well as a change in phasing of the force with respect to the gait cycle (Rome et al., 2005).
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Ren et al. (2005) tackled the problem of an ESAR through a 3D biomechanical model of
human walking and a simulated dynamic backpack with variable stiffness in the pack suspension
system (i.e., shoulder straps, waist belt, and pack frame). They found that decreasing the pack
suspension stiffness (k), up to a certain point, significantly reduced the peak values of vertical pack
forces acting on the torso. Although the k values were not stated, the authors reported that there
would be greater advantages with lower suspension stiffness for larger backpack loads. Their
concern was that more compliant pack suspension systems might lead to larger pack motion
relative to the torso, which could affect the user’s balance and agility. Therefore, a balance of
stiffness and damping is required to allow for compliance without excessive relative motion (Ren
et al., 2005).
Xu et al. (2009) used a spring-damper system to create an oscillating loaded backpack.
They used an equivalent spring stiffness of about 4000 N/m with an unknown damping coefficient.
They evaluated the effects of a suspended-load backpack on several temporal and kinetic
parameters of human gait, and revealed that the reduction in magnitude of the normalized pushoff force was the result of a phase shift between the load movement and the torso movement. This
result suggested that the motion of the load in a suspended-load backpack influenced the gait
biomechanics and should be considered as this technology advances (Xu et al., 2009).
Foissac et al. (2009) tackled the ESAR design problem of developing a backpack with two
leaf springs located between the frame and pack that allowed single planar motion. One condition
had stiff springs and high damping coefficients to create no pack motion whereas the other
condition had springs with a stiffness of k=3,300 N/m and a damping coefficient (c = 96 Ns/m) to
approximate the resonant frequency of walking at four walking speeds. They found that the ESAR
resulted in lower pack accelerations (8% to 22%) at slower speeds but higher peak accelerative
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forces at higher speeds. They concluded that when the pack oscillations are nearly in-phase with
the trunk oscillations, then energetics would be improved. However, Elmes et al. (2007) believed
in the importance of avoiding a system whereby the resonant frequency was close to the walking
frequency as this would result in higher net forces experienced by the user than with a typical
backpack. This would alter the walking pattern and increase metabolic cost.
Hoover and Meguid (2011) used Foissac’s et al (2009) results to determine the optimal
spring stiffness and phase shift to reduce on-body forces. They built a mathematical ESAR using
spring, damper and mass system to allow the load to move relative to the frame. By using an
inverted pendulum model (i.e., step length, leg length and velocity), they derived the amplitude of
the oscillations for different speeds and masses. They found that, when approaching the resonance
of the system, the exaggerated movements of the pack can lead to significant adaptations to the
vertical excursion of the trunk and alter the energetics of walking. Their best results showed that
the oscillating load could be reduced by as much as 80% for heavier loads at fast walking speeds.
They found the most effective phase shift to be 95.7° thus providing a boost during the single
support phase. The pack to person oscillation amplitude ranged from 10 mm to 45 mm over
increasing speeds when a stiffness constant of k =1000 N/m and a damping coefficient of c = 96
Ns/m were used. Their advice was to keep the stiffness and damping characteristics as low as
possible and to avoid the resonance frequency to reduce the potential for the load to generate new
and unusual inertial forces that could result in maladaptive gait patterns.
Xie and Cai (2015) used a mass spring damping oscillating mechanism to develop a
frequency tuneable oscillating device embedded into a backpack. The load ran up and down on
gear trains and a second set of springs was used to tune the system. Although complex in design,
the stiffness could be tuned from k = 3,000 to 5,000 N/m with damping coefficients from c = 150
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to 300 Ns/m. The system has a phase shift around 50% of the gait cycle with an average assistance
of 15% due to the load’s accelerative forces. Although their goal was energy harvesting, they were
able to design a system that improved gait kinetics.
Other strategies have also been explored for ESAR dynamic backpack systems. These
include: shape memory foam (Lau et al., 2010), placement of four variable frequency vibrators in
the shoulder straps and back pad (Tang et al., 2014), replacing the traditional shoulder straps with
piezoelectric polymer polyvinylidene fluoride material that would also be used to harvest energy
(Granstrom et al., 2007), and using a spring and gear box mechanism in the backpack to generate
electrical power (Kuo, 2005). Although these studies involve changing the backpack’s dynamics,
they were geared more toward electrical power generating capacity.
In summary, ESAR backpacks are still in the development and design phases. Making
ESAR prosthetic feet is easier for designers as they can concentrate on managing the person’s
weight only and not the added complexity of a person plus a backpack. Researchers have tackled
the problem in a variety of ways, yielding a variety of conflicting results. The most convincing
evidence comes from the research of Kram (1991, 2001), Rome et al. (2006) and Hoover and
Meguid (2011) where they clearly showed that properly tuned dynamic systems could reduce the
forces on the person by oscillating the pack at a different phase in the person’s gait cycle. As a
result of these studies, one would expect a phase shift between 90° to 180° or ¼ to ½ of the gait
cycle. Hoover and Meguid (2011), using a mathematical model, demonstrated that the optimal
phase shift would be during the single support phase for maximum effect. Although researchers
have reported reduced vertical forces on the person between 11.8% and 80% when compared to
the static pack condition, the best dynamic systems recorded differences in oscillating loads as
high as 60% to 80% depending on the load and walking velocity. This level of performance
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appears to be accomplished by having a compliant system with a low suspension system stiffness
(i.e., k = 1,000 N/m) and damping coefficients (c = ~100 Ns/m). This may result in pack-person
oscillation amplitudes ranging from 10 mm to 45 mm over increasing speeds (Hoover and Meguid,
2011). Regardless of these findings, it is important to guard against ancillary pack motions that
can result in reaction forces which would affect a person’s gait stability and performance (Elmes
et al., 2007). Optimization of mechanical energy return over a variety of movement patterns will
be a key component to the successful design of a novel dynamic load carriage device.

2.3

Dynamic Load Carriage: Assessment Tools

To critically design and evaluate a dynamic load carriage device, the steps and tools used
in load carriage development need to be investigated. In this section the load carriage tools
designed and used at Queen’s University will be described.
2.3.1 Development of Advanced Personal Load Carriage Systems
Defence Research and Development Canada (DRDC) – Toronto undertook a research and
development programme on Advanced Personal Load Carriage Systems (APLCS) as part of their
soldier modernization efforts (Figure 4) (Stevenson et al., 2004b). The rationale for a research
program was the need to upgrade the 1982 Canadian load carriage by which differences between
systems could be evaluated efficiently and effectively (Stevenson et al., 2004a). The personal load
carriage project was identified in the Canadian Forces (CF) Land Forces Master Plan as an aspect
where external consultants with research experience and facilities would be beneficial.
As part of a comprehensive measurement system, Queen’s was tasked with evaluating
current designs and performance of APLCS (Stevenson et al., 1995). As part of the plan a Load
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Carriage Simulator was designed to integrate known biomechanical factors affecting load carriage
into a standardized performance test. The system was designed to complement human factor
studies by quantifying variables such as balance, agility and mobility. Ergonomic design principles
using objective measurements tools3 and user-centred feedback from the soldiers were considered
essential to system development (Stevenson et al., 2004). Four key aspects of load carriage were
analyzed: relative motion of the pack with respect to the torso, pressure distribution at the contact
surfaces between the pack suspension system and the body, force distribution between the pack
and torso, and overall stiffness of the pack (Stevenson et al., 1995). Fi2004a). After a validation
study, these physical tools were used to help design the current Canadian system (Stevenson et al.,
2004a, 2004b).

3

Standardized objective measurements for the evaluation of load carriage included the development of a load
carriage simulator, a stiffness tester, and a load distribution tester (Bryant et al., 2000).
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Figure 4. Model of interactions and responsibilities of DRDC-Toronto's Clothe the Soldier load carriage
system design team. (Adapted from Stevenson, Reid, Bryant, Pelot, & Morin, 2000).

2.3.2 Dynamic Biomechanical Model
Once the new Canadian system was in production, DRDC- Toronto was concerned about
incorporating new technologies into equipment to increase soldiers’ safety in peacekeeping and
defensive situations (Bryant et al., 2004; Stevenson et al., 2004b). This led to the further
development of mathematical models to complement the physical models as they would increase
reliability and reduce the time and cost associated with human experimentation (Stevenson et al.,
2004a; Bryant et al., 2004). Biomechanical models can be used to: 1) describe the relationship
between elements of the pack-person system, 2) examine how specific elements determine pack
effectiveness, 3) evaluate the sensitivity of the system to different input variables, 4) understand
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the major processes that drive the pack-person system, and lastly, 5) help generate novel
approaches to designing personal load carriage systems (Rigby, 1999).
A Dynamic Biomechanical Model (DBM) (Figure 5) was developed as part of the
aforementioned research program for use as a design assistive tool for future load carriage systems
and to aid with the development of a Load Carriage Limit equation based on risk factors (Reid et
al., 2005b). The overall purpose of the DRDC research program on dynamic biomechanical
modelling was to improve the understanding of human load carriage capabilities and to understand
the benefits of system design features (Reid, Bryant, & Stevenson, 2005a).

Figure 5. Visual depiction of steps needed to create a biomechanical model. (Reproduced with
permission from Stevenson, Good, Devenney, Morin, Reid, & Bryant, 2005).

The DBM model was developed at Queen’s University using VisualNastran 4D® (VN4D)
(MSC Software Corporation, California, USA).
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The basic components of the model were the

coordinates of a 50th percentile male mannequin and the dimension and compliance characteristics
of the Canadian Forces large backpack (Stevenson et al., 2005b). These two components were held
together by two shoulder straps, a sternum strap, and a waist belt. The compliance characteristics
of each of these items were measured using an Instron® Universal Testing machine and specialized
testing jigs. The model’s body plus backpack were leaned forward to balance the x and y moments
to 0 Nm. Then, the model’s mannequin body could be translated vertically using sinusoidal forcing
functions based on soldier’s displacements during walking, jogging or running. The input variables
to the model were established based on human trials and the scientific literature on gait and
included: frequency and amplitude of the forcing function, location and magnitude of the mass
within the pack, pack geometry and material properties of the mannequin’s skin adjusted for body
sites as well as for pack components. In addition, input variables included velocity histories of a
person wearing a pack, stiffness of the shoulder straps, lumbar pad and back panel (Reid et al.,
2005b). In addition to pack-person interface information, the output variables from the DBM
included estimates of shoulder reaction forces and lumbar forces, ratio of load carried on the upper
body/ lower torso, and contact forces on the upper and lower torso (Reid et al., 2005b).
In solving the interactions between objects to be carried and the human, the DBM offers a
unique tool for evaluating both the specific effect of a particular piece of kit and the cumulative
effects of carrying multiple loads (Reid et al., 2005b). The DBM modelling approach uses the
resultant motions of the pack and person to determine the contact forces and pressures. Unlike the
static biomechanical model developed by MacNeil (1996) and enhanced by Pelot et al. (2001),
which was used to calculate resultant static shoulder and lumbar forces only, the dynamic DBM is
capable of revealing average and peak forces and skin contact pressures anywhere on the packperson interface (Morin et al., 2004). Simple static models were incapable of accurately assessing
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systems that are more complex as the additional geometry makes the model statically
indeterminate. Furthermore, the material properties and the effect of varying them could not be
gauged with a simple static model (Reid et al., 2005b). This computer-based DBM is ideal for
studying the impact of various dynamic ESAR designs and material properties prior to making
prototypes and testing them on the load carriage simulator or with human participants.
2.4

Factors influencing Dynamic Load Carriage Design
To construct a successful ESAR device for load carriage, it is important to know if a new

design idea will return adequate energy while supporting a heavy load mass through the cyclical
gait pattern without adversely altering it. Energy transfer during walking is one of the fundamental
concepts used within any dynamic backpack system because the motions of the pack are coupled
with the motions of the user. As a basis for understanding energy transfer in gait, the following
sections will describe the key variables that need to be considered when designing and evaluating
a dynamic load carriage device. Use of the DBM will also permit an investigation of the
characteristics required of an ESAR design and how the design features will respond to oscillatory
motion.
2.4.1 Walking Energetics

In the act of walking, there are two basic requisites: (1) continuing ground reaction forces
that support the body, and (2) periodic movement of each foot from one position of support to the
next in the direction of progression; these two basic requisites of walking give rise to the specific
body motions that are universally observable during walking (Inman et al., 1981). As the body
passes over the weight-bearing limb, three different deviations from uniform progression in a
straight line, occur with each step: 1) the body speeds up and slows down slightly, 2) it rises and
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falls a few centimetres, and 3) it weaves slightly from side to side; these motions are systematically
related to one another (Inman et al., 1981). The cyclic alternations of the support function of each
leg and the existence of a transfer period when both feet are on the ground are essential features of
walking locomotion (Inman et al., 1981).
The gait cycle is defined as the period from heel contact of one foot to the next heel contact
of the same foot and can be divided into two parts: the stance phase and the swing phase (Griffiths,
2006). In the gait cycle, the leg can be modeled as an inverse pendulum and in the contact period
the movement of the centre of mass would be modeled as an arc trajectory (McMahon and Cheng,
1990). Therefore, the human centre of mass fluctuates upward and downward in the vertical plane
while walking.
The centre of mass describes a smooth sinusoidal curve in normal level walking (Saunders
et al., 1953; Inman et al., 1981). These fluctuations reflect the displacement of the centre of gravity
in the vertical plane (Saunders et al., 1953). The amount of vertical displacement in normal adult
men is typically about 5 cm at the usually adopted speeds of walking (Saunders et al., 1953; Murray
et al., 1964; Inman et al., 1981). The summits of these oscillations appear at about the middle of
the stance phase of the supporting limb. During single stance, the body’s centre of mass (COM)
passes over the foot in preparation for shifting its weight to the other limb (Griffiths, 2006). The
COM falls to its lowest level during the middle of double weight-bearing, when both feet are in
contact with the ground (Saunders et al., 1953; Inman et al., 1981).
The COM of the body is also displaced laterally in the horizontal plane. In this plane too,
it describes a sinusoidal curve with maximal values alternatively pass to the right and to the left in
association with the support of the weight-bearing limb (Saunders et al., 1953; Inman et al., 1981).
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During the stance phase, the foot applies a force to the ground, and a ground reaction force
(GRF) is developed that is equal and opposite to the applied force. The largest component of the
GRF is the vertical one, which accounts for acceleration of the body’s centre of mass in the vertical
direction during walking and supports the body weight (BW) (Griffiths, 2006). If the entire body
is treated as a mass on a spring, the magnitude of the GRF can be more easily understood (Figure
6). Newton’s second law states that the resultant force must equal mass times acceleration.
Therefore, when the acceleration is positive, the GRF must be greater than the body weight. The
positive acceleration occurs during double stance when the centre of mass is at its lowest point
(Figure 7). When the centre of mass is at its highest point during single stance, the acceleration is
negative, and the GRF must be less than the body weight (Griffiths, 2006).

Figure 6. The human body’s mass considered as concentrated at one point and supported by a compression
spring. (Ground reaction forces (GRF), Body Weight (BW)). (Adapted from Griffiths, 2006).
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Figure 7. Vertical displacement of the centre of gravity during one gait cycle (top). Vertical acceleration
of the centre of gravity during one gait cycle, approximated by a sine curve (bottom). (Adapted from
Griffiths, 2006).

With respect to bipedal gait, the most economical method of locomotion is translating the
COM through a sinusoidal pathway of low amplitude. In this way, the human body conserves
energy (Saunders et al., 1953). Just as work is required to stretch a spring, work is required to
move the body upward against the forces of gravity (Inman et al., 1981). Ideally, the energy and
work of an object are identical, but, the work an object performs is always less than the stored
energy it possesses because of heat, sound, and other losses (Hafner et al., 2002). As the COM of
the body is displaced through its sinusoidal pathway of low amplitude during walking, energy is
expended during its elevation, and only a portion of this energy is recovered on its descent; the net
result is a continual expenditure of energy (Saunders et al., 1953).
Bigard (2001) postulated that the total mechanical work of the body walking with external
loads is partitioned into internal work, due to the speed changes of body segments with respect to
the body’s COM, and into external work, related to the position and speed changes of the COM in
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the environment. Gravitational potential energy is stored in the first half of the walking step as the
COM rises, and returned in the form of kinetic energy during the second half of the step as the
COM falls (McMahon & Cheng, 1990); here, the potential and kinetic energy changes are
conveniently in opposite phases (Cavagna et al., 1976). The phase difference of potential and
kinetic energy in walking suggests that the mechanism of walking is similar to that of a pendulum
(Cavagna et al., 1976). External positive work is done in two phases of the step: in one phase to
give a push forward and, in the other phase, to complete the vertical lift (Cavagna et al., 1976).
Use of energy transfer can also be described in a load carriage setting using compliant rods
as an ESAR device. If it were possible to capture energy transfer during walking within a
backpack-dynamic rod interface, the spring-like dynamic rods attached to the lateral elements of
a backpack would be deformed under loading, absorbing energy and then quickly return to their
original position once the load is removed thus releasing energy. Therefore, there is potential to
use the elastic nature of the dynamic rod system to conserve energy of the system, by absorbing
energy in one phase of the load carriage cycle, and returning store energy in a subsequent phase
(Reid et al., 2004). This concept may work if a novel rod design can be developed to accomplish
this transfer of energy from one phase to next phase of the gait cycle (Reid et al., 2004).
In running, the vertical acceleration (and thus the vertical force) increases as the vertical
displacement of the COM decreases during the period of contact (McMahon & Cheng, 1990); here,
the potential and kinetic energy changes are in phase (Cavagna et al., 1976). In both walking and
running the work, due to the kinetic energy changes, increases progressively with the speed and
eventually limits the maximal speed attainable (Cavagna et al., 1976). Using a backpack, however,
adds weight to the posterior trunk, and as a result compensatory postures are elicited in both
stationary and dynamic situations to maintain balance and control movement (Brackley &
35

Stevenson, 2004). Therefore, gait patterns can alter due to the combination of increased weight
and postural changes (Brackley & Stevenson, 2004).
The use of a shorter stride length (and greater stride frequency) has been proposed for
maintaining normal walking patterns during load carriage. With increased loads, there is a
tendency for subjects to decrease stride length (Martin & Nelson, 1986; Nottrodt & Manley, 1989;
Crosbie et al., 1994), increase double-support time (Kinoshita, 1985; Martin & Nelson, 1986;
Attwells et al., 2006; Birrell & Haslam, 2009), and increase stride rate (Martin & Nelson, 1986;
Nottrodt & Manley, 1989). Therefore, a dynamic model of the novel load carriage device must
take into consideration the change in walking patterns and cadence that occur during load carriage,
and could make the ESAR device change when necessary.
The ideal design of a load carriage ESAR would allow the user to control the pack-person
resultant vertical displacement without detrimental motions in the other planes. Minimal relative
pack motion is characteristic of a stiff suspension system and load control is improved because the
pack will move in response to the user’s trunk motion (Stevenson et al., 2000). In contrast, Ren et
al. (2005) recommended a soft pack suspension system which allows a reduction of peak ground
reaction force values to reduce the risk of back and lower limb injuries. Therefore, as Xu et al.,
(2009) suggested, a balance of compliance is required to allow the new system to generate the
needed power without significantly affecting gait performance.
2.4.2 Characteristics needed for a Dynamic Rod System
As part of the Canadian Forces research and development programme to improve the
design of their current load carriage system, Reid et al. (2004) examined the change in load
distribution characteristics associated with adding lateral stiffness elements (rods) to a rucksack.
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The addition of lateral rods provided a force-bridge to effectively transfer part of the vertical load
from the upper back and shoulders to the hip belt (Figure 8) (Reid et al., 2004). The lateral rods,
which bridged the shoulder and hip regions, shifted 12.1% of the vertical load to the pelvis from
the shoulders (Reid et al., 2004). The authors said that the next stage in the development of load
carriage systems was to determine the dynamic characteristics of the rod suspension system to see
if the elastic nature of the rod suspension could be used in an ESAR design (Reid et al., 2004).

Figure 8. Lateral stiffness elements (rods) on a rucksack. (a) No-rod condition where lateral rods on each
side of the pack are not under tension (b) Rod condition where the upper portion of the lateral rod is
encapsulated within a sleeve leaving the lower portion free to flex anteriorly when attached to the tensioned
lower hip stabilizer strap. (Reproduced with permission from Reid et al., 2004).

Reid et al. (2004) suggested that, although most packs do not have a tensioning rod system
on the lateral edges of the pack, research should be conducted on active element suspension
systems to achieve a better understanding of their full potential. The authors said that research
into a range of stiffness elements was required to determine the optimal design, placement and
characteristics needed to maximize the benefits of this advance. Designs could include different
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rod materials and cross sections, different types of elements (e.g., torsions or gas springs) and a
range of element pretensions (Reid et al., 2004).
Although a previous design recommendation for maximum control was to minimize
relative motion about all three axes (Stevenson, et al., 2004), a dynamic rod feature must create a
vertically oscillating dynamic response to a moving load during walking, but be re-engaged if load
control is needed. The system must also be durable enough to withstand the rigors of load carriage,
be designed for efficiency and comfort, and have a high backpack load-weight ratio. In addition to
these requirements, the rod design must have a dynamic response to help reduce the relative packperson displacement as well the forces acting on the user when undergoing repetitive movements.
These characteristics must be taken into consideration throughout the design process, both in the
computational model as well as when developing rod prototypes.
If these lateral rods can be converted into a dynamic ESAR system, they must be designed
to fit into a typical backpack. The bungee suspension-load frame constructed by Rome et al.,
(2006) moves the pack mass further away from the body; resulting in greater forward body lean.
Any new design needs to fit within the profile of the rucksack to eliminate exaggerated forward
lean by the user.
As the rods bend and flex due to the pack motion and load carried, the radii of the rods will
change their effective stiffness. As a result of this change in geometry, the rod system should be
considered non-linear. The shape of the rod (i.e. its curvature and cross sectional profile) will affect
the rod’s capacity to transfer forces to/from the pack. If each curve in the rod acts like a spring,
then the stiffness is proportional to the cross-sectional area of the material. Furthermore, the radius
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of curvature will also affect the stiffness in each spring and must be considered when modelling
the rod, as the change in radius of the curve will result in a change in the force applied.
Differences in the stress-strain curves of materials as well as the material properties will
determine the elastic properties of the rods. In the early (low strain) portion of the curve, many
materials obey Hooke’s law4 to a reasonable approximation, so that stress is proportional to strain.
Materials lacking this mobility are usually brittle rather than ductile (Roylance, 2001). As strain is
increased, many materials eventually deviate from this linear proportionality, termed the
proportional limit. This nonlinearity is usually associated with stress-induced “plastic” flow in the
material (Roylance, 2001). Furthermore, a design approach will have to consider how the rods will
be placed under stress and/or tension. Straps at the waist-belt and shoulders help to put the pack
under tension and the location of the contact points of the rods will determine how the elements
bend and flex under loads.
Many polymer materials are referred to having viscoelasticity; they demonstrate a timedependent behaviour when loaded to stress or strain levels that do not cause irreversible failure
(Bartel et al. 2006). Viscoelastic materials display characteristics of both viscous fluids and elastic
solids (Bartel et al., 2006). Viscoelasticity, is defined by hysteresis, the difference between the
loading and unloading portions of the load-deformation curve. The energy lost in this system,
because of friction, is dissipated as heat and sound (Hafner et al., 2002). When cyclic sinusoidal
stresses are applied to a viscoelastic material, it is typically found that the resulting strains will
also vary sinusoidally (a lag response seen in viscoelastic materials in response to a sinusoidal

Hooke’s law: 𝜎 = 𝐸𝜖, where the constant of proportionality E, the slope of the linear part of the stress-strain curve,
is called Young’s modulus or the modulus of elasticity. E is the measure of the stiffness of the material, and since strain
is dimensionless, the units of E are the same as stress (Budynas & Nisbett, 2008).
4

39

loading procedure), and will have the same frequency as the applied stresses, but will be out-ofphase with these stresses (Bartel et al., 2006). Foissac et al. (2009) believed that adding viscoelastic
elements between the bearer and pack may have physiological and mechanical advantages by
alleviating some of the energy-demands during the propulsive phase of the step. However, when
approaching the resonance of the system, the exaggerated movements of the pack could lead to
significant adaptations to the vertical excursion of the trunk (Foissac et al., 2009), generate new
and unusual inertial forces (Xu et al., 2009) and alter the energetics of walking (Foissac et al, 2009;
Xu et al., 2009). Therefore, investigation is warranted to determine whether flexible packs with
properly-designed viscoelastic suspension systems are advantageous for carrying loads over a wide
range of speeds and terrains (Foissac et al., 2009).
If there are multiple bends in the rods, this design can be treated as two springs bent in
series, resulting in a certain amount of deflection, based on stiffness. The deflection is linearlyrelated to the force, if the elastic limit of the material is not exceeded (Buydnas & Nisbett, 2008).
In our model, we will control deflection and therefore, hopefully the resulting displacement. The
stiffness in each bend (spring) in the rod can be independently tweaked in a software model. As
the stiffness of the spring increases, the duration of impact absorption decreases, and less energy
is dissipated (Hafner et al., 2002). Efficiency is the ratio of the returned energy to the stored energy
and is usually obtained at the cost of an increase in stiffness of the spring material (Hafner et al.,
2002). A device with a large dissipated energy would, therefore, have a relatively low efficiency
(Hafner et al., 2002).
Because friction always plays a part in determining the time at which oscillations persist,
sometimes friction is deliberately introduced to modify the dynamic behaviour of oscillatory
systems (Griffiths, 2006). This is usually referred to as damping (Griffiths, 2006). To reduce the
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amount of energy required by the user, it will be important to critically damp the rods. Critical
damping exhibits the property of returning to zero displacement in the shortest possible time and
with no oscillations (Griffiths, 2006). Good (2003) believed that friction between the sliders and
runners in the Dynamic Framesheet™ 5 (DFS™) was a major contributor to its failure to perform
as expected because it introduced too much damping to the system. Xu et al. (2009) believed that
investigating the appropriate values of spring constants and damping ratios will allow the system
to generate the needed power without significantly impacting gait performance. Similarly, Ren et
al. (2005) believed that with the right combination of stiffness and damping, it may be possible to allow a
compliant suspension system without excessive relative motion.

2.5 Biomechanical Modelling of the Backpack-Dynamic Rod System
The design process can be highly innovative and involve a significant amount of decisionmaking within its iterative processes (Figure 9). Depending on the nature of the design task, several
design phases may be repeated throughout the life of the product from start to finish (Budynas &
Nisbett, 2008). This iterative design approach was used in this research project to analyze,
optimize, and evaluate a novel dynamic load carriage system.
In engineering, theoretical analysis and computer modelling have long been used to obtain
better designs with a minimum of physical prototyping. Most of the design iterations for an
engineering product are undertaken using virtual prototypes (computer models) (Gretton &
Howard, 2001). In general, construction of a model relies on two types of information: knowledge
of the system, and experimental data that drives the system (MacNeil, 1996). With respect to load

Based on the concept of the springy-pole, the DFS™ was developed to reduce the oscillatory forces applied to the
user during walking in load carriage. The system was tested against the Canadian Forces Clothe the Soldier (CTS)
pack with the Load Carriage Simulator housed at Queen’s University (Good, 2003).
5
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carriage design, computer-based formulation allows the user to specify parameters for certain pack
features and predict the resulting contact forces on the bearer. By treating some parameters as
decision variables, the model can be used as an optimization tool to achieve a specified objective,
such as minimizing the total forces on the bearer (Pelot et al., 2001).

Figure 9. The phases in design, acknowledging the many feedbacks and iterations. (Adapted from Budynas
& Nisbett, 2008).
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The long-term aim of mathematical modelling is to reduce the reliance on human trials in
the design evolution of future backpacks, shorten the design iteration and evaluation cycle, and
reduce costs associated with user-based evaluations (Gretton & Howard, 2001; Stevenson et al.,
2004a). A mathematical model must be evaluated or validated by obtaining evidence that the
proposed model merits its intended purpose; this is often done by comparing results from indirect
modelled measures to direct measurements (MacNeil, 1996). In the case of this research project,
the information gleaned from the DBM will be evaluated against data collected from the load
carriage simulator.
With properly validated mathematical models and analysis tools, it may not even be
necessary to build many prototypes to answer some design-specific questions. Furthermore, if
more design iterations are required (whether real or virtual) and objective performance data are
available for the ESAR and its integration into the overall system, one could expect that combining
the mathematical models with objective assessment tools could be used to evaluate the
effectiveness of any load carriage system (Stevenson et al., 2004a).

2.6

Summary of Review of Literature

In summary, many characteristics need to be considered when developing a dynamic rod
ESAR device. The energy storage and return characteristics found in lower-leg prosthetic devices
provide valuable insight into the design features required for dynamic load carriage devices. These
characteristics might help to develop a dynamic load carriage device that could transfer more of
the backpack load onto the body thus reducing vertical displacement and backpack forces without
inducing ancillary forces. It would be ideal if an ESAR device reduced energy demands during
walking by alternating the oscillations of the pack and to minimize the relative pack-person
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displacement. However, it is important to avoid a system where the resonant frequency of
oscillations is close to the walking frequency or the ESAR may result in higher net forces and
instability of the system. Therefore, it is imperative to understand the motions involved in walking
to help ensure that the design of dynamic device(s) used in load carriage will effectively harness
the energy. An appropriate biomechanical model that can simulate the oscillatory walking motion
can be used to determine the response characteristics of a dynamic suspension system in a
backpack with an ESAR. The use of an iterative design approach in this research project will help
to objectively analyze, optimize, and evaluate the novel DR load carriage system.
The objective of this research project was to use this scientific approach to develop and
investigate the effectiveness of dynamic rods inserted into the lateral aspects of a backpack and
test them across different loads and dynamic rod conditions. If successful, the dynamic load
carriage device would have the ability to offload some of the pack weight from the body by
reducing the relative pack-person’s displacement and backpack reaction forces, without inducing
large ancillary forces. Using a specific rod material and design, a pre-developed biomechanical
model, and realistic backpack conditions, several tension and load conditions were tested. We
anticipated that at least one set of dynamic rod characteristics would help to minimize the forces
acting on the body across the different testing conditions. Lastly, the outcome measures of the
computer model and physical model were compared to determine the validity of the computational
DBM as an effective methodological tool used in the design and development process of a load
carriage system.
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Chapter 3: Methodology

3.1

Initial Design of Dynamic Rod System
The purpose of computer modeling was to create a model that would be a valid predictor

of results on the LCS simulator. Prior to this study, the DBM had been validated based on static
forces, and their amplitudes at different loads, load locations, and various sinusoidal forcing
functions representing walking, running and jogging (Stevenson et al., 1995).
The first step of the design process was to create the shape of the dynamic rods that would
be inserted into the lateral aspects of the Canadian Armed Forces ‘Clothe the Soldier’ rucksack
(Figure 10). The pack already had sleeves on the lateral edges of the bag to permit attachment of
straight 6.35 mm diameter rods that helped transfer loads from the shoulders to the hips (Reid et
al., 2004). Use of this same channel confined the DR design to fit within the current constraints,
namely, a fixed diameter of 6.35mm DR and a fixed shoulder location. The original rod design
was created by research engineer Susan Reid using Solid Edge V20 (UGS/Siemens PLM Software,
Plano, TX). Solid Edge is a 3D CAD (computer-aided design) software program that provides
solid modelling, assembly modelling and drafting functionality and is used many by designers and
engineers. A C-shaped DR or “question-mark” design was created whereby different tensions
could be applied at the hip attachment points thus creating different stiffness in the rods due to
changes in the curvature. This initial Solid Edge design featuring the “question-mark” shape was
approximately 61cm in length and 13mm in diameter (Figure 11). The next step in the DBM was
to choose an appropriate material for the dynamic rods based on the constraints of the current
Canadian LCS rucksack. The rod material originally used in the software was polymer Nylon 6/12.
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It was anticipated that multiple design iterations, including using different attachment points and
materials for the rods, would be created prior to manufacturing a physical prototype.

Figure 10. ‘Clothe the Soldier’ Rucksack.

Figure 11. CAD version of the initial rod shape with approximated dimensions.
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To mathematically model the initial backpack-dynamic rod system, the original CAD
drawings of the rod design were imported into VisualNastran 4D® (VN4D) (MSC.Software
Corporation, California, USA), an integrated motion and stress analysis software program used to
optimize the backpack dynamic biomechanical model. VN4D has the capability of measuring
forces, torques, friction, velocity, and collisions as well as to determine vibration modes, buckling
and heat transfer of the model components (Table 1). VN4D was designed to automatically
compute loads and stresses throughout the simulation process. Furthermore, VN4D has the
capability to render high quality, physics-based animations and images for presentation purposes.
Table 1. Visual Nastran (MSC.VN4D) Specifications (www.mscsoftware.com).
Measurable
Parameters

Motion Drivers

Finite Element
Analysis (FEA)

Constraints

Integrated Motion
Analysis

Velocities,
accelerations &
displacements

Motors & actuators

Stress, strain,
deflection,
vibration, buckling

Rigid, revolute,
spherical, curved
slot, planar

Converts joint
forces to distributed
loads

Heat transfer, badaptivity

Rods, ropes,
springs, gears, belts

FEA results meter
& factor of safety
plots

Bushings

Transfers inertial
information for
stress analysis of
parts

Force and torque
Friction force,
collisions
Interference
detection & closet
distance between
bodies

Point forces,
torques, distributed
forces, pressure
Table input, sliders

Advanced mesh
control
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Generic (userdefined)
Fixed constraints for
body faces for FEA

Calculates stress
and strain at every
time step
Utilizes finite
element technology
to solve redundantly
constrained
assemblies

3.2

Dynamic Biomechanical Model Assessment of Rods
Using the DBM, a VN4D model was established as the baseline for the development of the

dynamic rod backpack system. Based on the dimensions of the Clothe-the-Soldier (CTS) rucksack,
the baseline model included the pack, shoulder straps, waist-belt, and lumbar pad. This was
established as the ‘no rods’ condition (NR) and was used as the starting point for the iterative
development of the dynamic rods condition (DR) using design shape, material choice and contact
interface points as part of the design decision-making process.
The next step in the model development was to use the features of VN4D to develop a
computational model of the dynamic rod backpack system. Two identical 3D images of the DR,
imported from CAD into VN4D, were anchored at the top lateral border of the suspension system
and at the waist belt using the appropriate constraints (Figure 12a). The rods’ anchor points in the
model were then established to reflect where the rods would be affixed to the CTS rucksack (the
top aspect of the sleeve where the DR is inserted into, the bottom aspect of the sleeve where the
DR rests, and the location that reflects the aspect of the DR that is attached to the waist belt). The
rods were fixed at point ends (i.e., the rods could not slide out of the sleeves). The contact/interface
points for superior and middle aspects of the rod-pack interface points were established as
spherical joints, while the inferior aspect of the rod-pack interface point was established as a
revolute joint on plane as these VN4D constraints best matched the features of the CTS pack
(Figure 13).
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Figure 12. Visual representation of dynamic biomechanical model of dynamic backpack-rod system; (a)
attachment points of the DR to the pack; (b) attachment points of the pack to the manikin at the shoulder
straps, waist-belt, and lumbar pad.
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Figure 13. DBM featuring three DR anchor points on the lateral sleeves using spherical joints at: (A)
superior aspect of rod, (B) middle aspect of the rod near the bottom aspect of the sleeve, and (C) the inferior
aspect of the rod on the waist belt plane.
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The prescribed motion (position and velocity) of the representative mannequin was edited
such that the motion of the upper body and hip constraints moved at a sinusoidal motion pattern
(starting at the bottom of the cycle phase) at a frequency of 1.8Hz to represent walking. The motion
of the system (actuator) was driven at the “hip constraint”.
For the baseline model, the DR stiffness input was represented using a ‘linear spring’
initially tested at k = 5000N/m, but changed to k = 20,000N/m during the simulations. Although
the rod elements were considered ‘springs’ in the DR system, the tensioning element of the rod
was changed from a ‘spring’ to a ‘rope’ element using a ‘slider’ function that allowed to preload
the spring length in the DR. This baseline representation allowed the software to resolve all its
calculations successfully.
The model was structured to start from a stationary location, add gravity incrementally and

then complete its calculations for each frame in order to stabilize the system. Preliminary versions
of the model had it solving the baseline conditions from 0-5 seconds. At t = 5 seconds, the WB
was tightened and at t = 5.02 seconds, the rods were tightened. Oscillations began at t = 6.0secs.
After several design iterations, the model was instead run for 3.5secs until the WB constraints were
completely solved, and motion history was erased. This new baseline was the starting point of the
DBM. The WB constraint was now always active, the rod tensions became active t > 0.5 secs, and
the sinusoidal oscillations began at t > 1.0 secs. A detailed overview of the development of the
biomechanical model for the dynamic rod-backpack system within VN4D can be found in
Appendix A.
Once the baseline model of the DBM was established, the first parameter to be assessed
was choice of materials for the DR. The materials considered for the DR design were: polymer
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Nylon 6/12, thermoplastic polyester elastomer, aluminum 2024, fibreglass, and steel ANSI 304.
These DBM trials were standardized to rod tensions of 60N for each material. Based on these
initial results (see next chapter), in addition to its ease of access for prototype building, steel was
chosen as the material to use for the DR.
The computational model trials of the rod-backpack system used a 20kg load on a 50percentile anthropometric male (based on the load carriage simulator (LCS) mannequin
anthropometrics). It was at this stage that the second parameter, stiffness, was assessed. The 20kg
evenly weighted back pack with DR (steel) conditions were tensioned using a variety of rod
stiffener inputs as a percentage of the load carried in the pack (25%, 37.5%, 50%, 62.5%, 75%)
across each rod.
Example (62.5% of load, 20kg): 20𝑘𝑔 = 196.2𝑁
196.2𝑁
= 98.1𝑁/𝑟𝑜𝑑
2 𝑟𝑜𝑑𝑠
98.1𝑁 × 62.5% = 61.31𝑁

Within VN4D, a “force constraint” was created to “pull” the rods within the DBM,
representing the way the pack straps would tension or “pull” the physical rods in the LCS rucksack.
These constraints acted as a structural load within the model, or concentrated force at the T12/L1
joint centre called “waist” and at the hip joint centres called “hips”. To match the physical rod
strap tension within 1N difference, the x-y coordinates of the VN4D force constraint were
determined to obtain a resultant vector for the confined rod “force constraint”. The final rod strap
tension resultants for the DBM trials were: 24.19N, 36.28N, 50.39N, 60.47N, and 72.56N. For
simplicity, the DR tension conditions were labeled as 25N, 36N, 50N, 60N, 73N.
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In addition to one ‘no rod’ (NR) condition, each condition was simulated once. Each trial
consisted of an 8 second sample collected at 50 Hz with the outputs being: (1) relative motion of
the pack with respect to the body (displacement of the pack), and (2) reaction forces (at the waist
and hips). Each of the conditions was tested at a walking speed of 1.8 Hz in the vertical direction
only. Rather than using all x, y, and z motions equivalent to human gait (Inman et al., 1981), only
the z direction was used to create the sinusoidal pattern since that is the only motion available on
the Load Carriage Simulator.
There were 400 frames of simulation collected, equalling to 8 seconds of simulation time.
The 8 seconds of data collected were used for analysis. The variables from VN4D (position of the
upper body, CTS pack, relative position of the CTS pack with respect to the body, force at the
spine and hip constraints) were exported to Excel from the computational simulations to compare
these results to the Load Carriage Simulator results. Means, standard deviations and ranges for
displacement and force data were processed and analyzed using custom Matlab V.7.8 programs
(The Mathworks, Massachusetts, USA).

3.3

Prototype Construction and Assembly
Once the computational model was established and one rod iteration chosen for testing

(mild steel), two rods were manufactured at the Integrated Learning Centre, Faculty of Engineering
and Applied Science, at Queen’s University (Figure 14). The DRs were then attached6 to the

6

Materials used to create the waist-belt attachment loops and buckle/strap rod tensioning system were purchased from
Trailhead Kingston, Kingston, ON. The loops and buckles for the DR were sewed onto the backpack using industrial
sewing machines at Thanasis Shoe Store & Repair, Kingston, ON.
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‘Clothe the Soldier’ rucksack (Figure 15) for testing against the same pack with and without the
rods. The material stiffness for mild steel is k = 5000N/m.

Figure 14. Dynamic rod created in Integrated Learning Centre, Queen's University using 'mild steel'. The
dimensions of the rod are as follows: diameter = 6.35mm, length = 59.2cm, width = 14cm, radius of tighter
arc ≅ 6.5cm, radius of larger arc ≅ 12.5cm.
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Figure 15. Left: LCS outfitted with the Canadian Armed Forces 'Clothe the Soldier' Rucksack with dynamic
rods (DR) attached into backpack system. Right: Contact points shown are: (a) sleeve on the lateral aspect
of the waist-belt, (b) insertion point into the sleeve running up the lateral aspect of the pack and (c)
supplemental tensioning strap attached to the waist-belt.

3.4

Load Carriage Device Simulation
As with any validation procedure, the goal is to use an independent measurement system

to determine the accuracy and precision of a piece of equipment using a similar testing protocol
(Stevenson & Bryant, 1996). Therefore, the final stage of this investigation was to test the
effectiveness of the computer-optimized DR prototypes using a dynamic load carriage simulator.
The dynamic Load Carriage Simulator (LCS) was designed and developed at Queen’s
University for the Defence Research and Development Canada (DRDC) to develop and assess the
2000 Canadian load carriage system and to upgrade it with new or redesigned items as needed by
the military (Stevenson et al., 2004a). This second-generation assessment tool is described as
LCS2 which is a simple articulated mannequin (Reid & Hermans, 2010). It consists of a solid base,
upon which is mounted a variable speed motor, gear box and adjustable rotating cam. A top the
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drive shaft of the cam is a base plate which holds a human-sized mannequin torso that includes
upper legs and is articulated at the hips (see Figure 15a). The hip articulation allows the x moments
(forward-backward) and y moments (side-to-side) to be balanced during testing. A multi-function
computer program called ‘Overseer’ is used to control the motor and to cause a sinusoidal motion
with an amplitude ±25 mm and frequency equivalent to walking at 1.8 Hz and running at 3.5 Hz.
The Overseer program provides one point of interface for the user. This software was
developed with National Instruments Labview® V.8.6 and consists of a series of sub programs
coordinated by a main Overseer program. It is used to calibrate, initiate, synchronize and record
the measurement systems that output: skin contact pressure, 3D hip and 3D waist reaction forces
and moments, and 3D displacement data of the mannequin, pack and/or various military kit items
(Stevenson et al., 2004a). Only the measurement tools used in this study were:
I.

An eight channel Polhemus Liberty® electromagnetic motion capture system (Polhemus
Inc., Colchester, VT, USA) was used to collect relative displacement data from the LCS2
and the backpack. The source and two sensors were used acquire the necessary data for
relative displacements (Figure 16a,b).

II.

Two 6 degree of freedom AMTI load cells (Advanced Mechanical Technology Inc., MA,
USA) were used to measure reaction moments and forces at hip height (Figure 17a) and
waist height (Figure 17b).

III.

Measurement of the tension in restraining straps and belts (waist-belt, right shoulder strap,
and right rod tension strap) using custom-made resilient in-line load cells (Figure 18) were
used to ensure equal strap tension between conditions.
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Figure 16. Left: Electromagnetic sensor placed on the superior aspect of the load inside the pack to track
the relative motion between the global reference and pack. Right: Electromagnetic source placed on the
superior aspect of neck to track the relative motion between the mannequin and the world reference sensor
(not shown).

Figure 17. AMTI load cells used to measure reaction moments and forces. Left: the level of the hips. Right:
approximate location of the waist (12th thoracic and 1st lumbar vertebrae).
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Figure 18. Tension in the (A) waist-belt, (B) shoulder strap, (C) and rod tension strap were measured using
custom-made resilient in-line load cells.
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3.5

Experimental Procedures
The main conditions tested were the pack without the dynamic rods (NR) and the modified

pack with the dynamic rods (DR). For each condition, the pack was tested at 10kg, 15kg, 20kg,
and 30kg loads. Each of the loaded conditions was tested for 20 seconds at an frequency of 1.8Hz
to represent walking speed.
To systemically tighten the pack onto the mannequin, a protocol was developed since
tightening any of the straps (e.g. waist-belt, shoulder) off-loaded the other straps. Most notably,
tightening one set of the shoulder straps off-loaded the other shoulder straps. The loaded pack was
placed onto the mannequin whereby the waist belt was tightened first. Next, the shoulder straps
were incrementally tightened to ensure that the load was distributed evenly between the two sides.
A specific percentage of the pack’s weight was systematically off-loaded when the waist
belt and shoulder straps were tightened. For the 10kg and 15kg conditions, the waist-belt (WB)
and two shoulder straps (SH) were set to a combined tension (N) of approximately 50% of the load
in the pack. For the 20kg and 30kg, the waist-belt and shoulder straps were set to a combined
tension of approximately 60% of the load in the pack. Tensions for the waist-belt and shoulder
straps were verified using the custom-made resilient in-line load cells embedded in the restraining
straps.
For each of the DR conditions, the rods were set to varying tensions (N) based on a
proportion of the load inside the pack. Refer to Table 2 for an overview of the loads and DR tension
conditions.
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Table 2. Overview of experimental DR conditions, including loads and corresponding rod
tensions.
LOAD

10kg

15kg

20kg

30kg

% of
Load

Tension
(N)

% of
Load

Tension
(N)

% of
Load

Tension
(N)

% of
Load

Tension
(N)

20%

9.81

20%

14.7

25%

24.5

23%

34.3

30%

14.7

30%

22.1

37.5%

36.8

35%

51.5

40%

19.6

40%

29.4

50%

49.1

47%

68.7

50%

24.5

50%

36.8

62.5%

61.3

58%

85.8

60%

29.4

60%

44.2

75%

73.6

70%

103.1

Once the WB and SH were tensioned, a static trial was collected prior to any of the dynamic
trials. In the case of the DR trials, a second static trial was obtained prior commencement of the
dynamic trials to account for the dynamic rods being tensioned (after the WB and SH straps had
been tensioned).
Between each load condition, the pack was removed from the mannequin, loaded, and all
the straps were reset to the appropriate tension. Markings were placed on the mannequin to ensure
the pack was sitting in the same position between trials. Between each of the DR conditions, the
WB, SH, and rod straps were loosened before being tightened to the new tension.
Three sets of trials were repeated for the 20kg condition to determine if the methodology
was reproducible and to be used for comparison against the DBM. In between each set of 20kg
trials, one set of trials was completed for each of the 10kg, 15kg, and 30kg conditions. Within each
loaded condition, the order of the DR trials was blocked randomized. Table 3 provides an overview
of the experimental procedures (i.e. order of all LCS trials). All thirty-six trials are listed in order
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of operation across the different sets of load conditions. The DR tensions listed refer to the
percentage of the pack load and the corresponding tension (N).

Table 3. Order of operation for all 36 LCS trials. The DR trials within each load block were
randomized. The DR tensions listed refer to the load percentage and corresponding tension (N).
LCS Trials
20kg – 1

Load

30kg

20kg – 2

15kg

20kg – 3

10kg

1.

NR

7.

DR –
23%
(34.3N)

13.

NR

19.

DR –
60%
(44.2N)

25.

NR

31.

DR –
60%
(29.4N)

2.

DR –
50%
(49.1N)

8.

DR –
47%
(68.7N)

14.

DR –
75%
(73.6N)

20.

DR –
30%
(22.1N)

26.

DR –
50%
(49.1N)

32.

DR –
40%
(19.6N)

3.

DR –
75%
(73.6N)

9.

DR –
58%
(85.8N)

15.

DR –
37.5%
(36.8N)

21.

DR –
50%
(36.8N)

27.

DR –
25%
(24.5N)

33.

DR –
20%
(9.81N)

4.

DR –
37.5%
(36.8N)

10.

DR –
35%
(51.5N)

16.

DR –
50%
(49.1N)

22.

DR –
20%
(14.7N)

28.

DR –
37.5%
(36.8N)

34.

DR –
50%
(24.5N)

5.

DR –
62.5%
(61.3N)

11.

DR –
70%
(103.1N)

17.

DR –
62.5%
(61.3N)

23.

DR –
40%
(29.4N)

29.

DR –
75%
(73.6N)

35.

DR –
30%
(14.7N)

6.

DR –
25%
(24.5N)

12.

NR

18.

DR –
25%
(24.5N)

24.

NR

30.

DR –
62.5%
(61.3N)

36.

NR
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3.5.1 Instrumentation and Data Collection
Motions of the body and pack were obtained using the Polhemus Liberty® electromagnetic
motion capture system. Because the source for the Liberty® system rested on the mannequin itself,
a sensor was placed adjacent to the LCS to act as the world coordinate system such that the relative
displacement between the mannequin and the pack could be calculated by obtaining the difference
of the two coordinate systems (pack versus mannequin) (Figure 19). The relative displacement
data were collected using the Overseer program.
Measurement of reaction forces at the hip and waist were collected using the 6-degree of
freedom AMTI load cells. The lower level load cell received all 3D moments and forces above the
hip and the waist load cell received all 3D forces and moments above the waist height. The tension
in restraining straps and belts (waist-belt, right shoulder strap, and right rod tension straps) were
recorded using custom-made resilient in-line load cells. Displacement, force, and belt/strap data
were collected simultaneously using the Overseer software. The data were written to file for
analysis.
3.6

Data Processing and Analysis

All raw LCS data, sampled at 50 Hz, were filtered at 3.6 Hz (a multiple of the walking
frequency) and using a double-pass Butterworth filter. The time interval between the maximum
peak displacement values of the mannequin and the pack was determined to establish if a phase
shift occurred between the mannequin and pack. Displacement, force, and phase shift data were
processed and analyzed using custom Matlab V.7.8 programs (The Mathworks, Massachusetts,
USA). For all data, average minimum and maximum peak values and ranges were calculated
across trials and conditions.
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Figure 19. LCS data collection instrumentation and set-up. The world reference sensor was placed adjacent
to the LCS.
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3.7

Statistical Analysis
The independent variables (load weight) was chosen based on range of backpack loads

seen in the literature. The dependent variables, displacement of the pack and person, and reaction
forces (at the waist and hip) helped to explain the outcome of the pack response.
Replicate measurements of the LCS 20kg load condition were conducted to determine the
reliability of the experimental design and to compare against the DBM trials. A repeated measures
ANOVA (p < 0.05) was used to determine if differences existed between the different conditions
(across both loads and DR tensions) for displacement and force variables. A Tukey’s Test was
used to determine a critical value for all pairwise comparisons, regardless of how many means
were in the group (Montgomery, 1984). Statistical analyses were performed using R version 3.0.1
(The R Foundation for Statistical Computing, Vienna, Austria).

These statistics are shown in

Appendix C.
For comparisons where there was not sufficient data for statistical analysis (i.e. DBM
trials), or differences were not demonstrated between conditions (i.e. DR tensions), objective
criteria and/or subjective correlations from the literature will be used for comparative purposes.
3.8

Expected Results and Relevance

The goal of this investigation was to determine if the dynamic system design concept
worked at the level of the computational model as well as during the evaluation process using the
load carriage simulator (LCS). If successful, the new DR load carriage system would help to reduce
the vertical oscillations (displacement) of the backpack in both the DBM in VN4D and the LCS.
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A reduction in oscillations would be accomplished by a phase shift of the backpack
compared to the mannequin during walking. It was anticipated that the elastic properties of the
dynamic rods system would reduce the energy demand associated with load carriage by absorbing
energy in one phase of the load carriage cycle and returning stored energy in a subsequent stage.
Regardless of whether the rods elicited decreased relative motion or created a phase shift,
it was important to examine the forces at the waist and hips. By altering backpack reaction forces,
the dynamic load carriage device would have the ability to transfer the load weight onto the body
without inducing large ancillary forces. Ideally, the load carriage system would help to reduce the
total peak forces, thus resulting in a reduction of load acting on the spine. The relative motion data
and reaction force data would help to explain changes in pack response across the conditions. It
was anticipated that the relative displacement of the pack and reaction force data acting in the
superior-inferior (z) direction would be the critical variables of investigation.
The results from this study would provide researchers with the foundation for further
development of this load carriage device, including supplementary design, evaluation and testing
on human subjects. It should also be noted that several LC simulator measures are correlated with
human factor measures (Stevenson et al., 1997) and any reductions in user’s level of discomfort
would benefit the design and development of LC systems. For example, displacement, force and
stiffness outcome measures are correlated to posterior hip discomfort, overall discomfort, and low
back discomfort, respectively (Stevenson et al., 1997).
It is anticipated that the results of this investigation will provide a methodology for further
research and highlight areas that need to be improved in future design iterations. The protocol
developed here will help to further develop ergonomically-designed load carriage systems and to
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create better design solutions to carrying heavy loads. If successful, these changes may help reduce
injuries related to load carriage and increase back packers’ metabolic efficiency.
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Chapter 4: Results

4.1

Computer Modelling of Materials

The preliminary development and assessment of the DBM was used to determine which
material would be chosen for the DR prototypes. Based on the research of Xie and Cai (2015), the
stiffness of materials was selected to be between k = 1,000 to 5,000 N/m. Each material (aluminum
2024, fibreglass, nylon 612, polycarbonate, and steel ANSI 304 was assessed in VN4D based for
a 25kg load at DR tension of 60N on the following variables: (1) relative motion (displacement of
the pack with respect to the mannequin), and (2) reaction forces at the hips joint centres/constraint
and waist at the T12/L1 joint centre/constraint). Of these many variables, relative vertical (z)
displacement, and forces acting in the z-direction were deemed to be the most critical given that
the DBM was driven by the z only sinusoidal walking pattern. Since the y (lateral) displacement
and forces should be minimal, these data were checked for consistency only. Examples of raw
data from displacements, hip forces and waist forces are presented in the Appendix B.
Table 4 contains the mean relative displacement (mm) and standard deviations between the
pack and mannequin in the x, y, z directions across all materials for the DBM trials. Figure 20
displays the relative displacement (mm) in the x-direction and z-directions. The relative
displacements in the z-direction (Figure 20b) for the DR conditions were all smaller than the NR
condition and relatively similar regardless of the material. In other words, the NR allowed more
motion than any of the DR conditions. The recommended performance specifications for military
backpacks based either on being in the top 10% of packs tested or on soldiers’ psychophysical
responses suggest that the recommended value for the relative motion in the z-direction between
pack and person is < 14mm (Stevenson et al., 2004a, Bryant et al., 2004). Although there were not
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enough trials to determine statistical differences between DBM materials, all the DR conditions
and NR condition fell below this threshold value.

Table 4. Relative displacement (mm) between pack and mannequin for different rod materials in
the DBM across three directions: x (anterior-posterior), y (medial-lateral), and z (superiorinferior).
DBM Materials
Visual Nastran (VN4D)
Variables

Aluminum Fibreglass

Nylon

Polycarbonate

Steel

No
Rods

x-direction
relative displacement (mm)
(SD)

1.17
(0.2)

1.17
(0.28)

1.15
(0.4)

1.19
(0.3)

1.17
(0.2)

1.26
(0.2)

y-direction
relative displacement (mm)
(SD)

2.05
(3.0)

1.88
(2.7)

2.17
(2.9)

2.02
(3.2)

1.83
(2.7)

2.07
(2.0)

z-direction
relative displacement (mm)
(SD)

4.77
(0.84)

4.90
(0.3)

4.65
(0.7)

4.78
(0.8)

4.86
(1.0)

5.13
(0.4)
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(a) Relative displacement (x-direction)
(mm)
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(b) Relative displacement (z-direction)
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Figure 20. Relative displacement (mm) with standard deviations between pack and mannequin in (a) xand (b) z-directions across different types of materials.
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Table 5 contains the mean forces in x, y, z directions for both the waist and hip constraints
in the DBM. Figures 21 (x-direction) and 22 (z-direction) shows the range of forces for the waist
and hips. All anterior-posterior (x) waist and hip forces were not different from one another and
have a similar magnitude to the NR condition (Figure 21). Similarly, the superior-inferior (z)
forces acting on the hip did not vary significantly between materials tested within VN4D. There
were also no significant differences for the range of forces in the (z) waist directions (Figure 22).
Although there were not enough trials to determine statistical differences between DBM materials,
all the DR conditions and NR condition were within similar range to previous work established by
Stevenson et al. (1997) on trials with the same pack weight (25kg), walking frequency (1.8Hz),
and prescribed vertical motion (±25mm amplitude).
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Table 5. Comparison of mean and standard deviation forces (N) across different rod materials in
DBM for both the waist and hips.
Visual Nastran
(VN4D) Variables

Aluminum

Fibreglass

Nylon

Polycarbonate

Steel

No Rods

Forces at the Waist Constraint
Waist Fx (SD) in (N)
in the anteriorposterior direction

-34.16
(20.8)

-35.95
(19.5)

-34.3
(18.6)

-33.49
(20.0)

-40.77
(19.6)

-35.95
(18.3)

Waist Fy (SD) in (N)
in the medial-lateral
direction

-10.1
(5.8)

-7.38
(6.8)

-8.76
(8.3)

-10.3
(6.6)

-6.21
(6.9)

-9.42
(7.2)

Waist Fz (SD) in (N)
in the superiorinferior direction

-895.4
(179.6)

-894.1
(180.5)

-891.1
(178.5)

-893.2
(180.2)

-900.6
(180.2)

-894.7
(183.7)

Forces at the Hip Constraint
Hip Fx (SD) in (N) in
the anterior-posterior
direction

249.1
(58.8)

250.4
(57.1)

252.6
(53.9)

251.7
(56.6)

254.5
(53.6)

253.2
(54.5)

HipFy (SD) in (N) in
medial-lateral
direction

-2.28
(27.5)

-13.09
(36.7)

-13.17
(34.5)

-6.10
(31.9)

-10.72
(38.5)

-7.44
(34.0)

Hip Fz (SD) in (N) in
the superior-inferior
direction

-1225
(254.4)

-1223
(256.7)

-1221
(252.1)

-1224
(254.3)

-1230
(256.7)

-1224.1
(256.0)
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(b) X-Forces Range at Hips (N)
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Figure 21. Range of (x) forces at the (a) waist and (b) hip constraints in the DBM with standard
deviations for different materials.
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Figure 22. Range of (z) forces at the (a) waist and (b) hip constraints in the DBM with standard
deviations for different materials
.
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One of the concerns during the materials assessment phase was whether the DBM
adequately allowed motion between the surfaces in contact with the skin or if the current frictional
constraint parameters were preventing the expected pack movement. The frictional component
would have minimal effect on the rod materials, so therefore the model was changed prior to the
next phase. First, a frictional component was incorporated into the model at the lumbar pad and
waist-belt. Second, appropriate changes were made to the weight of the lumbar- and shoulder-pads
in the DBM to more closely match the actual pack weights. Third, the model was changed to use
20kg pack load (instead of the previous the 25kg load) to match the LCS 20kg trials. Finally, the
“force constraint” created to “pull” the rods within the DBM was added to the model. This “force
constraint” acted as a structural load within the model, or concentrated force at the T12/L1 joint
centre called “waist” and at the hip joint centre called “hips”. The x-y coordinates of the VN4D
constraint were determined to obtain a vector for the confined rod “force constraint” that would
have differed from how the rods were modeled previously, thus changing the stiffness of the rods.

4.2

Computer Modelling of Steel Dynamic Rods
During the secondary phase of DBM development, steel was chosen as the material to

complete the DBM testing for a couple of reasons: (1) based on the change in the material results,
it was determined that material choice was not going to be as imperative as change in rod tensions,
and (2) obtaining and manipulating steel to create the physical rod prototypes was easily
accessible.
Table 6 contains the mean relative displacement (mm) and standard deviations between the
pack and mannequin in the x, y, z directions across the steel rod tension conditions in the DBM
trials. The results demonstrated that an increase in rod tension (or stiffness in the system) resulted
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in a smaller range in relative displacement between the pack and mannequin for both the x- and zdirections (Figure 23). Specifically, the 25N and 36N tensions resulted in greater oscillations than
higher DR tensions and were even higher than the NR condition. The difference between DR
tensions had a greater effect in the z-direction (Figure 23b) meaning that the oscillations between
the pack and the mannequin were reduced. Although there were not enough trials to determine
statistical differences between the DBM steel rod tension conditions, all DR conditions and NR
condition fell below the threshold value of <14mm of relative motion in the z-direction (Stevenson
et al., 2004a, Bryant et al., 2004).

Table 6. Comparison of the relative displacements and standard deviations (mm) between pack
and mannequin across the steel rod tension conditions in the DBM. Each of the three directions: x
(anterior-posterior), y (medial-lateral), and z (superior-inferior) are listed.
Visual Nastran
(VN4D) Variables

25N

36N

50N

60N

73N

NR

relative
displacement (mm) –
x-direction
(SD)

1.82
(0.3)

1.84
(0.2)

1.12
(0.7)

0.83
(0.05)

0.97
(0.5)

1.65
(0.5)

relative
displacement (mm) –
y-direction
(SD)

5.32
(7.5)

5.79
(6.6)

3.29
(7.6)

2.32
(1.6)

2.86
(8.0)

5.56
(8.6)

relative
displacement(mm) –
z-direction
(SD)

7.11
(0.9)

7.27
(0.7)

4.56
(0.9)

3.40
(2.8)

3.66
(0.1)

6.74
(1.0)
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(a) X-Displacement Range (mm)
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Figure 23. Comparison of range of displacements in (a) x- and (b) z-directions for the steel DR and NR
conditions in the DBM.

76

Table 7 contains the means and standard deviations of forces in the x, y, z directions acting
on the waist and hip constraints across the steel rod tension conditions in the DBM trials. Figures
24 and 25 (waist, hips) show the range of forces.
At the waist constraint, the increase in rod tension resulted in a minor reduction in average
force the x-direction (Table 7, Waist Fx) and a substantial decrease in required reaction force in
the z-direction (Table 7, Waist Fz). For the range of force at the waist constraint, the DR conditions
did not vary significantly from the NR in the x-direction (Figure 24a). However, the ranges of
force for Fz at the waist (Figure 25a) were largest at the 25N and 26N tensions. The other tension
conditions (50N, 60N, and 73N) were smaller than the NR condition at the waist.
At the hip constraint, as the rod tension increased, there was an increase in the average
force acting x-direction (Table 7, Hip Fx). However, for the z-direction, the hip constraint
experienced much lower inferior/superior forces as the tension was increased (Table 7, Hip Fz).
For the range of force at the hip constraint, an increase in DR tension resulted in an increase in
force acting in the x-direction (Figure 24b). In contrast, for the ranges of force for Fz at the hips
(Figure 25b) there was a general reduction in required reaction force with an increase in tension,
however, only the 60N and 73N conditions were smaller than the NR condition.
Previous work established Stevenson et al. (1997) on trials with a pack weights between
26-27kg, a walking frequency of 1.8Hz, and prescribed vertical motion of ±25mm amplitude,
demonstrated reaction forces at the hip joint to be approximately 250N in the x-direction and
between 575N and 618N in the z-direction. Although there were not enough trials to determine
statistical differences between steel rod tension conditions in the DBM trials, the average x- and
z- forces acting at the hip constraint for the DR conditions and NR condition were at or below the
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values demonstrated by Stevenson et al. (1997), suggesting that the reaction forces experienced at
the hip were comparable despite the pack weight difference of approximately 6kg.

Table 7. Comparison of mean and standard deviation forces (N) across the steel rod tension
condition DBM trials.
Visual Nastran (VN4D)
Variables

25N

36N

50N

60N

73N

NR

Forces at the Waist Constraint

Waist Fx (SD) in (N) in the
anterior-posterior direction

40.4
(11.7)

36.7
(9.76)

36.3
(13.1)

37.4
(10.5)

33.9
(8.51)

38.3
(32.5)

Waist Fy (SD) in (N) in the
medial-lateral direction

-16.1
(8.43)

-15.2
(8.14)

-15.4
(10.2)

-6.16
(7.81)

-6.97
(7.38)

-10.8
(12.9)

Waist Fz (SD) in (N) in the
superior-inferior direction

-419.2
(103.6)

-394.4
(103.1)

-344.7
(78.7)

-313.0
(69.6)

-307.0
(70.6)

-443.0
(102.8)

Forces at the Hip Constraint

Hip Fx (SD) in (N) in the
anterior-posterior direction

146.4
(30.9)

163.2
(32.2)

182.7
(34.3)

190.6
(36.6)

215.0
(34.5)

116.1
(28.4)

HipFy (SD) in (N) in mediallateral direction

-5.59
(21.5)

-6.96
(26.0)

6.10
(20.6)

13.2
(17.3)

10.8
(25.7)

-2.71
(24.9)

Hip Fz (SD) in (N) in the
superior-inferior direction

-580.3
(136.6)

-546.7
(135.6)

-504.5
(120.4)

-462.7
(94.6)

-455.2
(98.5)

-583.8
(118.7)
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(a) X-Force Range at Waist (N)
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Figure 24. Range of (x) forces at the (a) waist and (b) hip constraints (with standard deviations) for the
steel rod tension DR and NR conditions in the DBM.
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(a) Z-Force Range at Waist (N)
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(b) Z-Force Range at Hips (N)
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Figure 25. Range of (z) forces at the (a) waist and (b) hip constraints (with standard deviations) for the
steel rod tension DR and NR conditions in the DBM.
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Another feature of a dynamic system is a phase shift between the pack and the mannequin.
Previous researchers have suggested that the phase shift should be from 90° to 180° or ¼ to ½ of
the gait cycle to reduce the forces on the person (Kram 1991, 2001; Rome et al., 2006; Hoover and
Meguid, 2011). For the DBM, there was little to no phase shift. This lack of phase shift is shown
in Figure 26 for the DR 50N tension condition. This lack of phase shift would suggest that it does
not meet one criterion for a dynamic backpack.

0.03

Mannequin
Pack

Displacement (m)

0.02
0.01
0
-0.01
-0.02
-0.03
1

2

3

4

5

6

7

8

Time (s)
Figure 26. Example of mannequin and pack displacement (DR 50N tension condition) demonstrates that
no phase shift occurred in the DBM. Similar results were found across all DR tension conditions.
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4.3

Load Carriage Simulator Results
The goal of the LCS simulation trials was: to examine the effectiveness of the DR design

and backpack suspension system using the physical prototype across several different loads and
DR tension conditions. This final step allowed the comparison of the DBM to the LCS to evaluate
the effectiveness of the DR and the methodology.

4.3.1 Load Condition Results

For each of the loads (10, 15, 20 and 30kg), the following variables were assessed: (1)
relative motion (displacement of the pack with respect to the mannequin), and (2) reaction forces
at the hips joint centres/constraint and waist at the T12/L1 joint centre/constraint. Similar to the
DBM trials, the relative vertical (z) displacement, and forces acting in the z-direction were deemed
to be the most critical given that the LCS was driven by the z-only sinusoidal walking pattern.
Figure 27 shows the mean displacement ranges (mm) for all loads and tension conditions across
the x-, y-, and z-directions. Figures 28-30, which depict the range of relative displacements across
each of the different loads, including differences between load conditions.
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Figure 27. Range of relative displacement (mm) between pack and mannequin in the x, y, and z directions
for different loads. Each dot represents an individual trial with all DR tensions collapsed across loads.

For each direction, specific pairwise comparisons were conducted to determine if differences
existed between the load conditions. The results demonstrated in x-direction, the range of
displacement was significantly different between the 10kg condition versus the 20kg/30kg
conditions, but not 15kg condition (p = 0.003) (Figure 28). Similarly, in the y-direction, the range
of displacement was significantly different between the 10kg conditions versus the 15kg/20kg
conditions and the 30kg condition (p < 0.001) (Figure 29). Lastly, in the z-direction, the
10kg/15kgconditions were significantly different than both the 20kg and 30kg conditions (p <
0.001) (Figure 30).
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Figure 28. Range of displacement with standard deviations in the x-direction for different loads (including
all DR and NR conditions). Post-hoc pairwise comparisons are outlined to show significant differences (*)
between load conditions.
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Figure 29. Range of displacement with standard deviations in the y-direction for different loads (including
all DR and NR conditions). Post-hoc pairwise comparisons are outlined to show significant differences (*)
between load conditions.
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Figure 30 Range of displacement with standard deviations in the z-direction for different loads (including
all DR and NR conditions). Post-hoc pairwise comparisons are outlined to show significant differences (*)
between load conditions.
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Figure 31 displays the mean force ranges (N) acting on the (a) waist and (b) hip constraints
across the x-, y-, and z-directions. For both the waist and hip constraints, the increase in load
resulted in an increase of force in all three directions. As expected, the forces acting in the zdirection were the most affected by increase in load given that the LCS was driven by the zsinusoidal walking pattern. The results demonstrated that the range of force was significantly
different across all loads and across all directions for both the waist (x: p < 0.001; y: p < 0.001; z:
p < 0.005) and hip constraints (x: p < 0.001; y: p < 0.001; z: p < 0.001). The forces acting in the
x-, y-, and z-directions (for both the waist and hips) can be seen in Figures 32, 33 and 34,
respectively.

Figure 31. Range of forces (N) in the x, y, and z directions at the (a) waist and (b) hip constraints across
the different loads. Each dot represents an individual trial.
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Figure 32. Range of forces in x-direction for different loads with standard deviations for the waist (above)
and hip (below) constraints. Post-hoc pairwise comparisons are outlined to show differences between
conditions (a=10kg, b=15kg, c=20kg, d=30kg). The results demonstrate that the range of force was
significantly different across all loads.
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Figure 33. Range of forces in y-direction for different loads with standard deviations for the waist (above)
and hip (below) constraints. Post-hoc pairwise comparisons are outlined to show differences between
conditions (a=10kg, b=15kg, c=20kg, d=30kg). The results demonstrate that the range of force was
significantly different across all loads.
89

Figure 34. Range of forces in z-direction for different loads with standard deviations for the waist (above)
and hip (below) constraints. Post-hoc pairwise comparisons are outlined to show differences between
conditions (a=10kg, b=15kg, c=20kg, d=30kg). The results demonstrate that the range of force was
significantly different across all loads.
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4.3.2 DR Tension Condition Results

For each of the loads, the effect of the DR tensions was assessed on the following variables:
(1) relative motion (displacement of the pack with respect to the mannequin), and (2) reaction
forces at the hips joint centres/constraint and waist at the T12/L1 joint centre/constraint. For each
of the DR conditions, the rods were set to varying tensions (N) based on a proportion of the load
inside the pack. The tension in the DR straps was calculated based on the percentage of load in the
pack, divided across each rod. It is noted that adjusting each rod strap subsequently alters the other
straps to a degree as the straps do not function completely in isolation within the pack (Table 8)
with statistical results is shown in Appendix C, Table 12. In almost all cases, there was a
significant difference in tension as the load was increased.

Table 8. DR condition tensions based on percentage of load.
10kg

15kg

20kg

30kg

% of Load

Tension
(N)

% of Load

Tension
(N)

% of Load

Tension
(N)

% of Load

Tension
(N)

20%

9.81

20%

14.7

25%

24.5

23%

34.3

30%

14.7

30%

22.1

37.5%

36.8

35%

51.5

40%

19.6

40%

29.4

50%

49.1

47%

68.7

50%

24.5

50%

36.8

62.5%

61.3

58%

85.8

60%

29.4

60%

44.2

70%

73.6

70%

103.1
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For the range of motion in the 10kg and 15kg conditions (Figures 35 and 36), regardless of
direction, the change in DR tension did not have an effect on the relative displacement. Similarly,
in the 20kg trials (Figure 37), the tension did not have an effect on the motion with the exception
of the y-displacement (p = 0.03). Given the nominal amount of displacement in y-direction (<
0.5mm), this difference was considered to be inconsequential. For the 30kg (Figure 38), the only
difference in relative displacement was seen in the z-direction (p = 0.04). Though some of the 30kg
DR conditions had a greater relative displacement than the NR condition, the results demonstrated
than an increase in the rod tension resulted in a smaller range in displacement in the z-direction.
The statistical table for these results is shown in Appendix C, Table 13.
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(a) X-Displacement Range
(mm)
(b) Y-Displacement Range
(mm)
(c) Z-Displacement Range
(mm)
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Figure 35. Comparison of range of displacements with standard deviations (mm) in the (a) x-, (b) y-, and
(c) z-directions for the 10kg DR and NR conditions for the LCS.
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X-Displacement Range
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Y-Displacment Range
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Z-Displacement Range
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Figure 36. Comparison of range of displacements standard deviations (mm) in the (a) x-, (b) y-, and (c) zdirections for the 15kg DR and NR conditions for the LCS.
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X-Dislacement Range
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Figure 37. Comparison of range of displacements standard deviations (mm) in the (a) x-, (b) y-, and (c) zdirections for the 20kg DR and NR conditions for the LCS.
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X-displacement Range
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Y-displacement Range
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Z-Displacement Range
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Figure 38. Comparison of range of displacements standard deviations (mm) the (a) x-, (b) y-, and (c) zdirections for the 30kg DR and NR conditions for the LCS.
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Figures 39, 40, 41 and 42 display the range of force in the x-, y-, and z-directions acting
on the waist and hip constraints across rod tensions for the 10kg, 15kg, 20kg, and 30kg load
conditions, respectively. Overall, the range of force between the DR conditions did not vary
significantly from the NR condition except for the range of force experienced by the waist
constraint in the 30kg condition for Fx (p < 0.04). Here, the range of force was smaller in the NR
condition than all the DR conditions. The statistical table for these results is shown in Appendix
C, Table 14.
In the case of the 20kg condition, where three trials were conducted, trends between the
DR and NR condition could not be established as the effect of the rod tension varied between trials.
When the 20kg trials were grouped for analysis, no significant differences between the DR and
NR conditions were found. Though not significant, when averaged across all 20kg trials, the range
of force for Fz at the waist constraint in the tension conditions was smaller than the NR condition.

97

(a) X -Force Range (N)
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Figure 39. Range of forces with standard deviations (N) at the waist and hip constraints in the (a) x-, (b) y, and (c) z-directions for the 10kg DR and NR conditions in the LCS.
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(a) X-Force Range (N)
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Figure 40. Range of forces with standard deviations (N) at the waist and hip constraints in the (a) x-, (b) y, and (c) z-directions for the 15kg DR and NR conditions in the LCS.
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Figure 41. Range of forces with standard deviations (N) at the waist and hip constraints in the (a) x-, (b) y, and (c) z-directions for the 20kg DR and NR conditions in the LCS.
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Figure 42. Range of forces with standard deviations (N) at the waist and hip constraints in the (a) x-, (b) y, and (c) z-directions for the 30kg DR and NR conditions in the LCS.
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4.4

Phase Shift

Across all conditions, it was determined that there was no difference in time (t=0) between
the occurrence of the maximal peak value of the pack displacement with respect to the maximal
peak value of the mannequin displacement in the superior-inferior direction regardless of load or
pack condition (NR, DR). This result was also similar to the DBM model. This lack of phase shift
is shown in Figure 43 for a 20kg DR 50N tension condition. Rome el al. (2006) and Hoover &
Meguid (2011), demonstrated that in properly tuned dynamic systems, forces acting on the person
would be reduced because of the pack oscillating at a different phase in the person’s gait cycle (i.e.
a phase shift between 90 and 180 or ¼ to ½ of the gait cycle). The lack of phase shift in the LCS
and DBM trials demonstrates that the DR does not meet the criteria for a dynamic pack back.

Figure 43. Example of mannequin and pack displacement (20kg DR 50N tension condition) demonstrates
that no phase shift occurred in the LCS. Similar results were found across all DR tension conditions.
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4.5

Comparison of DBM Visual Nastran Data (VN4D) and LCS Data

For the 20kg pack condition, the LCS data collected and three trials averaged to validate
the values obtained using the DBM created in VN4D (one trial). Comparisons were made between
the VN4D data and LCS data for the average values for z-displacement, and X and Z forces at the
waist and hips. The other axes were reviewed but not plotted as the amplitudes were insignificant.
A summary of the comparisons made between the average LCS and DBM values can be found in
Table 9.
As the relative vertical (z) displacement and forces acting in the z-direction were deemed
to be the most critical given that the DBM and LCS were driven by the z only sinusoidal walking
pattern. Comparisons of the LCS and DBM variables (range of z-displacement, z-forces at waist
constraint, and z-forces at hip constraint) are displayed in Figures 44, 45 and 46, respectively. For
the LCS condition, the average of the three trials was calculated and displayed.
Table 9. A Comparison of LCS and DBM means for key kinematic and kinetic variables.
Z Displacement

X Waist Force

Z Waist Force

X Hip Force

Z Hip Force

LCS

DBM

LCS

DBM

LCS

DBM

LCS

DBM

LCS

DBM

(N)

(mm)

(mm)

(N)

(N)

(N)

(N)

(N)

(N)

(N)

(N)

25

-77.9

-149.6

52.6

40.4

-225.4

-419.2

-80.3

146.4

-384.2

-580.3

36

-79.4

-150.5

50.7

36.7

-221.7

-394.4

-80.5

163.2

-384.6

-546.7

50

-73.7

-152.6

54.8

36.3

-218.1

-344.7

-79.3

182.7

-385.5

-504.5

60

-68.9

-153.8

44.2

37.4

-201.0

-313

-80.5

190.6

-384.5

-462.7

73

-75.8

-153.9

49.0

33.9

-208.1

-307

-79.6

215.0

-385.1

-455.2

NR

-68.3

-148.7

44.7

38.6

-226.2

-443

-75.6

116.1

-384.2

-583.8

Tension
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For the relative pack z-displacement (Table 9, Columns 1 and 2), the mean values for the
LCS trials were lower in magnitude than the DBM trial. An explanation for the difference between
the two conditions is likely due to the differences in pack oscillation because of how the DBM
pack constraints were chosen in addition to how the frictional component was modelled. For the
range of z-displacement (Figure 44), the DBM trials saw that an increase in rod tension resulted in
a smaller range in displacement (Figure 44a), but this trend was not evident in the LCS trials

(b) Z-Displacement Range
(mm)

(a) Z-Displacement Range
(mm)

(Figure 44b).

10.0
8.0
6.0
4.0
2.0

0.0
25

36

50
60
73
DBM - DR Tension Conditions (N)

NR

37.5
50
62.5
75
LCS - DR Tension Conditions (N)

NR

10.0
8.0
6.0
4.0
2.0
0.0
25

Figure 44. Range of relative z-displacement for the (a) DBM and (b) LCS DR tension conditions.
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At the waist constraint, the magnitude of the average z-forces (Table 9, Columns 5 and 6)
was lower in the LCS trials than in the DBM trial. Though a difference in magnitude exists, both
the LCS and DBM trials experienced an overall decrease in force with an increase in rod tension
for both the average force as well as range of force (Figure 45). The rod tension had a greater effect
on the range of forces for the DBM trials (Figure 45a) than the LCS trials (nominal effect) (Figure
45b).

(a) Z-Force Range at
Waist (N)

0
-50

25

36

50

60

73

NR

75

NR

-100
-150
-200
-250
-300
-350

DBM - DR Tension Conditions (N)

(b) Z-Force Range at
Waist (N)

0

-50

25

37.5

50

62.5

-100
-150
-200

-250
-300
-350

LCS - DR Tension Conditions (N)

Figure 45. Range of relative z-forces at the waist constraint for the (a) DBM and (b) LCS DR tension
conditions.
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At the hip constraint, the magnitude of the average z-forces range (Table 9, Columns 9 and
10) was lower in the LCS trials than in the DBM trial. The hip constraint in the DBM experienced
a large decrease in force range with increased rod tension (Figure 46a). However, the hip constraint
in the LCS did not experience the same decrease in force range with the increase in rod tension

(b) Z-Force Range at Hips
(N)

(a) Z-Force Range at Hips
(N)

where the range of force remained relatively unchanged across DR tensions (Figure 46b).

0
25

36

50

60

73

NR

75

NR

-100
-200
-300
-400
-500

DBM - DR Tension Conditions (N)

0
25

37.5

50

62.5

-100
-200
-300

-400
-500

LCS - DR Tension Conditions (N)

Figure 46. Range of relative z-forces at the hip constraint for the (a) DBM and (b) LCS DR tension
conditions.
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Comparison of the key variables between the DBM and LCS demonstrated that the range
of z-displacement, z-forces at the waist constraint, and z-forces at the hip constraint were not
similar in magnitude. The differences between the two conditions is likely a result of how the
DBM was constrained, and how closely the construction of the DR and pack attachment points in
the DBM matched the LCS. In addition, when the DR strap was tensioned in the LCS trials, it was
noted that instead of fully tensioning the DR, the DR strap was pulling on the waist-belt material
attachment point. This was not the intended goal of the LCS prototype, but was a consequence of
how the prototype was assembled. This likely affected the effect of the DR on the LCS trials,
which is evident in the results of the key variables in that the changes in the DBM were greater in
magnitude than in the LCS.
In addition, although the frictional component between the lumbar pad and waist-belt was
included in the DBM, it was done so to allow the software to resolve all its calculations
successfully and may not have been reflective of the frictional component experienced in the LCS.
The frictional component, along with the coupling between the pack and mannequin in the LCS
was likely incongruent with how the DBM was modelled. The waist-belt in the LCS may have
been too constrained, which did not allow for adequate pack movement. These potential
differences may have resulted in the differences in magnitude, particularly with respect to the zdisplacement.
At this stage, it is difficult to ascertain if the DBM was correctly modeled (e.g. appropriate
attachment constraints used), or if the LCS prototype assembly was reflective of the DBM design
parameters. Therefore, for the LCS to be used to validate the DBM, more work is required to
develop the computational model and in the construction of the LCS prototype to ensure the
characteristics of both evaluation tools are congruent with each other.
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4.6

Relationship between Shoulder Straps and DR Straps

As part of additional investigation, it was theorized that if the shoulder strap (SH) tensions
were reduced as a function of the tensioning of the DR straps, this would indicate that the DR had
transferred some of the forces to the hip belt, thereby acting as a bridge in the mechanical system.
To investigate the relationship of the DR strap tension and the SH tension under static
conditions, comparisons of the shoulder strap (SH) tensions before (T1) and after (T2) the dynamic
rods (DR) tensioning were conducted across all LCS experimental conditions (Table 10). The
differences observed between T1 and T2 were used to determine the effect the DR had on the
shoulder straps. A one sample t-test across all conditions demonstrated a significant difference
between pre- and post-shoulder strap tensions as a result of the DR being tensioned 95% CI= [1.89,
4.88], p < 0.001, in which there was a decrease in shoulder strap force as a result of the DR being
tensioned. When separating this analysis according to pack load, significant differences were
attributed to the 20kg (95% CI = [3.46, 6.87], p < 0.001) and 30kg (95% CI = [2.96, 11.4], p =
0.009) conditions, but not the 10kg (95% CI = [-1.35, 2.52], p = 0.49) and 15kg (95% CI = [-4.42,
0.74], p = 0.12) conditions. A summary of these results is found in Figure 47. The results suggest
that for the 20 and 30kg conditions, the degree to which the rods were tensioned was sufficient to
elicit a significant reduction in the tension of the shoulder straps.
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Table 10. Comparison of SH tensions before (T1) and after (T2) DR tensioning across all LCS
experimental conditions. Decreases in tension (N) are bolded.
Load (kg)
10

15

20 (Trial 1)

20 (Trial 2)

20 (Trial 3)

30

% of Load
20%
30%
40%
50%
60%
70%
80%
20%
30%
40%
50%
60%
25%
37.5%
50%
62.5%
75%
25%
37.5%
50%
62.5%
75%
25%
37.5%
50%
62.5%
75%
23%
35%
47%
58%
70%

Tension
(N)
10
15
20
25
29
34
39
15
22
29
37
44
25
37.5
50
62.5
75
25
37.5
50
62.5
75
25
37.5
50
62.5
75
34
52
69
86
103
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T1: SH
Strap (N)
25.2
24.6
24.8
25.1
25.5
25.2
25.0
37.1
38.3
36.8
37.6
36.7
59.3
61.5
58.9
59.7
61.4
62.1
60.8
60.9
60.3
58.9
60.8
60.3
60.3
60.5
60.5
85.7
85.2
83.9
84.4
83.7

T2: SH
Strap (N)
28.5
25.5
23.8
24.3
25.6
22.9
22.5
40.4
40.9
38.4
41.0
35.0
56.2
60.4
57.1
53.4
60.0
61.4
55.0
53.2
51.6
47.5
56.4
52.5
54.6
52.9
54.7
82.4
78.3
79.4
73.9
72.9

Figure 47. A comparison shoulder strap tensions (N) (pre- and post-rod tensioning) during the static trials
across each of the load conditions (kg). Significant differences indicated with an asterisk (*).

110

To investigate the relationship of the DR strap tension and the SH tension under dynamic
conditions, the mean value of the SH tensions (N) were plotted against the rod strap tensions (N)
for all trials (Figure 48). For the 20kg and 30 kg trials, all the DR shoulder strap tensions were
lower than the shoulder strap in the NR. More importantly, as the DR tension increased, the SH
tension in general decreased. This suggests that, even during dynamic conditions, the DR
continued to affect the SH tensions, particularly for the heavy loads.
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Shoulder Strap Tensions (N)

90
80
70
10kg

60

15kg

50

20kg (1)

40

20kg (2)

30

20kg (3)

20

30kg

10
0
-5

15

35
55
Rod Tensions (N)

75

95

Figure 48. The rod strap tension (N) versus mean shoulder strap tension (N) with standard deviation for all
trials.
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Lastly, the tension of the rod strap (N) was plotted against the tension of the shoulder strap
(N) to investigate if the DR tensions influenced the rate of loading and unloading of the shoulder
straps during all LCS trials. The value of the area inside the plotted curve is displayed across all
loads and tension conditions (Table 11). The investigation revealed that the area inside the plotted
“loop curve” for the DR conditions was larger than the NR conditions, particularly for the 20kg
and 30kg conditions. This trend was demonstrated across all DR trials across all loads. This
suggests that tensioning the DR reduces the rate at which forces are being applied to the SH straps
during the oscillations. In contrast, the NR conditions did not experience this gradual rate of
loading and unloading in the SH strap.
An example of the effect of the DR tension had on the area of the SH loop curve for the
30kg trials can be found in Figure 49. The shape of the SH tension plots for the DR trials suggests
that the rate at which the SH are loaded and unloaded during the oscillations appears to have
reduced in contrast with the NR condition. It is also demonstrated that with the increase in DR
tension, there was a reduction in the SH strap tension. As the percentage of the load the DR
captured increased, the SH strap tension systematically decreased.
Based on these results, it has been demonstrated that tensioning of the rod straps resulted
in a reduction of SH forces, both in the static and dynamic conditions. It appears that the rods act
as a bridge in the mechanical system, transferring some of the forces to the hip belt. Furthermore,
the rate by which the SH are loaded and unloaded during the oscillations appears to be affected by
the tensioning of the rods. Therefore, this DR design should be considered when designing load
carriage devices for it helps reduce the shoulder loads, particularly for heavier packs (20-30kg).
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Table 11. Tension of the rod strap (N) was plotted against the tension of the shoulder strap (N) to
investigate if the DR tensions influenced the rate of loading and unloading of the shoulder straps during all
LCS trials. The value of the area inside the plotted curve is displayed across all loads and tension conditions.
10kg

Area
(SD)
0.71
(0.20)

15kg

Area
(SD)
2.84
(0.25)

20kg
(1)
25%

Area
(SD)
2.48
(0.27)

20kg
(2)
25%

Area
(SD)
4.25
(0.60)

20kg
(3)
25%

Area
(SD)
4.75
(0.34)

30kg

30%

1.24
(0.27)

30%

3.07
(0.35)

37.5%

3.96
(0.72)

37.5%

6.10
(0.62)

37.5%

4.56
(0.48)

35.5%

10.74
(0.91)

40%

1.60
(0.17)

40%

3.15
(0.37)

50%

1.87
(0.33)

50%

5.42
(0.43)

50%

3.50
(0.41)

47%

8.13
(0.69)

50%

1.83
(0.37)

50%

3.77
(0.38)

62.5%

3.09
(0.38)

62.5%

3.26
(0.50)

62.5%

3.39
(0.50)

58%

5.42
(0.65)

60%

0.36
(0.21)

60%

2.52
(0.31)

75%

3.23
(0.55)

75%

3.97
(0.42)

75%

3.02
(0.28)

70%

5.10
(0.51)

NR

0.11
(0.10)

NR

0.09
(0.09)

NR

0.28
(0.28)

NR

0.24
(0.21)
)

NR

0.19
(0.22)

NR

0.46
(0.56)

20%

20%

0
(0.12)
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23%

Area
(SD)
10.37
(1.31)

Figure 49. Rod strap tension (N) versus shoulder strap tension (N) for the 30kg condition. Tension of the rod strap (N) was plotted against the
tension of the shoulder strap (N) to investigate if the DR tensions influenced the rate of loading and unloading of the shoulder straps during all LCS
trials. As the percentage (%) of the load the DR captured increased, the tension in the shoulder strap was reduced.
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Chapter 5: Discussion

The overall aim of this research project was to develop a methodology for the development
and evaluation of an energy storage and return system, specifically dynamic rods (DR), for
insertion into a typical backpack. The DR design chosen for this investigation made use of the
existing pack design and features of the current pack to order to integrate the DR as opposed to
other ESAR pack devices that use springs, dampers, and/or bungee cords.
The first objective of this research project was to investigate the effectiveness of the DR
that were inserted into the lateral aspects of the backpack and tested across different loads and
dynamic conditions. The approach involved the use of types of load carriage evaluation tools: (1)
a computational dynamic biomechanical model (DBM) and (2) a Load Carriage Simulator (LCS).
The secondary objective of this investigation was to examine the efficacy of the methodology and
determine if the dynamic system design concept worked at the level of the computational model
as well as during the evaluation process using the LCS. The following section will provide a more
in-depth discussion on the relevance of these findings. Lastly, contributions made to the
development of valid strategies for assessing functional load carriage energy storage and return
systems, and identifying areas of future concern, will be addressed.
5.1

Dynamic Biomechanical Model
One of the goals of this investigation was to determine if the new DR load carriage system

developed would modify the vertical oscillations (z displacement) of the backpack relative to the
mannequin in the DBM. For the primary stage of DBM development, several materials were tested
to see if this resulted in any changes to the outcome measures and to determine which material to
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use for subsequent testing and LCS prototype assembly. It was anticipated that differences would
have presented when the material of the DR was manipulated. However, despite varied stiffness
coefficients (k), the change in material did not influence the displacement of the pack. As a result,
it is not surprising that there were also no differences for the range of forces acting on the hip or
waist constraints. It is likely that, for this stage of the development of the DBM, the model-pack
constraints were not adequately configured to represent the real-world mechanics of the packperson system, since there were no differences between materials despite having differing stiffness
(k) values. The steel DR used in further investigations had the greatest stiffness (k = 5,000) of all
the materials studied so it was surprising that more compliant systems did not show any
differences. Hoover and Meguid (2011) reported that the suspension system of the pack should
be compliant with a low suspension system stiffness of k = 1000 N/m to allow for pack-person
amplitudes from 10 mm to 45 mm. However, the recommended performance specifications for
military backpacks suggest that value for the relative motion in the z-direction between pack and
person to be < 14mm (Stevenson et al., 2004a, Bryant et al., 2004). A series of changes were made
to the DBM before further testing with the hope of developing a model that more closely resembled
the real-world mechanics of the system. One change was to add frictional constraints to the lumbar
pad and waist-belt to ensure that the model was allowing the appropriate movement between these
components and the mannequin. Additionally, changes were made to how the DBM constraints
that acted on the DR contact/interface points were tensioned. Despite these changes, the DBM did
not show the expected phase changes.
In the secondary stage of DBM development, the 20kg steel DR model was chosen to
examine the effects of different DR tensions (25N, 36N, 50N, 60N, 73N) on displacement and
waist and hip forces. As speculated, given that the system was driven by a superior-inferior
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sinusoidal oscillation pattern, the difference between DR tensions had the greatest effect in the zdirection. Specifically, as the tension in the rod increased, the range of displacement decreased.
The 25N and 36N tensions resulted in greater oscillations than the higher DR tensions and were
even higher than the NR condition. With respect to pack motion, Ren et al. (2005) suggested that
a more compliant pack system might lead to larger pack motion relative to the torso, which could
affect the user’s balance and agility. Therefore, these authors suggested a balance of stiffness and
damping is required to allow for compliance without excessive relative motion. Minimal relative
pack motion is characteristic of a stiff suspension system (Stevenson et al., 2000). However, one
needs to keep in mind that the reaction forces required to stabilize a pack may be costlier than
allowing for relative motion for certain loads. In addition, in overly stiff suspension systems, the
relatively small displacements of the body are still closely tracked, resulting in unnecessary forces
on the body (Stevenson et al., 2006). Therefore, there is a need for “tuning” the DR stiffness to
match the load carried and condition in which there would be optimum stiffness for certain load
masses that would minimize the relative motion of the pack to create load stability, when
necessary, particularly over prolonged distances. Furthermore, for optimal load control, the
combined design elements that provide stiffness to a load carriage system should constrain the
load without constraining the user (Stevenson et al., 2006).
A goal of this investigation was to determine if the DR reduced some of the pack’s vertical
displacement and alter the backpack reaction forces, transferring the load weight onto the body
without inducing large ancillary forces. Ideally, the load carriage system would help reduce the
total peak forces acting on the body, thus resulting in a reduction of pack load acting on the spine
(Rome et al., 2006). For the DBM, changes to the DR tension reduced the forces experienced at
the waist and increased the forces experienced at the hips in the z-direction. But unlike Kram
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(2001) and Rome et al. (2006), the forces at the waist and hips were not out-of-phase with the
pack’s oscillations which might have led to an increase in reaction forces acting on the hips due to
the increase in DR tension. The increased amplitude of the reaction forces at the hip potentially
reflected an inability of the load carriage suspension system to attenuate the dynamic loading.
A goal of this investigation was to determine if there would be a phase shift of the backpack
during walking as a result of the DR. It was anticipated that the elastic properties of the dynamic
rods system would help reduce the demand associated with load carriage cycle by storing energy
in one phase of the load carriage cycle and returning it in a subsequent stage. For the DBM, there
was little to no phase shift. It is likely that the DBM did not meet the criteria for a dynamic pack
due to a lack of dynamic coupling between the pack and mannequin within the model parameters.
In properly tuned dynamic systems, a reduction of forces on the person could be achieved by
oscillating the pack at a different phase in the person’s gait cycle. Based on the result of several
studies (Kram 1991, 2001; Rome et al., 2006; Hoover & Meguid, 2011), a phase shift of
accelerations from 90° to 180° or ¼ to ½ of the gait cycle, would have been expected.
An inherent limitation of the DBM is that a mathematical model is reliant on the
assumptions that are used to drive the model. Although the tool can be used to describe a situation
as accurately as possible, helping to provide knowledge and insight into possible relationships, and
are often used as a solution for the estimation of quantities, a model can only be as effective to
describe an event or predict an outcome within the boundaries of the inherent assumptions and
limitations (MacNeil, 1996). In the case of the DBM, the model specifications were determined
within the scope of the VN4D software. In order for the model software to resolve all its
calculations successfully, the model parameters, pack-person constraints, and coordinate systems
for the model components, were constructed within the boundaries of the software. Thus, the
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decision-making process relied on the model being able to solve all its components mathematically
without failing. Specifically, within the DBM there is a possibility that the constraints chosen for
the three contact/interface points of the lateral aspects of the pack were not the most precise, and/or
did not accurately reflect how those interface points would interact in the real-world setting. These
constraints influenced how the DR interacted with the waist-belt and the rod sleeves, thus
contributing significantly to how the pack could potentially oscillate as a function of these model
parameters. Although the DBM did not exhibit the behaviour of an ESAR load carriage device,
this evaluation tool did help to provide a better understanding of the pack interaction forces
experienced during load carriage. Interaction forces and moments between the pack and torso
cannot be directly measured; therefore, the mathematical modelling and simulation provides an
alternative approach to the problem and would help to improve the design of future load carriage
systems (Ren et al., 2013).
5.2

Load Carriage Simulator
The goal of the LCS simulation trials was to examine the effectiveness of the DR design

and backpack suspension system using the physical prototype across several different loads and
DR tension conditions. As expected, there were significant differences between the load conditions
for both displacement (in particular the z-direction) and forces acting on the waist and hip
constraints in all three directions. The results demonstrated that irrespective of DR tension, the
load in the pack was the most critical variable and had a greater influence on the pack mechanics
and reactive forces than changes in DR tensions. Huang & Kuo (2014) demonstrated that the
increased COM work in walking was largely explained by the added backpack mass, with the
largest effect of a carried backpack appearing to be a proportional increase in mechanical work,
with a proportional increase in metabolic cost. AbdulRahman et al. (2012) demonstrated that
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increasing the mass of the backpack from 10% BW to 15 and 20% of BW increased the amplitude
of both the displacement and velocity of the backpack vibration system. In a systematic review
conducted by Gloriz & Walker (2011), there is strong evidence demonstrating a correlation
between backpack weight and pain, perceived exertion or discomfort; as the load increased the
level of pain, perceived exertion or discomfort rises. Backpack weight is the most common
contributor to discomfort (Jacobson et al., 2003), and therefore must be considered in the design
of load carriage devices. However, given the influence load mass has on posture, perceived
exertion and discomfort of its users, developing safe load mass guidelines, particularly for
prolonged load carriage is required (Simpson et al., 2011).
It was theorized that the new DR load carriage system developed would modify the vertical
oscillations (z displacement) of the backpack relative to the mannequin in the LCS. The rod tension
did not have an effect on the z-displacement for the 10kg, 15kg and 20kg conditions. The 30kg
condition did experience an effect because of rod tension. Although the smaller DR tension
conditions had a greater relative displacement than the NR condition, the results demonstrated that
as the rod tension increased, the range of displacement became smaller (see Figure 38). The
tensions of the rods were not properly tuned to yield optimal results and the results suggested that
more compliant rods were needed to influence the load masses.
Furthermore, several sources of error were noted during the LCS data collection trials that
might have contributed to the lack of effect. Firstly, although the shape of the DR prototype was
matched to reflect the shape in the DBM, the bends in the rod were done so in a manual fashion.
In addition, the rod straps intended to tension the DR, were sewn onto the waist-belt in a fashion
that did not always elicit true DR engagement. For some of the higher tensions, the straps pulled
on the material of the waist-belt instead of pulling the rods up. This meant that there was not the
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expected change in rod shape that would elicit a change in rod stiffness as originally intended.
During the data collection, once the pack was loaded, it needed to be tensioned accordingly.
However, shoulder straps and rod tension straps could not be tensioned at the same time, meaning
that each individual strap was adjusted in isolation, and as a result there is an unintended movement
of the pack and/or alternation of the other straps. In addition, there was a limited number of strain
gauge sensors available for tracking; hence, the shoulder strap and rod strap tension were only
tracked on one side of the pack. This meant that the opposite side had to be tensioned according to
the investigator’s familiarity with the pack system, the length of strapping, and the relative position
of both sides of the pack without the use of an objective measure.
It was theorised that by reducing some of the pack’s vertical displacement and by altering
backpack reaction forces, the dynamic load carriage device would have the ability to transfer the
load weight onto the body without inducing large ancillary forces. Overall, the range of force
between the DR conditions did not vary significantly from the NR conditions. Although not
significant, when the 20kg trials were grouped, the range of z-force at the waist constraint was
smaller than the NR condition. It appears as though the load carriage system was unable to reduce
the total peak forces acting on the body, thus preventing a reduction of load acting on the spine.
Given that the DR in the LCS did not generate the anticipated modifications to the vertical
oscillations (z-displacement) as intended, it is unsurprising that overall, a change to the reaction
force was not demonstrated. It was also theorized that there would be a phase shift of the backpack
during walking. For the LCS, there was little to no phase shift. Hence, the lack of a phase shift and
no substantial reduction in waist and hip forces means that the LCS did not meet the criteria for a
dynamic pack.
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Another limitation that likely contributed to the outcome of the LCS trials is that the
influence of friction (i.e. between the pack-person interface and/or between pack components) was
an unknown variable in the pack-person system and was not accounted for. With the increase in
load, it is assumed there would be an increase in friction, particularly at the waist-belt and lumbar
pad. Subsequently, the DR would have more work to do to oscillate the pack. Friction always plays
a part in determining the time at which oscillations persist (Griffiths, 2006). Unfortunately, the
effect of friction on the pack is unknown at this time. It is suspected that the friction between the
suspension system and the load was too much for the DR to overcome. Other researchers (Rome
et al., 2005, Kuo, 2005; Rome et al., 2006; Foissac et al., 2009; Xie & Cai, 2014) have used a
completely separated dynamic system between the load and suspension system (straps) such as
springs and/or guide rails. In these cases, the load was detached as much as possible from the
suspension system. The current DR design attempted to work within the suspension system itself
which may be the incorrect approach in the design concept. The DR design chosen for this
investigation made use of the existing pack design and features of the current pack to integrate the
DR as opposed to other ESAR pack devices such as springs, damper and/or bungy cords. Lastly,
the current DR was attempting to deal with heavier loads (20-30kg) whereas other researchers
were testing in the 10-20kg range.
Based on the LCS testing, the current version of the DR prototype was not effective in
establishing an ESAR load carriage device as it was unable to induce pack vertical displacement
or altering the backpack reaction forces. Future development of this prototype would be required
to address the limitations of this stage of the research design. These strategies will be discussed at
the end of this chapter.
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5.3

Comparison of DBM and LCS
This is the first study of ESAR devices for load carriage where the initial stages of design

development have involved modelling and assessment using objective measurement tools.
Therefore, it is important to compare the outcome measures of the two load carriage evaluation
tools to determine the validity of the computational DBM as an effective methodological tool to
use in the design and development process. As was attempted in this study, it is necessary to model
backpack dynamics, including the relative motions between pack and torso to adequately represent
the dynamic impacts on the bearer (Ren et al., 2013).
Comparison of results of the two tools demonstrated that for the relative z-displacement,
the mean values of the LCS trials were lower in magnitude than the DBM trial. Furthermore, in
the DBM an increase in the rod tension resulted in a smaller range of displacement, however this
trend was not evident in the LCS trials. Similarly, the magnitude for the average z-forces for both
the waist and hip constraints in the DBM was higher than the LCS. Lastly, the rod tension had a
greater effect on the range of forces for the DBM trials than LCS. An explanation for this difference
between the two LC evaluation tools is likely due to the differences in pack oscillation as a result
of how the DBM pack constraints were chosen versus how the LCS prototype was physically
constructed. As previously discussed, when the LCS rod straps were tensioned, the waist-belt
material was unintentionally pulled rather than the rod stiffened. This meant the rods’ stiffness
likely did not match the DBM version, particularly for the high-tension conditions. Furthermore,
differences between the two conditions could also be a result of how the DBM was constrained,
and how closely the construction of the DR and pack attachment points in the DBM matched the
LCS (e.g. constraints chosen to represent pack attachment points).
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The frictional component in the DBM was assessed, and changes to the lumbar and
shoulder pads were made accordingly to ensure the model was allowing for enough movement.
An assessment of the frictional component in the LCS was not calculated, and any discrepancies
between the frictional components of the two tools could contribute to the differences seen in
vertical displacement of the pack.
Another objective of this research was to examine the efficacy of the methodology. Although
the results of the comparison of key variables between the DBM and LCS demonstrated that the
LCS could not be used to validate the DBM, the methodological approach undertaken still has
value in the design and development of load carriage devices as it highlighted areas of concern for
both the computational modeling, prototype assembly, and LCS evaluation phases. Load carriage
is a complex and dynamic activity, and investigating even one area of its components will be
beneficial to future users. An understanding of pack interaction forces through mathematical
modelling and simulation will help improve the design of future load carriage systems since
interaction forces cannot be measured directly (Ren et al., 2013). This highly iterative design
approach will help to highlight areas of concern, and establish a strategy for assessment of
functional load carriage ESAR systems. A dual method will allow for the optimization of the
backpack system, and will decrease the need for human trials (Gretton et al., 2001). By using
objective methods such as these for evaluating pack designs during the initial stages of the design
process, time and resources can be diverted to areas of need in subsequent stages.
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5.4

Influence of DR on Shoulder Straps

Although the current DR design did not fit the criteria of an ESAR load carriage device, an
area of concern is the ratio of load borne on the shoulders during load carriage. The upper limb is
very susceptible to load carriage injuries, with the shoulders subjectively rated as significantly
more uncomfortable than any other region (Birrell & Hooper, 2007). Rucksack palsy is a disabling
injury associated with load carriage (Knapik et al., 1996). It is hypothesized that the injury results
from compression of the brachial plexus (Mäkelä et al., 2006; De Luigi et al., 2008). The weight
of the load pulls on the shoulder straps, causing a traction injury of the upper brachial plexus (De
Luigi et al., 2008). Ergonomic reengineering of the rucksack design with the addition of a frame,
sternum strap, and a hip belt, has helped to decrease the incidence of rucksack palsy by reducing
the pressure exerted on the shoulders (Knapik et al., 1996; Knapik et al., 2004). Mäkelä et al.
(2006) believed by improving the design of backpacks, including adjustment of the shoulder straps,
and horizontal sternum straps across both shoulder straps would prevent the posterior traction of
the shoulders, preventing a traction injury of the long thoracic nerve.
Shoulder discomfort and the risks of rucksack palsy support the design goal of shifting
loads to the hips as much as possible (Birrell & Hooper, 2007). Reid et al. (2004) found the
addition of lateral rods to the pack proved to be an effective measure in transferring vertical load
from the upper torso to the pelvic region (Reid et al., 2004). Similarly, Holewijn (1990) determined
from the pressure measurements that in their custom frame for their backpack transferred a
considerable part of the mass to the hips. Because the contact area between the waist belt and hips
can be quite large, and the hips are less sensitive to pressure by a factor of three, it may be
concluded that load bearing by the hips is preferable to load carrying on the shoulders (Holewijn,
1990; Holewijn & Meeuwsen, 2000).
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For the current DR design, it was theorized that if the shoulder strap tensions were reduced
as a function of the tensioning of the DR straps, this would indicate that the DR had transferred
some of the forces to the hip belt, thereby acting as a bridge in the mechanical system. The
investigation of the relationship between the DR strap tension and SH tension under both static
and dynamic conditions revealed that an increase in the DR tension had a significant effect on the
reduction of tension in the shoulder straps, particularly for the 20kg and 30kg load conditions. In
addition, the rate by which the shoulder straps were loaded and unloaded during the dynamic trials
was reduced with an increase in rod tensions. Therefore, use of a DR to act as a mechanical bridge
in LC devices to reduce the shoulder loads is warranted, particularly for heavier packs (20-30kg).

5.5

Future Directions
It was anticipated that the results from this study would help provide researchers with a

foundation for further development of this load carriage device. This would include supplementary
design, evaluation and testing on human subjects. These tools are objective in outcomes and thus
a more repeatable method than human participants when beginning the design process. A
combination of objective modelling or simulation methodologies is useful in screening various
pack and ESAR designs prior to human-based investigations (Mackie et al., 2005). Furthermore,
future research should include human trials to gather the requisite subjective information on the
features and functionality of the load carriage system to produce an advanced load carriage system
(Bryant et al., 2000).
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5.6

Conclusions
The current research project attempted to incorporate two different methodologies to

evaluate a novel dynamic rod system to be used in a back pack. This was a highly iterative design
approach in which a combination of computer modeling and physical testing was used to
objectively analyse and evaluate the DR design. The design did not function as a backpack ESAR
in that the DR did not reduce the relative pack-person displacement nor cause a phase shift to the
pack’s oscillation which resulted in no reduction of reaction forces on the body. However, the
results from this study have highlighted areas that need to be improved for future design iterations,
and have established a foundation for further development of this load carriage device which would
include supplementary design, evaluation and testing on human subjects.
Although the current DR design did not exhibit the intended ESAR characteristics for a
load carriage device, it appears the DR acts as a mechanical bridge in the system, transferring some
of the shoulder forces to the hip belt. Therefore, this DR design should be considered when
attempting to reduce shoulder forces in load carriage devices.
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Appendix A
Development of the biomechanical model for the dynamic rod-backpack system within
Visual Nastran 4D™

Appendix A describes the sequence of steps taken in VN4D to create the dynamic biomechanical
model. Each model modification is recorded here for both the models created: DBM (dynamic
biomechanical model – pack with dynamic rods) and NR (model for no-rod backpack condition).

1a) Baseline dynamic biomechanical model (DBM) with no rod (NR)
•

Waist-belt (WB) tensioned to 60N
o WB tension loaded with 5 second delay
o 5 second delay allowed VN4D to resolve all other model calculations first

1b) Baseline DBM – NR
•

•

Prescribed motion (position and velocity) of representative mannequin edited using
motion ‘meter’ formulas
o Motion of upper body and hip constraints edited to represent walking
▪ 1.8Hz
▪ Sinusoidal motion pattern (to start at the bottom of the cycle phase)
Properties of pack (mass of pack) edited to be uniform

1c) Baseline DBM – NR
•

Load Carriage Simulator Mannequin in VN4D
o Centre of mass (COM) of combined upper and lower portions determined to be
316mm above centre of rotation at hips
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1d) Baseline DBM – NR
•
•
•
•

•
•

WB effectively located at position of lumbar pad of pack
o Relative motion between hip belt and pack rigidly locked during time attaching
(tensioning) WB and beyond
Clothe-the-soldier pack (CTS pack): body [2]
o Body-fixed coordinate system
Upper body position
o Position of left upper body: body [26]
Report of coordinate systems of pack and person set to be outputted in relation to world
coordinate system
o The relative motion of the pack with respect to the body would be determined
by calculating the difference of the two coordinate systems
Motion of system driven by Hip Constraint [83]
Output exported include the following measures
o Force at Hip Constraint [83]
o Force on Lower Body [23]
o Torque at Hip Constraint [83]
o Torque at on Lower Body [23]

1e) Baseline DBM – NR
•

•
•

WB interactions solved
o t = 0-5secs: WB tightens to 60N
o t = 5secs: oscillations begin
o Rod Stiffener k Input [176] = 5000N/m, onset at t = 10secs
Version of DBM-NR used as start point (general model) for simulations
Total time: t = 20secs (or 1000 frames)
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2a) Baseline DBM with dynamic rod (DR)
•
•

•

•

Dynamic rods were attached at 3
contact/interface points on the lateral
aspects of the pack
Superior aspect of rod established as
spherical joint (A)
o Represents the top aspect of the
sleeve in which the DR is inserted
into
Middle aspect of rod established as a
spherical joint (B)
o Represents the bottom aspect of the
sleeve in which the DR rests
o Location established as the contact
point above the first curved element
of the DR
Inferior aspect of rod established as a
spherical joint on a plane (C)
o Location represents aspect of the
DR that is attached to the WB

2b) Baseline DBM – DR
•
•
•

Rod material used in model: Nylon 612
o Model did not calculate because rods were not engaged because spring element
of rod to WB not in tension
Created Rod Stiffener k Input [176]
o 50,000N/m
Timeline of model calculations
o t = 0-5secs: waist-belt attaches (tensioned)
o t = 5-6secs: rods tighten
o t = 6secs: oscillating begins
o t = 6-20secs: oscillation of mannequin with pack
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2c) Baseline DBM – DR
•

•

Timeline of model calculations
o t = 5secs: waist-belt tightens
o t = 5.02secs: rods tighten
o t = 6.00secs: oscillations begin
WB [243] and Left Upper Body [26] overlapped in model beyond specified tolerance
o Overlap tolerance reduced from 0.03m to 0.005m to reduce tolerance ‘buffer’ to
reduce number of calculations to solve for in VN3D
o Changed reduced the time required for simulation
▪ Changed Rod Stiffener k Input [176] from 50,000N/m to 20,000N/m

2d) Baseline DBM – DR
•
•
•

Constraint type of rod to WB interface was changed from spherical joint on a plane to a
‘collision’ constraint because rod cannot penetrate the WB
Changed the tensioning element of rod from a ‘spring’ element to a ‘string’ element
Rod elements are the spring in the dynamic system, and the string element will allow
for the change in the radius of the curved portion of the rod
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3a) General DBM – NR
o Determined that model was oscillating in the medial-lateral direction instead of the
superior-inferior direction
o Changed constraint [83] – actuator at the hip to slide about ‘x’ not ‘z’
▪ Oscillation forced model to move in the anterior-posterior direction
o Changed Actuator at Hip [83] to slide about ‘y’
▪ Oscillation forced model to move in the superior-inferior direction to
represent walking

Hip Actuator [83] Coordinate System

World Coordinate System
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3b) General DBM – NR
•
•
•
•

Rod Stiffener Tension – Linear Spring [178]: Active while >10secs
Rod Stiffener k Input: changed from 5000N/m to 10,000N/m
Rod Stiffener k Input: changed from 10,000N/m to 20,000N/m
DBM – NR loaded to 25kg (CTS Pack)

Variables available to be exported from VN3D
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Tension of Strap Lower Left (LL) Constraint [215]
Tension of Strap Lower Right (LR) Constraint [3]
Tension of Strap Upper Left (UL) Constraint [10]
Tension of Strap Upper Right (UR) Constraint [168]
Tension of WB Tension Constraint [1]
Torque at Hip Constraint [83]
Torque on Lower Body [23] in world
Spine Constraint [59] Torque on Lower Body [23] in Lower Body [23]
Spine Constraint [59] Force on Lower Body [23] in Lower Body [23]
Force at Hip Constraint [83] Force on Lower Body [23] in Lower Body [23]
Position of Left Upper Body [26]
Relative Position of CTS pack with respect to body
Position of CTS pack
Rod Stiffener Tension [78]
Acceleration of CTS pack
Acceleration of Left Upper Body [26]

Variables for Computational Model (DBM-DR) Analysis
•
•
•
•
•
•

Position and acceleration of Left Upper Body
Position and acceleration of CTS Pack
Relative position of CTS with respect to Body
Force and torque at spine constraint, hip constraint
Rod stiffener tension
Tension of LL, LR, UL, UR straps, WB strap
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4a) General DBM – DR
•

Investigated coefficient of friction for surfaces in contact with skin to ensure model is
behaving as expected
o Coefficient of friction changed from 0.5 to 0.4

4b) General DBM – DR
•

During testing, rods moved in and out of body
o Changed body coordinate (BC) of constraint for contact point representing the
aspect of the DR that is attached to the WB
▪ Potentially constraint had its own axis; modified rod constraint: slide
about YZ plane, rotate all  slide about YZ plane, rotate about X 
slide about YX, rotate about X  slide about XY plane, rotate about X
 slide about XY plane, rotate about all  slide about XY plane, rotate
about Z

4c) General DBM – DR
•

•
•
•

•
•
•
•
•

Changed rod-waist-belt constraints to be ‘parallel planes’
o Waist-belt: t = 0-3secs
o Rods tension: t = 3secs, Rods active: t = 4secs
o Actuator: t = 5secs
Changed to revolute joint on a plane: slide about YZ, rotate X
Previous rod movement likely a result of the movement of the WB trying to settle
(resolve)
o Hip constraint [83]: t > 4secs
Added constraints to upper portion of the rods to CTS pack to prevent rods from
‘twisting’ in and out
o Removed: t = secs  Active t < 3secs
o Rods will become active at t > 3secs (bottom constraints)
o Middle constraints of rods become active at t ≥ 3secs
Placed temporary constraints on left [211] and right [214] rods
o Time < 3secs
Hip constraint [83]: t > 4secs to oscillate
WB + Rod
o Revolute joint on a plane [183]: t ≥ 3secs
o Revolute joint on a plane [204]: t ≥ 3secs
Temporary Pack Z Constraint [65]: t < 3.1secs
Rod Stiffener k Input [176] – Linear Spring(s): t > 5secs
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•

•
•

Timeline:
o t = 0-3secs: WB tensions
o t = 3secs: temporary rod constraints turn off, revolute joints (WB + rod) turn on
o t = 3.1secs: temporary Pack Z constraint turns off
o t = 4secs: oscillation turns on
o t = 5secs: linear springs turn on
Constraints [211] and [214] failed
o Pack started to move sideways and began to fall out of field of view
Right Rod [214] worked, Left Rod [211] did not

•
•

Constraint [204]: rotate about X, slide along YZ
Constraint [183]: rotate about X, slide about YZ
o Problem: WB [259] and Constraint [204] were not set to collide; instead it was
WB [18], but this did not have constraint attached to rod
▪ Rod was not touching this WB in the first place

•
•
•
•
•

WB tension constraint [1] – Actuator: 0-4secs
[183]/ [204] Revolute joints on a plane: t ≥ 4.5secs
Hip Constraint [83]: t > 5secs
Linear spring [178] t > 5.5secs
Model failed to calculate

4d) General DBM – DR
•
•

Needed to be able to resolve the constraints (revolute joints) between WB and rod(s)
Changed constraint to a “string”
o Short string (1cm long): best reflection of what physical system does
o Attempt to turn “string” on after belt settles
▪ Option 1: Turn on ‘string’ before the rigid constraints (that keep the rod
fixed to the pack are released)
▪ Option 2: Try releasing the rigid joints between the pack and rods first,
then adding the string
o Temporary Pack Z constraint [65]: t < 3secs
o Constraint [183] – “rope”: 1cm long
o Constraint [204] – “rope”: 1cm long
o Current model: WB + rods currently not set to collide
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4e) General DBM – DR
•

Rod Stiffener Tension – Linear Spring [178] – edit ‘slider’ function (current value:
0.154m)
o Slider steps: 100
o Set minimum: 0.15m/ set maximum: 0.2m  Set minimum: 0.15m/ set
maximum: 0.16m
o Natural length: 0.154m (middle)
▪ Look to preload spring length in rods (nominal length = reference for no
load)
▪ Input [211] Rod preload spring length 0.152nom Right
▪ Input [209] Rod preload spring length 0.154nom Left

4f) General DBM – DR
•
•

“String” constraints in place for rods
Changed the elastic modulus of the rods (2.96 x e9, 2.96 x e6, 2.96 x e3)

4g) General DBM – DR
•

•
•
•

Previous iteration of model was simulated to run for 3.5secs (until WB is completely
settled and while constraints on the pack are ‘off’) and motion history was erased
o Starting point for model included settled WB
o WB Tension Constraint [1]: -60N, always active
o Constraint [178] rope (Left hip Rod stiffener Tension)
▪ Active while t > 0.5secs
o Constraint [207] rope (Right hip Rod Tension constraint)
▪ Active while t > 0.5secs
o Constraint [83] Hip Constraint (actuator), always active
▪ If t > 1.0secs, use sinusoid
o Simulation settings: frame ( ) ≥ 400
▪ Equals 8secs of simulation time
o Constraint [65]: Pack Temp Z Constraint [65]
▪ Active while t ≤ 0.5secs
Simulation failed
Constraints between rods and WB bodies:
o Constraint [204] rope  always active
o Constraint [183] rope  always active
Added position data to shoulder straps for export (shoulder reaction force position
data)
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4h) General DBM – DR
•

Deemed that forces were too high at 0.5secs
o Changed Left and Right Hip rope constraints (L = 0.1525m, R = 0.1505m)
o Determined thresholds:
▪ Left hip rod stiffener tension at 0.151m
▪ Right hip rod stiffener tension at 0.149m

4i) General DBM – DR
•

Changed material used in rods used in simulations
o Nylon 612/ Aluminum 2024/ Fibreglass/ Steel ANSI 304/ Polycarbonate

4j) General DBM – DR
•
•
•

Investigation required re: pack friction (at lumbar pad and WB) to determine if model
not allowing enough movement
Investigation required as to why there is no tension in constraints [178] and [207]
Strap (Shoulder Reaction Forces) Variables:
o Lower Right (LR): [35] on CTS pack, [40] on body [36] Sh R Low
o Upper Right (UR): [5] on CTS pack, [134] on body [37] Sh R High
o Upper Left (UL): [11] on CTS pack, [44] on body [38] Sh L High
o Lower Left (LL): [33] on CTS pack, [38] on body [39] Sh L Low

4k) General DBM – DR
•
•
•

Left Hip Rod Stiffener Tension constraint [178] rope: Active while t > 8secs
Right Hip Rod Stiffener Tension constraint [207] rope: Active while t > 8secs
Constraints between rods and WB bodies:
o Constraint [204] rope: Active while t > 8secs
o Constraint [183] rope: Active while t > 8secs
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4l) General DBM –DR
•
•

Investigated changes to the weight of the lumbar pad/ shoulder pads
Investigated changes to the coefficient of friction of the lumbar pad
o Lumbar pad: 1kg/ coefficient of friction: 0.5
o Shoulder pad: 0.065kg/ coefficient of friction: 0.1

4m) General DBM – DR
•

Finite Element Analysis (FEA) analysis feature added to determine max forces that
rods are experiencing

4n) General DBM – DR
•
•
•

“Force constraint” was created to “pull” the rods within the DBMConstraints acted as a
structural load within the model, or concentrated force at waist/hips
To match the physical rod strap tension within 1N difference, the x-y coordinates of the
VN4D force constraint were determined to obtain a resultant vector for the confined rod
“force constraint”.
Final rod strap tension resultants for the DBM trials were: 24.19N, 36.28N, 50.39N,
60.47N, and 72.56N

3c) General DBM – NR
•

Removed rods and corresponding constraints to create final from “General DBM-DR”
model to create final “General DBM-NR model”.
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Appendix B
Dynamic Biomechanical Model: Selected Raw Data Plots

Plots of raw data for the relative displacement, forces acting on the waist constraint, and
forces acting on the hip constraint for the z-direction only can be found below for the DBM tension
conditions.
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Figure 50. Relative position of the pack in the z-direction for the DBM tension conditions. Data normalized to have a mean about zero.
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Figure 51. Forces acting on the waist constraint in the z-direction for the DBM tension conditions.
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Figure 52. Forces acting on the hip constraint in the z-direction for the DBM tension conditions.
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Appendix C
Statistical Results for Displacement and Forces

Table 12. Summary of results for differences in force across loads.
Average Overall Force
F1
FX1 p = 0.001*
FY1 p = 0.001**
FZ1 p = 0.002*

F2
FX2 p = 0.001*
FY2 p = 0.001*
FZ2 p = 0.35

F1
FX1 p = 0.002*
FY1 p = 0.002*
FZ1 p = 0.002*

F2
FX2 p = 0.001*
FY2 p = 0.39
FZ2 p = 0.002*

AP:
ML:
SI:

F1
FX1 p = 0.002*
FY1 p = 0.005*
FZ1 p = 0.002*

F2
FX2 p = 0.002*
FY2 p = 0.005*
FZ2 p = 0.003*

AP:
ML:
SI:

F1
FX1 p = 0.002 *
FY1 p = 0.001*
FZ1 p = 0.002*

F2
FX2 p = 0.002*
FY2 p = 0.001*
FZ2 p = 0.005*

AP:
ML:
SI:
Average Maximal Force Values
AP:
ML:
SI:
Average Minimal Force Values

Range of Force

*Statistically significant result
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Table 13. Summary of results for differences in displacement across tensions.
Average Overall Displacement
Pack
AP:
XP p = 0.83
ML:
YP p = 0.77
SI:
ZP p = 0.34

Mannequin
XM p = 0.43
YM p = 0.43
ZM p = 0.82

X
Y
Z

Pack-Mannequin
p = 0.53
p = 0.58
p = 0.35

Average Maximal Displacement Values
Pack
Mannequin
AP:
XP p = 0.82
XM p = 0.43
ML:
YP p = 0.80
YM p = 0.36
SI:
ZP p = 0.18
ZM p = 0.82

Pack-Mannequin
X
p = 0.20
Y
p = 0.57
Z
p = 0.35

Average Minimal Displacement Values
Pack
Mannequin
AP:
XP p = 0.84
XM p = 0.43
ML:
YP p = 0.74
YM p = 0.50
SI:
ZP p = 0.34
ZM p = 0.86

Pack-Mannequin
X
p = 0.52
Y
p = 0.59
Z
p = 0.35

Range of Displacement
Pack
AP:
XP p = 0.62
ML:
YP p = 0.05
SI:
ZP p = 0.46

X
Y
Z

Mannequin
XM p = 0.44
YM p = 0.03*
ZM p = 0.58

*Statistically significant result
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Pack-Mannequin
p = 0.08
p = 0.04*
p = 0.53

Table 14. Summary of results for differences in force across rod tensions.
Average Overall Force
F1
FX1 p = 0.54
FY1 p = 0.88
FZ1 p = 0.26

F2
FX2 p = 0.70
FY2 p = 0.12
FZ2 p = 0.04*

F1
FX1 p = 0.52
FY1 p = 0.78
FZ1 p = 0.27

F2
FX2 p = 0.53
FY2 p = 0.37
FZ2 p = 0.02*

AP:
ML:
SI:

F1
FX1 p = 0.54
FY1 p = 0.51
FZ1 p = 0.41

F2
FX2 p = 0.96
FY2 p = 0.54
FZ2 p = 0.07

AP:
ML:
SI:

F1
FX1 p = 0.60
FY1 p = 0.86
FZ1 p = 0.27

F2
FX2 p = 0.02*
FY2 p = 0.84
FZ2 p = 0.004*

AP:
ML:
SI:
Average Maximal Force Values
AP:
ML:
SI:
Average Minimal Force Values

Range of Force

*Statistically significant result
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