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Abstract 
Novel conceptual design alternatives for a Neck Support System (NECSUS) are 
developed for helicopter pilots who must wear Helmet Mounted Systems (HMS) 
during Search and Rescue (S&R) missions. On the basis of a neck support 
strategy applied, the prototype NECSUS devices developed so far are 
categorized into BCC: Bracing Collar Concept; HCV: Hooded Collar Vest; HAC: 
Helmet Attachment Concept. Other strategies are also studied for future 
implementation. The investigated prototype configurations result in considerable 
support at extension/flexion postures in mid-sagittal plane. Integration of 
appropriate active and smart materials based actuators and fabrics into each one 
of the proposed NECSUS prototypes further enhances their efficiency. To 
properly configure and optimize BCC/HCV/HAC concepts, a user-friendly Neck 
EXpert SysTem (NEXST) is being constructed to simulate and quantitatively 
investigate various loading conditions for the head/neck/NECSUS system. 
Preliminary dynamic models of NECSUS prototypes have been developed and 
linked to the head/neck simulation framework using NEXST for modeling the 
effects of various support strategies on the pilot’s cervical complex. NECSUS 
design alternatives have been extensively prototyped and tested to examine their 
performance and compare it with results generated through NEXST simulations. 
A preliminary test protocol has been developed for testing prototype NECSUS 
devices experimentally within a formal statistical framework. 

 



 

ii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This page intentionally left blank 



 

iii 

Executive Summary 
 
Helmet mounted systems (HMS) such as night vision goggles (NVG), helmet 
mounted displays (HMD), battery packs, counter-weights, protective masks, and 
many other devices can provide invaluable assistance to helicopter pilots during 
S&R flight operations. HMS allows pilots to accomplish their missions more 
effectively; however, the HMS may cause neck injuries if used over prolonged 
periods and in inconvenient work positions. HMS adds additional weight to the 
pilot’s head and shifts the center of gravity of the head.  As a result, motion of the 
head can cause amplified inertial forces and moments acting on the cervical 
spine, causing neck pain and neck injuries. 
 
Devices for cervical injury prevention have been developed in the past, including 
cervical collars, inflatable thoracic defense members, airbags and cervical braces.  
The majority of these devices transfer the applied loads and moments from the 
neck to the shoulders, torso or back areas.  Unfortunately, these devices prevent 
cervical injury by restricting the motion of the head, and therefore they would not 
be applicable for use by helicopter pilots. 
 
In this project, novel conceptual design alternatives for a Neck Support System 
(NECSUS) are considered for use by helicopter pilots during S&R missions. 
Prototype NECSUS devices are categorized on the basis of the support 
mechanism and attachment strategy to the helmet and upper body. These 
include BCC: Bracing Collar Concept; HCV: Hooded Collar Vest; HAC: Helmet 
Attachment Concept. The investigated prototype configurations result in 
considerable support at extension/flexion postures in mid-sagittal plane. 
Integration of appropriate active and smart materials based actuators and fabrics 
into each one of the proposed NECSUS prototypes further enhances their 
efficiency.  
 
To properly configure and optimize BCC/HCV/HAC concepts, a reliable 
computational framework must be constructed to simulate and quantitatively 
investigate various loading conditions for the head/neck/NECSUS system. 
Subsequently, dynamic models of prototype NECSUS devices have been 
developed and linked to the head/neck simulation package through Neck EXpert 
System (NEXST) for modeling the effects of various support strategies on the 
cervical complex. NEXST Ver 1 has been developed using ESI’s proprietary 
Expert System Integrated Development Environment (ESIDE®) that allows 
seamless integration with AutoCAD design environment, Simulink modeling 
framework, two Fuzzy logic solvers, and other critical features. 
 
Prototype NECSUS devices are designed to fulfill the following desired 
requirements: 

• Minimum of 30% support in head/neck flexion and extension postures; 
• Self-contained (no external connection to cockpit devices is preferred); 
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• Adjustability and wearability for different gender and pilots with diverse 
anthropometrical head/neck parameters; 

• Reliability, robustness, and durability at any operating conditions; 
• Low EMF noise and no interference with the cockpit equipment;  
• Ease of fastening and releasing in emergency situations;  
• Appealing appearance with desired comfort; 
• Compactness and low weight. 
 

NECSUS device alternatives have been extensively developed and prototyped in 
line with these design requirements and then tested to examine their 
performance and compare it with results generated through simulations. A wide 
range of active and smart materials and technologies has been investigated, 
examined and quantitatively compared to establish plausible neck protection 
design alternatives. The technologies utilized include both commercial active 
material alternatives, active material technologies developed jointly by DRDC 
and ESI [33]-[34], and ESI’s proprietary patented ones [35]-[36]. Integration of 
appropriate active and smart materials into each one of the above-mentioned 
prototype configurations resulted in enhanced support at extension/flexion 
postures in mid-sagittal plane. However, further investigation is required to fulfill 
the desired performance requirements, achieve acceptable levels of comfort and 
reliable operation in ground experiments and actual flight. 
 
A preliminary experimental protocol has been designed for measuring changes in 
physiological parameters of the cervical complex as a function of head/neck 
anthropometrical parameters, head/neck motions, external loads and moments, 
and compliance of NECSUS devices. Preparation for experimental work with 
NECSUS design alternatives is ongoing. 
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1 Introduction 
 
Two major problems facing S&R (search and rescue) pilots are: (i) avoiding injury from 
wearing heavy helmets; and (ii) minimizing the pain and fatigue caused by these loads, 
and thereby achieving optimal mission performance [1]-[13]. Modern warfare 
technology is not decreasing those loads, it is increasing them, making peak pilot 
performance more difficult to achieve. The areas most subject to increasing physical 
stress in today's military aviation is the neck, in supporting the head, helmet, and any 
attached gear, and the upper torso as contributing to the support of the neck and head. 
 
The Canadian military already plans to increase the total weight by adding the device 
known as a heads-up display (HUD) that would project the cockpit controls onto a 
helmet visor. The HUD unit would add an additional 170 grams of weight and an 
additional moment. Scientists are also designing a new generation night goggle system 
that would widen the field of vision and also likely add weight. There are reports of 
helicopter pilots attaching a bungee cord from their helmet to the top of the cockpit to 
help support the helmet weight. 
 
The increasing weight of helmet-borne instrumentation (night vision, laser sighting, 
etc.), and the high incidence of neck injuries in fighter and helicopter pilots indicate a 
widespread military need for improved head and neck support. Conscientious physical 
training, with a well-designed heavy resistance component, is only a partial solution to 
these weight-bearing issues. Development, design and control of a comprehensive 
neck protection and support mechanisms must also be addressed for optimal load-
carrying and operational capabilities. 
 
In line with the project definition, one objective of this report will deal with the 
investigation of active materials based neck support systems (NECSUS). Other 
objectives are summarizes as follows: 
 

• Understanding, modeling and simulation of Head/Neck complex; 

• Identification of conceptual alternatives for neck support mechanisms; 

• Analysis of different conceptual support mechanisms and ways of having them 
incorporated into a practical NECSUS prototype considering desired 
requirements and engineering specifications; 

• Choosing appropriate smart and active materials to be integrated into NECSUS 
devices; 

• Design, integration and prototyping of NECSUS devices; 

• Simulation of NECSUS devices towards the optimization of devices’ 
performance; 
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• Design of an experimental protocol for measuring physiological parameters of 
cervical region while wearing Helmet mounted systems (HMS) with and without 
supporting devices. 

 
The current final report is built upon the interim reports provided to and available at 
DRDC Toronto during the course of the project. For further explanation on some 
detailed parts of the following context the reader will be referenced to those interim 
reports [14]-[26]. 
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2 Literature Review 
 
The neck and helmet support problems in helicopter crew are well known. Recent 
surveys of CF Griffon pilots have shown that incidents of neck pain related to flying with 
Nigh Vision Goggles stand at greater than 80%, and a similar survey of US Army pilots 
shows a pain incidence rate of 50%. The Griffon pilots’ survey [27] has established that 
most injuries are involved in flexion motions and occur at the lower neck. This effect 
mainly results from the particular cockpit layout and location of control/display systems. 
It is also realized that the rotation angle and moment of the upper neck is considerably 
less than the lower neck. According to one participant’s suggestion, detaching the 
counter weight from the helmet with NVG (Night Vision Goggles) diminishes the ‘hot 
spots’, which cause neck pain. Advantageous effects of the proper adjustment and 
tightening of nape straps with the chin cap have been reported by one of the 
participants. 
 
The neck injury problem in fighter pilots is also severe. One study of F-16 pilots found a 
one-year incidence of neck injury of 57%, and a career incidence of injury of 85%. 
Another Australian study of F-18 and MB326H pilots found that of 52 pilots, 44 had had 
a neck injury due to high Gs, and 20 reported that it interfered with mission completion. 
Thus, these injuries could be life threatening for the affected pilot, as well as other pilots 
and military forces relying upon him for cover in the battlefield. 
 
Problems with neck strain, injury, and need of support exist in various fields of human 
activity, such car racing, professional soccer, aircraft ejection mechanisms, jockey 
falling from a horse during a race, accidental neck strain, etc. The types of strain, injury, 
impact of the human activity, and approach to protection vary. The existing approaches 
are not directly applicable to the neck support problem and supporting approaches 
addressed by this project. However, the investigation of existing concepts and patents 
have augmented the project background. Some examples investigated by ESI with the 
aim of augmenting our understand of the problem at hand include various neck 
protection devices patented and commercialized so far, such as neck support for 
racing, inflatable neck supports, braces, etc [28]-[31]. Figure 1 illustrates two neck 
protection approaches for fighter jet pilots at ejection moment proposed by Mattingly 
[32]. In these configurations the helmet may be supported either through extension 
straps or through an inflated collar surrounding cervical region. 
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Figure 1 Concepts for Neck Protection device as proposed by Mattingly [32] 
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3 NECSUS Design Parameters and Considerations 
 
According to the literature investigated, the following categories have been identified as 
those contributing to neck injuries of helicopter pilots in rescue/search operations:  

• Load type and load history (static, quasi-static, or dynamic); 

• Centre of gravity of helmet, HMS, head/neck complex; 

• Head and helmet weight and moment of inertia; 

• Gender and age; 

• Exposure time; 

• Cervical muscles’ stiffness and strength; 
 
In addition to the above categories, when identifying causes of neck injury and 
designing a neck supporting device (NECSUS) the following issues must be taken into 
consideration: 

• External forces required for supporting the head/neck complex; 

• Application method for external supporting forces, as produced by NECSUS 
devices to the upper body and HMS (e.g. frontal, lateral, dorsal or axial push/pull 
or elevating mechanisms);  

• Force and moment tolerance; 

• Injury tolerance; 

• Subject’s condition and difficulty of the task during flight operation. 
 
Furthermore, there exist certain operational requirements that must be satisfied by any 
specific neck support device considered for in-flight use: 

• If actively controlled, a neck supporting device should be easy to control by 
electronic means; 

• The new neck protection device should not be bulky, heavy, or intrusive. It must 
ideally be appealing to the user and naturally compatible with the existing 
commercial flight gear. The neck protection device should be capable of robust 
operation without loss of function due to minor damage to its actuation 
mechanism, fibres, or fluid; 

• The neck protection device should not impede proper air circulation necessary 
for moisture removal and temperature regulation of the pilot’s skin. The 
temperature of the pilot’s skin must be kept within adequate ranges.  Therefore, 
any use of a thermally activated material must be accompanied by proper heat 
dissipation by means of a cooling system, or otherwise. 
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• The neck protection device should be capable of applying sufficient support 
(pressure or stiffness) to a human subject (min. of 30%).  

• The neck support device should identify and respond to the actual need of timely 
neck support/protection. One possible option to accomplish this is Myoelectric 
control. Myoelectric control is the most popular control scheme in contemporary 
prosthetic devices. It relies on the concept that whenever a muscle in the body is 
contracted or flexed there is a small electrical signal (EMG) that is created by the 
chemical interaction in the body. Another approach is having manually controlled 
supporting devices. In this case pilot has an option to increase/decrease desired 
support for his/her comfort, physiological and anthropometrical parameters.    

• Electro/Magneto active and smart materials components of the proposed neck 
supporting system must be properly isolated from the pilot, meeting safety 
regulations based on human susceptibility to electrocution. The stiffness 
changes of NECSUS support elements due to activation must have a gradual 
trend (from stiff to flexible and vice versa). In this case, as the duration of flight 
operation extends the provided support will be increased unnoticeably to the pilot 
and can be adjusted accordingly.    

• The neck protection device should have low and acceptable total weight 
including control devices; 

• Control devices and auxiliary systems required for operation of the NECSUS 
devices should occupy little space in the aircraft; 

• Neck supporting device operation, both mechanical and electromagnetic 
emission, must not interfere with any other cockpit systems. 
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4 Conceptual Design Alternatives 
 
The support for flexion and extension postures can be provided through pull or push 
operating principle. Dorsal pulling configuration can eliminate the usage of 
counterweight for balancing CG of the head/neck and HMS. Figure 2 shows an 
alternative mechanism, ‘elevating’. In this configuration, the HMS loads can be 
transferred to the back of the wearer through the vertical compliant frame. An effect 
similar to the “bungee cord” approach considered by the flight community can be 
produced by most of these mechanisms without any undesirable connections made to 
the top of the cockpit. Several supporting mechanisms were initially investigated to fulfill 
the aforementioned requirements. Figure 3 and Figure 4 schematically illustrate the 
push/pull mechanisms and the attachment point mechanism, respectively. The 
attachment of supporting elements can be made to the helmet, a pilot’s skull cap (if 
used), and other applicable flight garments. Alternatively, no external attachment 
system can be used. 
 

 
Figure 2 Elevating support mechanism through attachment to the top of the helmet 

 
In parallel with the development of feasible support mechanism concepts, the project 
has investigated applicable smart and active materials that are either available 
commercially or close to being commercialized. Mechanical, physical and adaptability 
properties of these materials were required to by closely investigated and examined 
prior to integration into prototype NECSUS devices. Next section outlines each of these 
applicable materials. More information can be found in the references. 



 

   

 
Figure 3 C

ross-section of possible configurations of supporting elem
entss 

 



 

 
 

 

 

 
Figure 4 C

ross-section of possible configurations of support elem
ents 
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4.1 Material Technologies 

The main characteristics of active materials, which must carefully considered when 
designing a neck support device for helicopter pilots, are listed below in order of their 
importance: 
 

1. High frequency of response: This is a priority parameter since the supporting 
mechanism must be capable of activation and deactivation at close to the cervical 
muscle responding frequency. This would accommodate head/neck system 
motions without limitations or restrictions; 

2. Low power consumption: An efficient support mechanism is required to operate 
continuously for a minimum of 2hrs. The physical arrangement and selection of 
appropriate actuators must ensure that the support device will be fully functional 
up to the end of its usage period; 

3. No interference with existing pilots’ gear and devices present in the cockpit: 
Existing equipment and assistive devices in the cockpit must not be affected using 
the electro/magneto active materials. Parameters such as power consumption, 
sensors/actuators arrangement, and their sizes must be optimized and carefully 
designed to minimize any interference to the pilot or cockpit; 

4. High efficiency: In the first stage of developing a neck support device, 30% 
efficiency is the minimum desired performance rate; 

5. Reliable and durable: Having a reusable or possibly rechargeable device is more 
desired.  The electro/magneto active materials integrated to NECSUS devices 
must be resistant to any leakage, cracking, puncturing, melting etc due to 
activation (if applicable) and environmental factors. This would increase the 
reliability of system in accidental occurrences without any harmful effect to the 
pilot’s health; 

6. Self-containment: No external connection to the cockpit devices and 
equipments;  

7. Adjustability: Can be used for different gender and subjects’ head/neck 
anthropometrical parameters. 

 
The feasibility of integration of the following smart and active materials has been 
investigated in line with putting together feasible prototype NECSUS design 
configurations [15]: 

a. Hybrid Polymer Matrix/SMA wire structure and means of its control (developed by 
ESI [33][34]); 
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b. Custom-designed actively controlled electrostrictive dielectric elastomers [35][36];  

c. Variable compliance NECSUS filled with Magnetorheological materials [37][38] ; 

d. Hybrid smart/intelligent polymer gels (e.g. NIPAM) activated by electric/magnetic 
field, temperature, or light and a silicone frame to expand and contract the gels 
and consequently changing the stiffness of the silicone frame. 

e. Contractile polymer fibers using a thermal/electrical stimulus formed as a knitted 
cuff to shrink or expand when triggered. A back of the neck support collar 
including an elongated, flexible member having a stiffened central portion to apply 
to the nape and extending actively controlled end portions for attachment to a 
support harness.  

f. Negative Poisson’s ratio (auxetic) [39] foams encapsulated in two layers of fabric 
and an exoskeleton plastic frame. As the whole cuff bends, the expansion of the 
foam minimizes the bending angle and pushes the neck upwards passively. 
Shape memory foams [40] show similar actions. The only difference is the 
activation process, which is controlled by temperature changing in these foams. 

g. Interactive air sucking mechanism that uses a small electronic vacuum pump that 
sucks the air out of an elastic supportive neck collar similar to Vac-Man/ Electronic 
Morphman [41]. After suction the structure can be stretched enormously and then 
controlling the air going through the collar (cavity) the stiffness would be 
increased. This changing of the stiffness can lock the collar in a convenient 
supportive position.  

h. Poly vinylidene fluoride-trifluorethylene copolymer [P(VDF-TrFE)] treated with high 
energy electron irradiation exhibits high electrostrictive strains [42]. An 
exceptionally high electrostrictive response has been observed with this type of 
copolymer. This type of material will provide 4% strain level, 15 MPa pressure 
while its stiffness is around 380 MPa under an electric field of 150 MV/m and at 
room temperature. Moreover, its relative speed is fast and its maximum efficiency 
as high as 80%. Based on these characteristics, tube shaped P(VDF-TrFE) is one 
promising alternative for the neck protection device.  

i. Shock absorbing substrates which change their compliance due to their phase 
change properties such as d3o fabrics. 

In Table 1, the currently known electroactive materials are listed along with their 
corresponding advantages and disadvantages with respect to being integrated into 
NECSUS devices. 
 
Feasible approaches of integration of these materials to NECSUS devices can be 
found in [15]&[17]. 
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Table 1 Advantages and disadvantages of active materials to be used in a neck support device 

Material Advantages Disadvantages 

Shape Memory Alloys (SMA) 

High stress 
Large strain 
 
 

low response time  
Difficult to control 
Large currents and low 
efficiency 

Shape Memory Polymers (SMP) High strain  Low response time 
Mainly are thermally activated 

Piezoelectric polymers (PZT) 
Fast response frequency 
High stress 
Low voltage 

Low strain 
Very brittle 

Dielectric elastomer (DE) 

Large strain 
Moderate-high stress 
Low response time 
Highly efficient 

High driving voltage 
Pre-stretching mechanism 
required 

Ferroelectric polymers P(VDF-TrFE) 
Moderate strain 
High stress 
Fast response time 

High voltage 
Limited Temp. range 
Difficult to mass produce 

Liquid Crystal (LC) 
Large strain when thermally 
activated 
Moderate strain 

Subject to creep 
Low response time 
Low efficiency when thermally 
activated 
High voltage 

Carbon Nano Tube (CNT) 

High stress 
Low voltage 
Large operating temperature 
range 

Small strain 
Low coupling 
Materials very expensive 

Ionic Polymer metal Composites 
(IPMC) 

Low voltage 
Large displacement 

Low coupling and efficiency 
Requires wet conditions for 
repetitive results 
Medium response time 

Ionic Gels (e.g. PAN conductive  
fibers) 

High strains 
 

Low stress 
High response time 
Low reliability and life time 

Conductive Polymers (CP) 
Low driving voltage High stress
Moderate strain  
Stiff polymers 

Low electromechanical coupling 
Currently slow  
Needs encapsulation 

Electrorheological fluids (ER)  

Fast response time 
Relatively high shear strength 
High cycle life 
Can be encapsulated 

Requires relatively high voltage 
Sensitive to any contaminates 
 

Magnetorheological fluids (MR) 

Fast response time 
High shear strength 
High cycle life 
Can be encapsulated 

Requires relatively high current 
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4.2 Configuring and Integrating NECSUS Devices 

Based on the neck support requirements and considering applicability of suitable smart 
and active materials, the total of four categorical designs have been introduced and 
investigated. These are different in terms of opposing-force strategies and methods of 
attachment to the helmet, skullcap and/or upper body. They are as follows: 
 

• BCC: Bracing Collar concept; 

• HCV: Hooded Collar Vest; 

• HAC: Helmet Attachment Concept; 

• ICC: Inflatable Cervical Collar; 
 

The first there have been extensively investigated and prototyped throughout the 
project. ICC is the newly introduced concept. It works somewhat similar to the common 
inflatable cervical collars but with much more control and sensitivity. Integrated sensors 
on the upper surface of the ICC monitor the head location and adjust the pressure 
inside the collar. The collar may contain only one big bladder or several small ones. In 
the latter case, a faster response is achieved. Development of this concept is at the 
early stages and is not mentioned extensively in this report. The following sections and 
subsections mainly focus on the first three concepts. 
 
The development of these concepts has been planned to proceed through the following 
stages: 
 

1. Integration of NECSUS prototypes that use passively controlled components. 
Such devices can readily receive the Ethics Committee’s approval and be tested 
experimentally. The conceptual designs used are built upon the smart material 
oriented approaches presented in the interim reports. 

2. Integration of actively controlled components based NECSUS, with pneumatic 
active components used. Pneumatic active components have been designed to 
mimic the functionality of smart active materials based components as close as 
possible. The conceptual designs used are built upon the smart material oriented 
approaches presented in our previous NECSUS reports. This way, the device 
can readily receive the Ethics Committee’s approval and be tested in manned 
experiments, a mannequin and possibly in the cockpit. 

3. Integration of electrically or magnetically actuated active materials that are not 
yet fully encapsulated and protected towards manned experiments, such as 
MRF (magnetorheological fluids), Dielectric elastomers, Piezo ceramics and 
SMA (shape memory alloys). These prototype device can be first tested on a 
mannequin during current initial stages of NECSUS development, followed with 
manned tests later in the project. 
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Preliminary testing performed so far in the course of the project on different candidate 
configurations and diverse arrangements developed for NECSUS has resulted in 
comparative performance evaluation of each one and led us to the current four 
conceptual design alternatives. To increase the generality of the development stages 
and make sure all conceptually feasible NECSUS variants are covered, hybrid versions 
of each categorical concept have been deduced that include a combination of passive 
and active-control components. When the device operates in inactive mode, the 
support is provided by compliant components. As the device is in active mode, the 
active actuator elements augment the required supporting forces. 
 
The lists of all supporting components being used in each NECSUS prototypes and 
their design arrangements are outlined herein. Control circuit architectures developed 
for activating the device at appropriate time instances are also explained. The real-time 
activation strategy is currently not fully defined. It will be later developed and set based 
on a number of reference parameters, such as:  

− pressures applied to the reference pressure points embedded into NECSUS, 

− head/neck postures detected, 

− suitable physiological reference parameter collected non-invasively (e.g., 
EMG: ElectroMyoGraphy, differential EMG signal, electroneuromyography), 

− time elapsed since start of the flight, 

− combination of the above, 

− etc. 
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4.3 Bracing Collar Concept (BCC) 

The initial idea of this design is based on the idea of having no attachment to the 
helmet and a pilot’s flight garments. The device only needs to be fixed to the upper 
body and torso area using a harness belt (as shown in Figure 5). The device includes 
upper and lower frames surrounding the cervical area. Chin will seat on the front part of 
the upper frame and the lower frame sits on the shoulders. The compliance of vertical 
supporting straps in between upper and lower frames would provide a resisting force 
that counteracts HMS’s moments and loads. Some inherent problems associated with 
this configuration: 
 

• The device has to be donned prior to putting the helmet on; 

• The bendable compliant elements are touching the subject’s body during lateral 
bending postures; 

• The attachment points are not under control, and as a result the compliant straps 
flexed with random shapes and orientations.  

 

 
Figure 5  Schematic of initial design configuration of BCC using compliant straps 

 
Based on the knowledge and experience gained from testing the above prototype 
design, a number of modifications were applied to a new design. In this newly designed 
BCC there were only two dorsal supporting straps connecting upper and lower frames. 
The advantages of this configuration were realised as follows: 
 

• Number of compliant straps were decreased to two; 

• The attachment points were removed; 

• The compliant straps were shifted to the back to prevent any interference with 
the subject’s skin during bending action; 

• The direction of wearing the device were changed from the top of the head to 
wearing from the front of the neck; 
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• Harness belt was added to secure the device in place. 

 

Figure 6 left shows the 3D view of this new concept. As shown, the device is built with a 
continuous high-stiffness frame. The neck can easily rotate and move in both flexion 
and lateral bending. Significant support is provided for flexion motions. 
 
Figure 6-right shows the side-view of the BCC concept when the subject wears it. The 
harness belt can be easily pulled on and off the device to secure and release the 
device, respectively. This configuration has shown satisfactory results in all postures 
apart from the extension postures. 
 

 
 

Figure 6 Left, Schematic 3D view of the BCC design wearable through the neck with two dorsal 
supporting rods, Right: Schematic side-view of the BCC design as worn by a subject 

 

Experience gained with the baseline BCC configurations was considered in designing 
and assembling the advanced active version of the device. This time, the wireframe 
was also modified and formed based on the following new considerations: 

• Less limitation on the head/neck manoeuvre in neutral and bending postures; 

• No contact with helmet mounted devices; 

• Providing support in both flexion and extension. 

Figure 7 shows a 3D model of the active BCC prototype. As shown, in this asymmetric 
design one of the dorsal vertical frames is replaced with a bending support element and 
shifted forward for avoiding any contact with the flight microphone. A flexible metal 
strap is attached vertically at the back for providing optimal support in extension. 
The padding added at the front of the upper frame includes 3 micro-bladders (controlled 
with air or otherwise), 3 pressure sensors, 3 solenoid valves, tubing, and electronic 
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circuitry. The circuit board is covered with silicone rubber and shielding fabric to isolate 
the control circuit. The battery pack (power supply) and air pump is placed at the back 
(as shown in Figure 8).  
 
The power can be provided from either external or internal sources. If an external 
source provided by the cockpit is used, it will ensure longer continuous operation of the 
device than the self-contained internal one.  
 
The reason for placing an air pump dorsally is to take advantage of vibration of the 
pump to relax and reduce tensions applied to the muscles similar to the conventional 
relaxation methods [43]. This would provide an additional advantage. 
 
 

 
Figure 7 Schematic of 3D model of the BCC in different views 
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Figure 8 Listing of components and their arrangement in active BCC prototype (asymmetric design) 

 

The following considerations apply to activation sequences designed for the BCC 
prototype: 

• The torsion strength of the vertical dorsal rod and the flexion support strap (one 
at the back and the other at the side) provide equal forces opposing to the 
cervical muscles’ action. This opposing force theoretically should counteract the 
loads and moments produced by HMS.  

• The deflection strength of the dorsal metal strap provides an opposing force in 
extension. This strap touches only the lower part of the helmet and there is no 
fixed attachment involved herein. The height of this strap can be adjusted to 
touch the helmet in the area underneath the counterweight and the battery 
pack.  
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In flexion mode, in addition to the dorsal support frame, the optimized active support is 
provided by inflation of embedded bladders. To activate the control circuit for inflation of 
the bladders, the pressure sensors are located on the upper padding area. The level of 
compression force applied by the chin to the padding area and subsequently to the 
sensors determines the head/neck bending angle. Resistance changes in each one of 
the sensors would determine the axial rotation angle of the head/neck system. The 
sensitivity of the sensors can be adjusted by three corresponding potentiometers to 
determine the appropriate activation moment based on the followings: 

• The HMS loads and moments of inertia; 

• The flexion angle of the head/neck system; 

• Head/neck physical parameters (weight, COG and dimension). 

Figure 9 illustrates the deformation of the support elements integrated to BCC in three 
midsagittal head/neck postures: Slightly in flexion; Neutral; and Slightly in extension. As 
can be seen, in flexion stage the vertical spring element bends while the dorsal flexible 
strap remains untouched. In extension, there exists no opposing forces from the frontal 
part of the BCC, and all of the support is provided by the dorsal strap. Hence, the 
dorsal strap deflects backward and applies pushing forces to the back of the helmet to 
counteract the moment applied by HMS to the head/neck system. 
 

 
Figure 9 Schematic of deformation of supporting elements in BCC at three head/neck postures: slightly 

in flexion, neutral and slightly in extension 

 
Figure 10 demonstrates the BCC operation in two modes when head/neck system is in 
“slight flexion” posture: 

• Inactive mode; 

• Active mode; 
In the second mode, the inflation of the bladder increases the opposing force caused by 
the supporting frame, providing higher opposing forces and consequently reducing the 
applied tension on extensor muscles to maintain the posture. There is no active support 
in extension postures in this configuration.  
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Figure 10 Schematic comparison of BCC in inactive and active support configurations 

 
 

The active BCC device can be worn in two ways: 
 

1. Before wearing the helmet: the device can be put on from the top of the head 
and rested on the shoulders; 

 
2. After the helmet has been put on: the dorsal part can be opened so that the 

device can slide backward until it surrounds the neck. 
 
One of the issues realised in the course of construction and testing of this preliminary 
configuration regards the use of a harness belt for securing the device in place. As 
there is a lateral flexion spring on the way, the harness belt cannot easily pass over the 
frame from the left of this arrangement, as shown in Figure 11. It has been also realized 
that the microphone may be connected to the other side of the helmet, based on an 
individual pilot’s preferences, which necessitates having two versions of this BCC 
configuration. 
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Figure 11 Schematic of the BCC device worn by a subject 

This section outlines BCC devices prototyped so far. Figure 12 shows different views of 
the inactive symmetrical BCC system. The design includes: 

• Upper part: located around the upper neck area, under the chin. Designated 
padding on this part provides comfort in wearing the device, especially in 
bending postures; 

• Lower part: to secure the entire BCC frame on the torso, back and shoulders; 

• Vertical parts: to provide torsion-opposing forces when the head/neck system 
flexes; 

• The whole frame is covered by a silicone tube with ID of 3 mm and OD of 7 mm. 
A foam-backed fabric covers over the silicone tube for better touch sensation 
and comfort. It is donned by opening the vertical dorsal rods (black parts in 
Figure 12) and then sliding the BCC frame backwards, so that it is placed around 
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the neck region. For enhanced comfort in wearing the BCC and efficient support 
provided by the device, the following parts of the frame should be properly 
adjusted for every subject: 

• The vertical dorsal rods determined by the neck height and helmet size; 

• The lower part of the frame adjusts based on the shoulder width and back arch; 

• The upper part of the frame sized based on the head width and length, and 
helmet size. 

 
In addition to the above-mentioned considerations and parameters, the diameter of the 
base frame and the length of spring wire that undergoes torsion stresses (see Figure 
12) can be calculated and optimized based on the helmet’s configuration and size and 
HMS physical and bio-mechanical properties.  
 

 
Figure 12 Integration of the first prototype BCC (inactive) 

 
Figure 13 and Figure 14 show the actual arrangement of the circuit components and 
active BCC configuration at early stages of the development, respectively. The 
components are compactly soldered to the bottom of the board (can be surface 
mounted later on), which faces downwards when attached to the base metal frame. 
The other side with wiring and connections faces upwards and will be encapsulated 
using soft silicone liquid rubber. The potentiometers can be accessed from the bottom 
for final adjustment of the device’s sensitivity. 
 
 



 

 23 

 
 

Figure 13 Preliminary control circuit design of active BCC prototype 

 
 

 
Figure 14 Integration of the first prototype BCC (asymmetrical active) 
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Figure 15 shows a simplified diagram of the pneumatic active BCC device. The system 
gets activated based on the pressure sensor variation resistance. The inflation and 
deflation rates of the bladder are controlled through switching the solenoid valve on and 
off (as shown in Figure 16). The valve is switched on (inflation stage) based on the 
bending sensor angle. The valve is switched off (deflation mode) based on the measure 
of reduction achieved in sensor resistant. The duration of inflation is controlled using 
current drawn by the air pump. For example, in full flexion when the bladder is fully 
inflated and the bending posture has not changed, the current drawn by the air pump 
increases as it should overcome the opposing air flow coming from the bladder. This 
current changes enough to switch the air pump off without over-inflating the bladder. 
The valve is in ‘on’ mode in the above case and the air pump works as an one-way 
valve, preventing the air from flowing out of the pneumatic system. 
 

 
Figure 15 Simplified diagram of I/O to the control circuit for the active pneumatic BCC device (controlling 

the pressure of three separate bladders through three micro-solenoid valves) 

 
Based on this configuration, the inflation of the bladders starts immediately after the 
signals received from pressure sensors reach a certain threshold level. This threshold 
level is different for different subjects and depends on the neck muscles’ strength of the 
individuals. The pressure inside the bladders is controlled through monitoring the 
current drawn by the air pump. The deflation, on the other hand, is invoked using the 
pressure applied by the stretched fabric that encapsulates the bladders.  
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Figure 16 Schematic of tubing connection of solenoid valves, air pump and bladders in BCC design 

 
Figure 17 shows the sequence flowchart of the entire activation process when pressure 
sensors are used. In this flow chart: 
 
Ps  is: pressure applied on the sensor 
Pt1 is: threshold sensing pressure for switching on/off the air pump 
Pt2 is: threshold sensing pressure for switching on/off the bladder valves 
Sm is: master switch for power supply (equal to 1 if on, 0 if off). 
 
 
To make the device settings flexible and adjustable based on the user’s physical and 
biomechanical parameters, the following settings are considered as variables: 

  
1) Pt1 can be adjusted by tuning potentiometers for each of the pressure sensors. 
 
2) Pressure within the bladders can be adjusted by using a feedback system that 

monitors the current being drawn by the air pump. 
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Figure 17 Flowchart of sequences for controlling the components being used in pneumatic 
configuration of BCC concept [18]
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Table 2 lists the specifications and quantity of electrical and electronic components for 
control circuit of the active BCC device that is currently implemented using pneumatic 
system. 
 

Table 2 List of electrical and electronic components of active BCC 
Item Manufacturer Model # Description Quantity
1 Tekscan FlexiForce™ A201 Pressure sensor 3 

2 Lee Company LHLX0500350B 3-Way Latching-type 
Solenoid Valve 3 

3 KNF NMP015S Air Pump 1 

4 Panasonic 2CR-5MPA 6.0 V Battery 1 

5   SPDT switch 1 

6 Fairchild 
Semiconductor FDN337N N-channel MOSFET 

Transistor 12 

7 Bourns 3386 2 M-Ohm Potentiometer 3 
8 Bourns  100 Ohm Potentiometer 1 
9 NAIS TK1-5V SPDT relay 3 
10   10 M-Ohm resistor 9 
11   150 kOhm resistor 3 
12   100 kOhm resistor 1 

13   22 Ohm resistor 1 
14   3.3 Ohm resistor 1 
15  1N45 Diode 1 

16  RL205 Diode 6 

17  CD40106BE Hex Schmitt trigger 
inverter 1 

18  LM2902N Quad operational 
amplifier 1 

19   0.01uF capacitor 6 

20   0.1uF capacitor 1 

21   30 AWG Wires  

22   26 AWG Wires  

 
 
Figure 18 illustrates the control circuit design for active BCC device. The simulation 
shown in Figure 19 and Figure 20 represents the behaviour of the circuit when one 
pressure sensor is activated. The force on the sensor is translated into a voltage signal 
(V_in). At time t1=1.0s the force on the sensor reaches the first threshold, and a pulse is 
generated to turn on the relay RLY1. When RLY1 is turned on, the solenoid valve 
associated with the activated sensor is switched into ‘on mode’. At time t2=5.0s, the 
force on the sensor decreases below the second threshold, and a pulse is generated to 
turn on RLY2, switching the valve back to ‘off mode’. 
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Figure 20 S

im
ulation of solenoid valve activation voltage in active BC
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4.4 Future BCC Designs Approaches 

The initial qualitative investigation performed on the above configurations of BCC has 
revealed that symmetrical design with minimum contact with a user’s skin is preferable. 
To achieve this, the previous prototypes were reconfigured for development in the later 
stages of the project. The following contexts explain two of these configurations: 
 

1. Symmetrical with lateral padding; the lateral padding is connected to the lower 
frame through compliant dorsal elements. The spring-like upper and lower joints 
of the dorsal elements ensure ease of head/neck motions (as shown in Figure 
21 and Figure 22); 

 

 

Figure 21 New configuration of Symmetrical BCC device  
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Figure 22 New configuration of BCC device when worn by a subject 

 
2. Symmetrical with lateral points supporting the helmet from left and right; the 

lateral supporting elements can touch the outer surface of the helmet or be 
attached to the helmet by Velcro. In the latter case the compliant supporting 
elements must be extended for ease of lateral or axial rotation motions.  
Schematics of this design are shown in Figure 23 and Figure 24. 

 
These designs are currently under evaluation and testing. 
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Figure 23 Schematic of New configuration of BCC device with lateral compliant supporting elements  

 
 

Figure 24 Schematics of new configurations for BCC-type device 
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4.5 Hooded Collar Vest (HCV) 

This protection concept utilizes a foamy jacket (e.g., open cell neoprene) with 
embedded active and smart material based support elements. The smart/active 
materials are inserted into embedded pockets around the circumference of the hood 
and can produce opposing forces in all flexion, extension and lateral postures. The 
jacket is to provide the following functionality: 

• Preventing any direct contact of the support elements with the neck; 

• Working as a base frame to hold supporting elements in their place; 

• Even distribution of any loads transferred from supporting elements to the 
cervical region and vice versa; 

• Isolating the electro/magneto active materials from the outside environment; 

• Guiding deformation direction of the embedded supporting elements; 

• Stopping any outward buckling of the support elements inserted vertically into 
the collar area, especially in bending postures. 

 
Apart from the above considerations, the materials being used in the jacket must have 
the following properties: 

• Breathable to prevent any sweating or overheating in neck area; 

• Provides shielding when electro/magneto devices are integrated; 

• Light weight; 

• Soft touch to avoid any irritation to the skin; 

• Not limiting subject’s breathing; 

• Easy to wear and adjust based on the subject neck dimensions; 
 
As a first step, suitable commercial hyper-stretch fabric based diving hood was 
identified, purchased, put on, and tested by a subject to observe the existence of any 
support. The pertinent experience gained from this initial stage suggested some 
modification to the actual hood for better functionality and comfort to the wearer. The 
modifications include cutting out unnecessary material to facilitate easier 
breathing/hearing and holding the collar region close to the neck. 
 
Figure 25 illustrates the sketch of the modified hood and the configuration of new 
components to be added to it. Passive components that have been integrated into this 
design are as follows: 

• Supporting elements made of smart and active materials: Inserted in vertical 
pockets to passively support the head/neck system in all postures;  

• Stretching pocket: Wrapped horizontally around the neck to keep the collar part 
of the hood close to the neck; prevent buckling of the hood substrate when the 
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neck bends; and holding the supporting straps in their bent shape at neutral 
posture;  

• Semi rigid fabric/rubber: to provide a stiff frame on the vest part (bottom part) of 
the hood to distribute the pressure driven by passive straps to the shoulder area. 

 
Figure 25 Schematics of modified diving hood made into a passive support device that integrates 

passive support elements placed into the sewn pockets 

 
The supporting elements can also be combined with smart fabrics to enhance the 
functionality and comfort of the overall design. The selected smart fabrics include: 

• Coolant fabrics: to maintain a desire temperature around the neck area when the 
temperature of the body changes; 

• Holofiber®: To increase blood pressure of cervical region preventing muscle 
fatigue and muscle pain;  

• Shielding fabrics: Prevent any static electricity and also isolating electro/magneto 
active components when integrated to HCV design; 

• Two and four way stretchy fabrics: Apply lateral compression on neck muscles to 
extend the functionality of the muscles postponing early fatigue. 

 
The layering and optimal locations of these fabrics on the collar part of the HCV should 
be carefully designed to achieve optimal performance and comfort. 
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A pneumatic system similar to the one used with the BCC design has been initially 
utilized as an interim stage aimed at optimizing the overall configuration prior to 
integrating electro/magneto active components into it. The configuration of the 
pneumatic system is based on the modification applied to the diving hood. In this 
configuration, narrow and long bladders are inserted into the sewn pockets. Two 
supporting straps are glued to the inner surface of each bladder (see Figure 26). This 
eliminates any sharp folds of the bladder when it is inflated. The inflation tends to 
straiten the supporting straps and the bladder itself at the flexion/extension head/neck 
postures. Consequently, the activation provides a pushing force from the direction of 
the bending posture. 
 
There is also a bending sensor placed between the outer surface of the bladder and the 
pocket. The location of the sensor is based on the head/neck geometry; in particular, it 
depends on the location where the maximum bending of the neck occurs. 
 
 

 
 

Figure 26 Left: Configuration of a narrow-long bladder to be inserted in the sewn pockets of active HCV 
Right: Arrangement of the passive/active components inserted into the HCV’s pockets 
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Figure 27 shows various views of the HCV concept. As shown, the main jacket covers 
the neck area, shoulders, torso and back areas. There are several pockets placed 
symmetrically around the circumference of the jacket. Each pocket starts from the top 
edge of the jacket and ends in the horizontal area of the jacket, where it rests on the 
shoulders.  
 
The width of each pocket is based on the size of the bladder and number of support 
elements used. The active material components are inserted into these pockets and 
their properties can be optimized accordingly when different subjects wear the device. 
In the dorsal part of the jacket, there is a battery pack, an air pump and solenoid valves 
used in support of the current, pneumatic version of the device. When using 
electro/magneto active material components there will be no need of the pump and all 
the components would be hidden inside the pockets. The jacket can be donned either 
from the back or from the front and closed with Velcro or a zipper (for more details see 
[18]. 
 

 
Figure 27 3D views of the HCV, including the base jacket and pockets holding active material 

components 
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Figure 28 shows the configurations of the HAC prototype at early development stages. 
 
 

 
Figure 28 Configuration of the HAC prototype in early development stages using 7-pockets 

Figure 29 schematically illustrates a configuration of the HAC when worn by a virtual 
subject and secured by a harness belt. This design includes five pockets that 
encapsulate the aforementioned support elements. The functionality of supporting 
forces, which are created by the inserted components, is defined as follows: 

• Dorsal pocket (Pd): responsible for supporting the head/neck system mainly in pure 
extension and partially in axial rotation; 

• Dorsal-Lateral pockets (Pdl and Pdr): mainly responsible for supporting the head/neck 
system in pure extension, lateral-extension and lateral bending postures and partially 
in axial rotation; 

• Ventral-lateral pockets (Pvl and Pvr): mainly responsible for supporting the head/neck 
system in pure flexion, lateral flexion and lateral bending and partially in axial 
rotation. 
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Figure 29 Schematic of the HAC device worn by a virtual subject 

 

Similar to the BCC design, sensors are integrated into the HCV for monitoring and 
activation control of the device. This time, bending sensors rather than pressure 
sensors have been integrated. Five bending sensors are placed vertically around the 
neck circumference inside the embedded pockets. In any postures of the head/neck 
system at least one of the sensors would detect the posture and consequently activate 
the corresponding valve to inflate the attached bladder. The control circuit is similar to 
the BCC design mentioned in Section 4.3.5. The sensitivity of the bending sensors and 
their position in the pockets should be chosen properly to allow for accurate 
measurements of the posture. 
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4.6 Helmet Attachment Concept (HAC) 

According to the initial configuration proposed for the HAC (see Figure 30), the resisting 
forces provided by a compliant strap must support the cervical region at almost all 
postures. Elongation of the strap is mainly involved in flexion posture by producing 
pulling resistive force. In extension, shortening and bending of the compliant strap 
provides a pushing resistive force. In both cases, the HAC should provide an equal 
resisting force (pull or push) to diminish the effect of external loads and moments 
applied by HMS. This balancing force is to remove extra tension from cervical muscles 
and subsequently, the muscles are expected to function normally as if no external loads 
were applied to the head/neck system. 
 
To configure the HAC supporting system the following parameters were initially 
considered: 

i) Providing ease of attachment/detachment from the helmet and the pilot vest 
using Velcro and fasteners; 

ii) Providing support in all bending directions; 
iii) Compact size and low weight; 
iv) Ease of insertion of different types of alternative active support components. 

 
Due to COG (centre of gravity) changes of the head/neck and HMS systems, the 
mechanical properties of HAC supporting elements is preferably adjusted in each one 
of the bending postures (flexion or extension) to maintain the required balancing force 
in these postures (i.e. 100% protection). In theory, this can be achieved by employing 
an optimally designed and configured variable compliance material. In practice, a 
complex active control arrangement will be required for this purpose. To overcome this 
problem at the current initial design stage, the mechanical and physical properties of 
the HAC materials can be selected for full protection in just one posture (e.g. 20-degree 
flexion) and then the supporting levels for other postures would be measured and/or 
calculated.  
 
In addition to providing neck support, the HAC or, potentially, HAC combined with other 
NECSUS configurations defined in this report (or developed at later stages of the 
NECSUS project) into a hybrid system, can also balance the head/neck system in 
upright posture. This would eliminate the need of attaching the counterbalance to the 
back of the helmet and consequently reduce the weight and moment of inertia of the 
helmet. 
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Figure 30 HAC configuration attached to the SPH-5CF helmet 

 
To provide required support in all bending or rotational directions of the head/neck 
motion, the following physical properties of smart and active materials applicable to the 
HAC design were initially taken into account: 

• Axial twist: providing support in upright posture when head/neck rotate laterally; 

• Axial elongation and shortening: providing support in flexion 1  and extension 
respectively; 

• Axial elongation-twist: providing support in flexion accompanied by lateral 
rotation; 

• Flexion and extension (bending): provides support mainly in extension, and 
partly in flexion. 

 

It was then realized that the dorsal attachment point of the HAC to the helmet is 
advantageous for many reasons, including: 

• Less interference with pilot’s clothing, microphone or other mechanical parts 
laterally attached to the helmet; 

                                            
1 In flexion both bending and transition mechanisms are involved so the supporting devices should be 
able to elongate and bend   
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• Provides sufficient room for deformation of the active/passive materials (i.e. 
bending, compression or stretching) (as shown in Figure 31) ; 

• Simplifies attachment design for quick attachment or releasing specifically in 
emergency situations when pilot removes the helmet; 

• Hides at the back of the helmet and the pilot’s neck. 
 

 
Figure 31 Schematic of integrating air bladders to the laterally buckled flat springs 

 
Based on the above advantageous issues and considerations, six attachment 
configurations of the HAC were identified and tested as follows:  

i- Single attachment; 
ii- Dual attachment; 
iii- Upper attachment point; 
iv- Lower attachment point; 
v- Concave or convex lateral buckling (along coronal plane); 
vi- Concave or convex dorsal buckling (along midsagittal plane). 

Figure 32 illustrates a general overview of the above configurations of compliant 
support components attached to the helmet. The top images show the difference of 
single and dual attachment techniques. Practical investigations showed the feasibility of 
application of support elements with this configuration. Of course, the stiffness and the 
compliance of the integrated materials and the attachment points’ degree of freedom 
(DOF) should be carefully designed and taken into account. 
 
The number of DOF’s (i.e., joint configuration) at the point of attachment to the helmet 
and the vest jacket must be also carefully designed to resist only certain cervical 
postures and leave others to be able to move freely. This resistance is basically 
transferred to the compliant support strap and reduces the level of external loads and 
moments applied. 
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Figure 32 Schematic of attachment techniques of HAC to the SPH-5CF helmet 
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Figure 33 illustrates four views of a configuration initially implemented for the HAC 
system. The bottom right figure shows the arrangement of the HAC when fixed to the 
vest jacket. 
 

 
Figure 33 3D model of the HAC design 

 
Figure 34 shows the 3D arrangement of the active and smart components in the HAC 
system. In general, the following design arrangements and components apply to this 
configuration: 

• Neoprene rubber: provides resisting forces in extension and lateral bending 
postures. It can be replaced by several flat springs that are placed side-by-side 
and encapsulated within rubber; 

• Extension spring provides pulling forces in all flexion postures; 

• Inflation of a bladder provides a pulling force, mainly in flexion postures and 
partly in extension and lateral bending. 
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Figure 34 Schematic of the 3D HAC and the integrated components 

Figure 35 and Figure 36 show schematic performance of HAC in both inactive and 
active modes at flexion, respectively. In Figure 35, deformation of the HAC in three 
different postures is illustrated: neutral; slight flexion, and more flexion. In neutral 
posture, there are no resisting forces from the device. However, in slight flexion 
posture, the bending resistance of rubber provides support. In final stage, both bending 
of the rubber and extension of the spring provide pulling forces.  The spring was 
clamped using a dual channel clamp over the rubber and the bladder sandwiched 
between spring and the rubber. 
 

 
Figure 35 Schematic of HAC performance in three head/neck postures: neutral; slightly flexed; and more 

flexion. In “more flexion” case, the HAC bends and elongates to compensate for the translational 
movement of the head/neck complex 
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Figure 36 shows the schematic of activation support process of the HAC in “more 
flexion” stage. As the embedded bladder inflates, the extension spring pulls back by 
applying opposing force from the bladder to the stiff rubber. The moment of activation 
of the bladder can be adjusted based on the head/neck dimensions, HMS loads, the 
head/neck posture, or other appropriate sensory information. 
 

 
Figure 36 Schematic comparison of inactive and active support of the HAC in more flexion posture 

 
Figure 37 shows the schematic of the HAC when worn by a virtual subject. The location 
of the HAC and a method of affixing it to the upper body are shown. 
 

 
Figure 37 Schematic of HAC worn by a virtual subject 
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For initial evaluation and testing of the HAC, an off-the-shelf vest jacket was purchased 
and modified as required. The foamy nature of the jacket helped to minimize its 
deformation when worn by differently sized subjects. The vest jacket can be fixed with a 
harness belt preventing any sliding over the subject’s shoulders. The main function of 
the jacket is to serve as the fixation point of the bottom end of the HAC, so that any 
forces or moments applied to the HAC are being transferred to the back and torso of 
the wearer. In the current experimental design arrangement, the jacket also 
encapsulates the battery pack and the air pump. These components are connected to 
the air bladder and the control circuit integrated into the HAC.  
 
The Velcro glued to the bottom side of the HAC simplifies adjustment of the HAC when 
different subjects wear it. By moving the attachment point up or down, the supporting 
elements become respectively shorter or longer due to the spring elongation. The other 
end of the HAC can be attached to the helmet in two ways: 

• Using a hook Velcro on the top end of the spring and attaching it over the loop 
Velcro of battery pack/counter balance; 

• Using a specialty clip attached to the helmet and passing the top end of the 
spring through designated screws as shown in Figure 38. 

 
Both configurations ensure the ease of fastening/releasing the device to/from the 
helmet and the vest/jacket in emergency situations. 
 
 

 
Figure 38 Schematic of attachment of the HAC to the helmet and vest jacket when worn by a virtual 

subject 

 



 

48 

Figure 39 illustrates the actual assembled configuration of the prototype HAC. The 
configuration can be further compressed and packaged as a single/ self-contained unit. 
The source of power to the circuit and active materials can be supplied using either an 
added battery pack (in a self-contained configuration) or a cockpit power source. There 
are pros and cons for each of these two options, as discussed below. 
 
The use of cockpit power source provides the following advantages: 

• Higher reliability, as it can supply enough wattage for running the device for 
longer time periods in continuous operation; 

• Ease of plugging into the device; 

• Lower weight and smaller size of the device; 

• No need of replacing or recharging batteries. 
 

The only advantage of the battery pack is having a self-contained device Thus, any 
possible interruption of the cockpit power supply or initiation of ejection sequence do 
not interfere with the functionality of the device. 
 

 
Figure 39 Configuration of attachment of the HAC device to the helmet and the vest jacket 
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The following section explains the detailed design and arrangement of the electronic 
components in the circuit architecture designed for controlling an active version of the 
HAC. The current prototype circuit has been designed to operate both with internal and 
external power supplies. The variation of resistance of the bending sensor integrated 
into the HAC prototype supplies the information required for monitoring the head/neck 
posture. For simplicity, only one bending sensor is presently embedded into the HAC to 
provide data on flexion and extension postures. 
 
In addition to the bending sensor, there is one 3-way valve, one air pump and one 
bladder that are involved in active control of the HAC. As the integrated bending sensor 
may be in different initial bending shapes depending on the head/neck physical 
dimensions, the differential resistance of the sensor in initial bending and current 
bending can be monitored for accurate results. 
 
Table 3 lists the specifications and names of all the electrical and electronic 
components used for the active HAC design. 
 
The control circuit of the HAC device is shown in Figure 40. The use of a potentiometer 
in the circuit simplifies the adjustment and sensitivity of activation of the device based 
on conditional parameters. Figure 41 and Figure 42 show simulation results of the 
circuit using Protel ’99 SE package that monitors the difference in bending sensor 
resistance during the initial and bending moments. The circuit also generates a 10 
msec pulse to switch on/off the solenoid latching valve, respectively. 
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Table 3 List of all electronic/electric components used in active HAC control 
design 

Item # Name Quantity Manufacturer Model # 

1 Bending sensor 1 FlexPoint™ 3” polyester over 
laminate 

2 
3-Way Latching-
type Solenoid 
Valve 

1 Lee Company LHLX0500350B 

3 Air Pump 1 KNF NMP015S 
4 6.0 V Battery 1 Panasonic 2CR-5MPA 

5 
N-channel 
MOSFET 
Transistor 

4 Fairchild 
Semiconductor FDN337N 

6 2 M-Ohm 
Potentiometer 1 Bourns 3386 

7 100 Ohm 
Potentiometer 1 Bourns  

8 SPDT relay 2 NAIS TK1-5V 

9 22 M-Ohm 
resistor 3   

10 10 M-Ohm resistor 4   

11 1 M-Ohm 
resistor 1   

12 150 kOhm resistor 1   

13 100 kOhm 
resistor 1   

14 20 kOhm resistor 1   
15 22 Ohm resistor 1   
16 3.3 Ohm resistor 1   
17 Diode 1  1N45 
18 Diode 1  RL205 

19 Single operational 
amplifier 1 National 

Semiconductor LM8261 

20 Single operational 
amplifier 1 Motorola MC34071P 

21 Dual operational 
amplifier 1 National 

Semiconductor LM358AN 

22 Voltage inverter 1 Catalyst 
Semiconductor CAT660 

23 0.01uF capacitor 2   
24 0.1uF capacitor 1   
25 1uF capacitor 3   

26 30 AWG Wires As required   

27 26 AWG Wires As required   

 



 

 

Figure 40 Schem
atic of active H
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 control circuit design using one bending sensor, one solenoid valve and one air pum
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4.7 Inflatable Cervical Collar (ICC) 

The ICC design has been lately introduced into the project framework based on our 
extensive investigation of the currently available inflatable collars used for sport and 
medical applications (as shown in Figure 43). In NECSUS, the ICC can be attached to 
the upper surface of the life jacket or embedded into it for more compactness. The 
jacket will include several small bladders, each individually controlled and with safety 
limiters embedded into the bladders. The inflation of the jacket would cause the ICC to 
completely surround the cervical region without any compression applied to that region. 
The pressure existing in each of the integrated bladders determines the level of support 
provided to the head/neck system when chin rests on the ICC. This design would have 
some similarities with inflatable head/neck restraint system for ejection seat proposed 
by Zenobi [44].  In his proposed design concept, parameters such as strategies applied 
to control the “touching” interaction between the collar and the helmet or the jaw have 
been investigated. Different approaches for fully secure and balanced head/neck 
system at the ejection moment have also been evaluated.  The result showed that 
“Oblong” configuration of the bladder not only simplifies making the collar but also 
supports the head and would be a comfortable stowage package. 
 
Apart from the pneumatic system, other active materials such as SMA, SMP, Shape 
memory foams, Auxetic foams electro-active gels and d3o fabrics have shown great 
potential to be integrated in this design.  Currently, this design is under investigation at 
ESI and no prototype has been made yet. Using such materials would enable us to 
have a compact flatten collar in inactive mode and magnified in active support mode.   
 

 
 

Figure 43 ICC design concept, a controllable inflation/magnification collar
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4.8 Attachment Points and Attachment Mechanisms 

One key issue in using NECSUS alongside pilots’ clothing and cockpit systems is the 
attachment/detachment techniques. An extensive investigation has been carried out to 
find the suitable attachment techniques meeting the desired requirements, as listed 
below: 

• Light weight; 

• Not creating any disturbing noises or electronically interfering with the cockpit’s 
equipment and operation; 

• Easily and quickly detached/attached to the helmet and a pilot’s clothing; 

• In the cases where the NECSUS is attached to the helmet, none or minimum 
modification to the helmet or HMS are desired; 

• Durable and reliable; 

• Strong enough when activated to effectively support the head/neck complex. 
 

There exist various types of fasteners used in clothing and industrial applications. For 
example: zippers, snap buttons, magnetic snaps, sliding buttons, Velcro, and vacuum 
buttons. Figure 44 illustrates some of the commercial types of these fasteners. These 
fasteners usually come in two parts. One part can be attached/sewn to the pilot’s 
clothing and the other part to the NECSUS. Vacuum fasteners in contrast to the other 
types are attached only to one part. They can be fixed to the ends of the NECSUS and 
then pressed on the helmet and vest jacket to secure a connection. Snorkel Lock is one 
of the patented oceanic fasteners that use a hook and loop fastening mechanism with 
strong attachment yield stress. The maximum pulling force of this type of fasteners is 
controlled by the size, mechanism and the materials used.  The desired fastener can be 
customized to be detached when passing the maximum tolerable pulling force. 
 

In contrast to the inactive fasteners, active fasteners are controlled by a separate (e.g., 
mini) electrical unit. This electrical unit may control a vacuum pump when using 
vacuum fasteners (as shown in Figure 44) or magnetic coil when using MR Velcro [70], 
magnetic snaps, and mechanical locks. An interactive design, which incorporates 
pressure or strain gage sensors for activating fasteners, is required to fully control the 
attachment conditions. Any sudden changes in the head/neck motions can be 
monitored via sensors and the NECSUS can instantaneously release when intensity of 
the received signal exceeds the preset threshold level. In normal conditions, the 
sensors can be used for triggering the actuators attached to the NECSUS in real-time. 
The use of active fasteners can add an extra control unit to the supporting system but it 
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might provide much more reliable functionality of the fasteners in comparison to the 
inactive counterparts. 

 
Figure 44 Passive/Active fasteners applicable to neck support system can be easily released in 

emergency situations 

 
Three attachment strategies were found feasible based on the above considerations, 
which include: 
 

i) Clipping to the edges of the helmet (as shown in Figure 45). 

This configuration does not require any helmet-attached components such as 
mounted screws. Attachment of metallic/polymer clip, which fits dorsally or 
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laterally to the edges of the helmet, provides an easy donning and doffing 
mechanism for some NECSUS mechanisms, such as the HAC device.  The 
strength of the clip must be adjusted based on the maximum required fastening 
strength between NECSUS device and the helmet in all postures. Beyond that 
maximal point (sudden doffing) the clip must be easily releasable. 

 

 
Figure 45 Schematic of attachment technique using clips attached to the edge of the helmet 

 
 

ii) Fastening the attachment point using the screws mounted onto the helmet (as 
shown in Figure 46), which are used for affixing the internal straps of the helmet. 

This configuration includes a metallic strap with four holes drilled into it. Two of 
these holes (at the sides) are used for affixing the support strap to the helmet by 
the helmet’s screws.  The other holes are used for attachment with the U frame. 
U-clip sits on the U-frame and is fixed with screws from the sides. Dual-
attachment HAC design with 1-DOF is secured when placed between the U-frame 
and the U-clip. Single attachment HAC designs with 0-DOF can also be clipped to 
the U-clip or fastened by screws. The fastening level can be adjusted to release 
the HAC end when suddenly pulled out during emergency situations. 
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Figure 46 Schematic of attachment technique using the mounted screws on the helmet 

 
iii)  The last approach is simply realized through sticking strong Velcro on the surface 

of the helmet as appropriate. Any required DOF joints can be assembled on 
Velcro and then attached to a NECSUS device. 
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5 Experiment Monitoring and Sensing Requirements 
 
The following sections and subsections present conceptual design alternatives for 
hardware and software that can be integrated into the head/neck system and NECSUS 
devices for real-time control, data acquisition, and analysis. 
 

5.1 Hardware Requirements 

Two hardware categories have been identified and are currently planned for use in 
experiments on head/neck and NECSUS devices at DRDC Toronto. This hardware 
may be either attached to the body and NECSUS devices or not. 
 

To monitor biomechanical and physiological parameters of cervical muscles, joints and 
tissues in isometric and isotonic conditions, various sensing systems will be used by 
the DRDC Toronto’s experimental facility. These systems can be directly connected to 
a PC workstation using RS232, serial port, or DAQ board. The particular layout of the 
sensory system and the sampling frequency would be determined based on sensors 
specifications, desired accuracy, and experimental conditions. Listed below in line with 
DRDC Toronto’s intended configuration, some of these devices will be used as 
complementary to the others for more reliable and repeatable measurements and 
synchronizations: 
 

• Video imaging devices for capturing and tracking the head/neck postures in real-
time, possibly from different views. The acquired video signals will be processed 
through an analog-to-digital converter (or frame grabber) and fed into a PC 
computer for storage, synchronization, and processing. 

• Digital goniometer (e.g. Biometrics K100, SonoSens®): at least two sets of them 
are required to measure head/neck posture of each subject; 

• sEMG (Delays system): To monitor muscles’ activities for accessible muscles, 
both in isometric and isotonic conditions. The number of output channels and the 
sampling frequency will be adjusted based on the requirements of experimental 
protocols. 

• Accelerometer(s) (Honeywell, Entran): A three-channel output accelerometer, 
which can be attached to the head or helmet, will be used for monitoring 
head/neck rotational dynamics in 3D space. 

• Load cell(s) (AMTI MC3, Honywell): A load cell with 6-output channels to record 
forces and moments along XYZ axes will be used. It can be used for measuring 
either isometric cervical muscle forces/moments (%MVC) or isotonic muscle 
forces/moments in extension and flexion postures. 
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• NIRS (Near InfraRed Spectroscopy) (NIRO-300): To monitor cervical tissue 
activities based on tissues’ haemoglobin oxygenations/ deoxygenating levels 
when cervical tissues are under the isometric and isotonic conditions. 

• Head tracker (InertiaCube system): To monitor the moment of inertia of 
head/neck complex with 6-output channels. 

 

In addition to the above-mentioned sensory elements for monitoring physiological and 
biomechanical properties of cervical tissues and joints, a series of integrated sensors 
specific to the NECSUS devices is also needed. The signals produced by these 
sensors would determine internal operational parameters of NECSUS, such as the 
activation levels, motion parameters, and feedback specific to the actuators embedded 
into NECSUS devices. These may include the following sensors based support 
activation strategies: 

• Temperature sensors (Thermistor, Ametherm): For monitoring thermo-active or 
electro-active materials integrated into prototype NECSUS devices; 

• Torsion sensors (Honeywell): For use where torsion forces are involved in active 
support mechanism; 

• Air pressure sensors (Honeywell): For use when pneumatic active support is 
tested; 

• Strain gauge(s): When piezo-electric actuators or similar types are integrated 
into prototype NECSUS and tested. 

 

To choose the correct DAQ card for acquisition of all output signals from sensory 
devices mentioned in sections 5.1.1 and 5.1.2, the following parameters must be taken 
into account: 

• Number of output channels and number of sensing devices being set up or 
integrated with the NECSUS devices; 

• Connection type to the PC workstation. For instance, parallel port, serial port, 
USB, IEEE 1394, DAQ, or any other connection protocols;  

• Sampling rate. This may be determined by the measuring device itself or can be 
adjusted as required. 

 
There exist some sensing devices such as EMG Delsys with their own DAQ system. In 
these cases, data recorded on local buffer can be transferred to the PC workstation for 
synchronization with other acquired signals, based on the time domain reference. 
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5.2 Software Requirements 

The main functionality of the required software would be synchronization, analysis, and 
display of complete results for the entire duration of the experimental process. These 
functions can be listed as follows: 

• User interface: To allow the experimenter to preset and configure any initial 
parameters required for each test subject and run, as per an experimental 
protocol; 

• Feedback system: To allow monitoring subjects’ performance during the entire 
experimental run; 

• Real-time display: To allow access to real-time monitoring of every input 
channel and thereby preventing any unpredicted errors, corrupted data, or 
unacceptable noise during the experimentation process. 

• Analysis feature: To analyse and correlate the results based on different 
settings such as comparison of total cervical forces in protected and 
unprotected modes. 

 
All the above requirements will be achieved through integration of appropriate 
algorithms for storing, buffering and analysis of multi-channel input signals. 
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6 Experimental Design and Protocol 
 
The following subsections discuss the integration of control and sensing hardware and 
software towards experimental trials for evaluation of the NECSUS prototypes and 
verification of simulation results produced by Neck EXpert System (NEXST). More 
explanation on NEXST can be found in Section 7 of this report. 
A custom-designed measurement device and structure is going to be used for testing 
cervical complex strength of test subjects. To simplify the experimental protocol, only 
certain flexion and extension postures would be examined in midsagittal plane [24]-[26]. 
 
Three main experimental stages are planned to be performed for the development and 
optimization of prototype NECSUS devices: 

• Bare head (no HMS worn); 

• Only HMS are worn; 

• Both HMS and NECSUS are worn. 
 

In all these experiments, the isometric and isotonic behaviour of cervical joints and 
tissues must be accurately monitored in real-time. Results of these experiments would 
provide comprehensive information on muscle activities, %MVC, and other tissue 
stresses/strains in the cervical region. The acquired data will be added into the NEXST 
Expert System for completion and verification of head/neck and NECSUS models and 
for optimization of prototype NECSUS concepts towards achieving their maximum 
performance efficiency. 

6.1 Anthropometrical and Physiological Parameters 

Prior to commencing experiments on human subjects, some physical measurements 
are required. This requires creating a database of anthropometrical and physiological 
parameters of chosen candidates. The parameters include: 

• Age, Weight, Height;  

• Gender;  

• Head moment of inertia; 

• Sitting height; 

• Stature; 

• Head breadth, circumference and length (as shown in Figure 47); 

• Menton top of head; 

• Neck circ, Neck link; 

• Bideltoid breadth. 
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Figure 47 Head measurement 

 

6.2 Biomechanical Properties of Helmets and HMS 

The biomechanical properties of different-size helmet and helmet mounted systems 
used in the experiments must be known prior to the actual experimentation with 
prototyped NECSUS devices. These include: 

• List and number of HMS devices; 

• Mass; 

• COG (from the AOC or neck pivot point as shown in Figure 48); 

• Moment of Inertia (MOI); 

• Physical dimensions. 
 
KSR330-60 MPI (Space Electronics Inc.) is one of measurement devices planned for 
measuring mass and MOI of 3D parts. 

 
Figure 48 COG of Head Mounted Systems and the head 
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6.3 NECSUS Settings and Arrangements 

Prototype NECSUS devices will be worn when HMS are attached and worn by test 
subjects. The currently available prototypes will be tested in three runs performed for 
each one of the following categories: 

• BCC: bracing collar concept; 

• HAC: helmet attachment concept; 

• HCV: hooded collar vest. 
The devices will be set for “inactive” mode first. The “inactive” + “active” mode 
configuration will be examined subsequently. The active mode is initially based on a 
pneumatic system in order to attain a prompt approval by the DRDC-Toronto Ethics 
Committee. At a later stage, the pneumatic actuators will be substituted with smart 
active materials without affecting the conceptual layout and operation principles of 
prototype NECSUS devices. The amount of total desired support provided by the 
actively controlled part of the NECSUS devices can be checked through a comparative 
analysis of a test subject’s muscle activities against those collected without NECSUS 
(unprotected configuration) and in the “inactive” mode. 

6.4 Head/neck Postures 

The midsagittal head/neck postures under examination include: 

• 10 degree flexion; 

• 25 flexion; 

• 40 degree flexion;  

• Upright; 

• 10 degree extension; 

• 25 degree extension; 

• 40 degree extension; 

6.5 Medical Monitoring 

A DRDC-Toronto medical officer will be on-call within the building to attend to medical 
complications and emergencies if they were to arise.  Resuscitation equipment and 
appropriate drugs are available on site to deal with life-threatening medical 
emergencies. 
Although the subjects are only bending their head/neck to different positions, 
unexpected head motions may cause undesirable neck strain, especially if a subject 
wears extra weight on his or her head. 
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6.6 Safety 

An experimental run will be terminated immediately upon: 
a) the request of a test subject; 
b) if the subject presses the hand-held emergency stop switch; 
c) if the subject has any symptoms of syncope such as feeling of coldness, 

sweating, nausea or facial pallor; 
d) the subject loses consciousness; 
e) any other reason identified by the examiner. 

An invited physiotherapist with good experience in neck-muscle-strength testing would 
assist with setting up each experiment and monitoring the experimental procedure to 
prevent any possible injury or strain. 

6.7 Experimental Settings 

The preliminary part of planned experiments will be held on a stationary helicopter chair 
with subjects seated and wearing only a flight jerkin. Subjects will be secured to the 
chair using a harness belt, preventing any movement of torso and back area. A 
goniometry, 6-DOF accelerometer and two imaging devices perpendicular to sagittal 
and coronal plane are going to be set up for accurate measurement of subjects’ 
head/neck posture in 3D space.  In all strength measurements performed, the subjects 
would be in a sitting position, both hands on the thigh with the arms close to the body, 
hips in adduction and 90° flexion, both knees are in 90° flexion, and both feet on the 
floor. The sternal notch, chin, and tip of the nose will be kept in a vertical line and the 
line between the base of the nose and occiput will be kept horizontal. The seat surface 
will be horizontal. The thorax and the pelvis will be tightly held by two straps at the level 
of the scapula and the iliac spine.  
 
Experiments can be repeated when subjects lie down on the floor and rotate the 
head/neck back and fourth when HAN is rested on planar bearing system. In this latter 
experiment, the moment effect of head/neck system will not influence the results and 
therefore the head/neck torque at different bending angles can be found [45]. 
  
HMS and NECSUS devices will be worn by the subjects subsequent to the termination 
of this preliminary experimental stage. 
 

The angle of flexion or extension of head/neck system can be measured based on two 
measurements [46] (shown in Figure 49): 

• Upper cervical angle (angle between AB and CD); 

• Lower cervical angle (angle between CD and EF),  
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Where AB is the line drawn from a point where the nose joins the upper lip to the 
motion axis of the atlanto-occipital joint (AOC) at processus mastoid; CD is the line 
drawn from the bilateral motion axis of AOC to C7-T1 motion segment; and EF is the 
vertical line passing from C7-T1 point. The measuring angle for the lower and upper 
cervical spine, respectively, in neutral position for each individual is taken as 0°.  

 

Figure 49 Construction lines for determination of cervical region posture in three midsagittal postures 
(adapted from [46]) 

According to the investigated literature, there exist five cervical muscles which are 
mainly involved in head/neck stabilizations and are also accessible for sEMG readings 
[9]&[49]. The list of these muscles and the main contribution of each of them are 
tabulated in Table 4. The attachment point of EMG electrodes used to monitor the 
activation of these muscles differs from one subject to another. Table 4 shows an 
estimate location of electrodes based on head/neck coordinate system and vertebras.  

Table 4 List of accessible and important muscles using sEMG monitoring system [49] 
Muscles Sternocleido

mastoid 
Splenius 
Capitis 

Semisplinal
s Capitis 

Trapezius Levator 
scapulae 

Muscle 
contribution  

Flexion, 
rotation, lateral 
bending  

Extension, 
lateral 
bending, 
rotation 

Extension , 
postlateral 
bending 

Most studies 
found it did not 
contribute to head 
neck motion or 
stabilization 

Lateral bending, 
rotation 

EMG 
electrode 
location 
(est.) 

on C2 surface, 
or over muscle 
belly about 1/3 
of length 
rostral to 
sternal 
attachment 

6-8 cm 
lateral of 
median line 
at level of 
C4 

about 2 cm 
below 
occipital 
bone at C/C2 
and 2 cm 
lateral to 
median line 

C5/C6 about 2 cm 
laterally of median 
line 

between 
posterior margin 
of 
sternocleidomast
oid and anterior 
margin of 
trapezius 

 
Figure 50 illustrates the approximate location of electrodes on the five aforementioned 
cervical muscles. The locations are determined based on where the maximum 
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triggering points of the muscles occur. As these locations vary from one subject to 
another, an EMG expert is invited to assist for placing EMG electrodes.   
 

Sampling rate of EMG signal is usually set to 1 kHz with 5 sec duration of signal 
recording [50]. The signal output of EMG device can be amplified and transmitted by 
speakers to calm down the subjects when maintaining the posture of head/neck 
complex for repeatable results. 
 

To acquire more anatomy knowledge of subjects’ cervical muscles such as the length 
and cross-section areas, ultrasonography (Aloka SDD-1400, Tokyo, Japan) technique 
is usually suggested. This technique is based on scanning system of cervical region to 
identify and measure the cervical muscle dimensions [54]. The result collected from this 
experiment is used for producing an anthropometrical and physiological library of 
subjects under experiments.  

 

Figure 50 Muscle anatomy and placement of EMG electrodes (black circles) based on body coordinate 
system (adapted from [43]&[60]) 
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Minimum of 10 to 15 male and female volunteers will be recruited for this experiment. 
Each subject will be provided with an information package that outlines the 
experimental protocol and also with the consent forms to be signed by a subjects. 
Participation will be open to civilian and aviator team members. 
 

The subjects must agree: 

I. to not consume any alcoholic beverages within 24 hrs of each series of 

experiments; 

II. to have a restful night evening the night before a test;  

III. to perform no heavy exercise on the day of a test; 

IV. to abstain from  smoking, coffee, cola beverages and chocolate in the 3 hr period 
before a test, and a meal in the hour preceding it. A blood donation less than 30 
days in advance of commencement of experimentation is a contraindication to 
participation in the study. 

 

A short training session will be held a day before the experiments. The training will 
include a comprehensive briefing on the test equipment, the experimental procedures 
and the NECSUS configurations and performance. In order to warm up prior to the 
actual tests, subjects practice to maintain the head/neck postures in seven predefined 
angles.  
 

Measurement of Isometric cervical activation level has been well established in the 
literature [45]-[48]. The process includes using a load cell attached dorsally or anteriorly 
to the strap passing over the forehead or back of the head, respectively. The length of a 
strap can be adjusted to repeat the experiments for different angles and consequently 
measure the isometric cervical strengths. EMG signals can then be correlated with load 
cell readings. In isotonic experiments, it is required to measure cervical activities in 
real-time. One of the proven methods is the utilization of EMG recording with 
synchronization of head/neck bending angle. The use of sEMG has some limitations in 
terms of access to all cervical muscles. On the other hand, applied moments or forces 
on other cervical components such as ligaments and joints cannot be measured by 
sEMG. Hence, further investigation is envisaged to introduce a novel measurement 
approach measuring isotonic cervical strength without necessarily using sEMG. One 
advantage of this novel approach would be elimination of EMG test repetition for every 
new individual subject who tests NECSUS devices for evaluation purposes. 
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6.8 Test Procedures 

Subjects have to complete three sets of runs consisting of pre-planned head/neck 
motions, HMS loaded, and NECSUS worn devices. The following sub-section explains 
the sequence of experiments of these three stages.  
 

The variables manipulated in this experiment are: 

a. posture: upright, 10, 25, 40 degrees of flexion and extension; 

b. interval: 45 sec between each posture. 
Total number of different profiles would be 7. As shown in Figure 51, there are three 
separate time zones for recording the isometric muscle activities in each one of the 
examining postures.  
 

First zone (T1): time limit to find the exact posture; 

Second zone (T2): duration for recording the EMG signal; 

Third zone (T3): time interval prior to repeat the experiment for the next posture. 

For extension postures, a similar procedure is applicable. After termination of each set 
of experiments, all electrodes and devices will be detached from the test subjects. 
 

  

Figure 51 Timing zones for recording EMG signal of cervical muscles in three flexion angles 

Before repeating the experiments for the next two sets, a 2-hrs interval is applied. 
During this time, subjects will rest under a physiotherapist’s supervision to release any 
tension remaining in the cervical muscles. To make sure the location of sEMG 
electrodes are the same in each set of repeat experiments, the location points are 
marked on the skin using an aqueous marker. 

10 flexion 25 flexion 40 flexion

5 sec

5 sec 5 sec 

5 sec 45 sec 

T1     T2          T3 
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This set of experiments is similar to Set I. This time, the effect of (i) the helmet and (ii) 
helmet with other mounted devices (NVG, ANVIS, Mask, etc.) can be separately 
investigated.  In the case (i), the helmet may be worn without other helmet-mounted 
systems and the EMG readings are recorded. After 2-hrs interval, the test is repeated in 
all seven midsagittal bending postures when the helmet-mounted systems are added. 
 

This final stage of the experimental protocol includes wearing each one of NECSUS 
prototypes, when HMS are also worn by the test subjects. Subjects are asked to move 
their head/neck system to get to the predefined postures (seven midsagittal postures). 
Similar to Sets I and II, sEMG readings will be recorded for the five aforementioned 
muscles and prepared for further analysis. 
 

When test subjects wear the NECSUS devices, the following considerations must be 
taken into account: 

• Devices should be comfortably rested on subjects’ upper body (shoulders, torso 
and back); 

• Appropriate physical adjustment of devices is required based on 
anthropometrical parameters of test subjects, preventing any limitations being 
imposed on a subject/pilot’s head/neck motions, specifically at flexion and 
extension postures in midsagittal plane; 

• A harness belt fastens and secures the NECSUS in its place to minimize sliding 
of lower part of NECSUS along subjects’ clothing. 
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7 Development of the Neck EXpert System (NEXST) 

7.1 Human Head and Neck (HAN) System  

The head-neck-body system consists of a head, seven cervical spine vertebrae, 
inter-vertebral disc, facet joints, ligaments, muscles and a torso. The torso supports 
the cervical vertebral column and acts as anchors for muscles. 

The human head is one of the most complicated natural structures. The head 
contains four major parts: the scalp, skull, cerebrospinal fluid and brain. The 
variation in skull thickness is significant, extending from the thick frontal bone to the 
thin temporal bones. The size of the human skull (length, width and height) varies 
quite considerably from person to person [51]. The head is supported by the cervical 
spine, and has an average mass of about 4.7kg [77]&[53]. The centre of mass of the 
head is not situated exactly over top of the cervical spine but a few centimetres 
forward.  Ligaments and muscles covering the cervical spine maintain the stability of 
the head in an upright position. For simplicity, the head is represented in HAN model 
as a rigid body with mass and moment of inertia balanced at the left and right sides. 
 

The cervical spine connects the head to the torso. It supports the head, protects the 
nerves and spinal cord, and allows for smooth motion of the neck during activity. 
The major structures in the cervical spine are the seven vertebrae (bones) [55].  The 
upper cervical spine comprises of three bones named occiput, atlas and axis.  The 
lower cervical spine is comprised of five vertebrae that are similar in shape to each 
other, in contrast to the differing vertebrae of the upper cervical spine. 
 
The spinal column consists of thirty-three vertebrae classified into five different 
spinal sections. A vertebra has two essential parts: the body and the vertebral arch. 
There are seven bony projections called processes surrounding the vertebral arch: 
one spinous; two transverse; two superior articular; and two inferior articular. The 
spinous and transverse processes are the points of attachment of muscles and 
ligaments. The articular processes are contact points between adjacent vertebrae 
[56]. 
 
The vertebrae are stabilized by ligaments, facet joints, muscles and soft tissues [56]. 
The soft tissues provide a natural resistance to extreme movement, but their role in 
head and neck motion can be neglected. Ligaments are tough, fibrous structures 
locking between the vertebrae that strengthen intervertebral joints [57]. The 
intervertebral discs and the facet joints connect pairs of vertebrae and control the 
magnitude and direction of motions between vertebras.  
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Figure 52 Human Skull (left) and Vertebrae (right) [58] 

Facet joints are designed to allow smooth head motion while bending forward, 
backward or under rotation. The facet joints limit excessive head motion. Ligaments 
(as shown in Figure 52 (right) in the spine also allow motion within physiologic limits 
and prevent excessive motion. Ligaments may connect adjacent vertebrae to each 
other, or connect vertebrae together separated by one or more other vertebrae (as 
shown in Figure 53).  The ligament configuration in the neck varies from person to 
person.  Ligaments resist tension force and become slack when exposed to 
compressive loading [77]&[59]. In between two adjacent vertebrae there is a disc 
that prevents vertebrae from rubbing against each other. 
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Figure 53 Ligaments in neck area [58] 

 

Muscles are the primary elements for stabilizing the head and neck motions and 
postures. Muscles have active and passive states. They produce force and 
movement through contractions. On the basis of their structure, control mechanisms 
and contractile properties, muscles can be classified into three types: skeletal, 
smooth and cardiac [56]. Since the current model presented in this report uses 
skeletal muscles, only these muscles will be discussed below.  
 
The contraction of skeletal muscles is controlled by the human central nervous 
system through neural impulses. A single skeletal muscle cell is known as muscle 
fibre. Each fibre has a diameter between 10 and 100um and a length that may 
extend up to 20cm [56]. The term muscle refers to a number of muscle fibres bound 
together by connective tissue [61]. Each skeletal muscle contains a fibre called 
myofibril. Myofibril is composed of thick and thin ligaments that are separated by 
cross-bridges. During muscle contraction, the cross-bridges exert forces on the thin 
ligaments and constitute the force generating sites of the muscle fibres. 
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The cervical spine is covered with many layers of skeletal muscles, acting in various 
directions (as shown in Figure 54). The muscles perform three main tasks in the 
human neck. 

• Stabilize the head and neck at a given posture;

• Enable movement of the head;

• Protect the cervical spine.

More than 68 pairs of muscles have been identified in the cervical spine. The motion 
of the neck can be divided into rotation (looking side to side), lateral flexion (ear to 
shoulder), flexion (chin to sternum) and hyperextension (looking up).  

The muscles which are involved in these motions are [62]-[64]: 

• Flexors: Longus colli & Capitis, Infra hyoids;

• Lateral flexors: Scalenes;

• Extensors: Splenius capitis, Semispinalis capitis, Suboccipitals, Trapezius;

• Rotators: Splenius capitis, Sternocleidomastoid, Levator scapula, Suboccipitals.

Activation of different muscle groups produces a large number of motions of the 
cervical column and the head.  Stabilizing the head and neck when sitting or 
standing in the gravitational field is also dependant on muscle contractions. In 
addition to the active muscular force, muscles develop a passive force when 
stretched above their resting length. The total strength of a muscle is the sum of 
active and passive forces generated [65]. There are many muscles in the human 
neck however only seven pairs of muscles have been considered.  The seven 
muscles chosen to be analyzed are the same as used in other commercially 
available neck models [66]. 

Figure 54 Neck Muscles [89]
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The force exerted on an object by a contracting muscle is known as muscle tension, 
and the force exerted on the muscle by the weight of an object is the load. Muscle 
tension and load are opposing forces. When muscle develops tension but does not 
shorten or lengthen, the contraction is said to be isometric (constant length). Such 
contractions occur when the muscle supports a load in a constant position or 
attempts to move a load that is greater than the tension developed by the muscle.  A 
contraction that occurs under conditions in which the load on a muscle remains 
constant but the muscle length is shortening is said to be isotonic (constant tension).  
 
A muscle undergoes an isotonic contraction when moving a load. A third type of 
contraction is a lengthening one. This occurs when the load on a muscle is greater 
than the tension generated by the cross-bridges. In this situation, the load pulls the 
muscle to a longer length in spite of the opposing force produced by the cross-
bridges.  
 
The maximum force generated during a shortening contraction is assumed to be 
independent of the fiber composition (slow or fast fibers) and dependant only upon 
the physiological cross-sectional area (Apcs) [79]. This relationship can be 
expressed as: 

 
Fmax= σp  Apcs 

 
Where σp, is the peak muscle stress and Apcs is the physiological cross-sectional 
area. So, the larger the Apcs represents larger generating force out of the muscle and 
this refers to the importance of the muscle in stabilization and movement of the 
head-neck system. Table 5 shows the Apcs values for most of the cervical muscles 
as well as other specifications of the muscles. 
 
Muscles, which are usually kept in a stretched position beyond the physiological 
resting position, tend to weaken, which is known as stretch weakness. Muscles, 
which are usually kept in a shortened position, tend to lose their elasticity. These 
muscles are strong in the shortened position, but become weak as they are 
lengthened, which is known as tight weakness. 
 
Muscle contraction time varies from 10 to 100 ms depending on the type of muscle 
fibers [68]. Surface electromyography (sEMG) [69] is one of the techniques to 
monitor muscles responses or activities when contracted. Many researchers have 
mentioned difficulties in acquiring EMG signals from all of the neck muscles. 
However, muscles such as trapezius, sternocleidomastoid, splenius capitis, 
semispinalis capitis have shown satisfactory results in certain postures. In general, 
placement of the electrodes, surrounding noise (heartbeat, breathing, etc.), 
crosstalk, innervations’ zones and normalizations of the signals are the important 
issues when analyzing EMG signals [49]. 
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Table 5 Muscle parameters (Adapted from [68]) 

Muscle 
Fmax 
(N) 

vmax 
(m/s) 

Apcsa 
(cm2) 

Srest 
(µm)

Lrest 
(cm) 

Lfree 
(cm) 

Lref 
(cm) 

longissimus capitis 141.2 0.642 3.53 2.28 8.71 8.022 10.696 
longissimus cervicis 141.2 0.693 3.53 2.28 9.41 8.667 11.556 
longus capitis 141.6 0.421 3.54 2.9 7.26 5.257 7.01 
longus colli 197.6 0.586 4.94 2.9 10.12 7.328 9.771 
scalenus anterior 155.2 0.565 3.88 3.04 10.23 7067 9.422 
sealenus medius 207.6 0.422 5.19 2.9 7.28 5.272 7.029 
scalenus posterior 163.2 0.37 4.08 2.9 6.38 4.62 6.16 
seimspinalis cap ins 260.4 1.072 6.51 2.32 14.8 13.397 17.862 
semispinaluis cervicis 268 0.682 6.7 2.3 9.34 8.528 11.37 
spinalus capitis 280 1.051 7 2.3 14.39 13.139 17.518 
spinalus cervicis 160 0.6 4 2.3 8.21 7.496 9.995 
splenius capitis 318.4 1.215 7.96 2.325 16.82 15.192 20.256 
splenius cervicis 318.4 0.85 7.96 2.325 11.77 10.631 14.175 
sternocleidomastoid 381.2 1.111 9.53 2.73 18.06 13.892 18.523 
trapezius 340.8 1.29 8.52 2.6 19.97 16.13 21.506 
v is muscle shortening velocity, l is muscle fiber length, Apcs is physiological cross-sectional 
muscle area. 

The geometry and mass properties of the human head and neck structure follow 
complex rules of human biomechanics. It is recommended to have a basic 
understanding of the head and neck structure prior to using the HAN model. The 
following section generally describes the pertinent elements of the human head and 
neck structure. 

The muscle tension developed by a muscle fibre is dependent on the length of the 
fibre prior to contraction and the velocity of the contraction [56]. The length of the 
muscle when the greatest tension is generated is called the “reference length”, lref. 
When the length of the muscle fibre is less than 60% or greater than 175% of its 
reference length, it develops no tension under stimulation [56]. However, the change 
in the length of a muscle fibre rarely exceeds 30% of its reference length.  

In the absence of neural stimulation, the muscle tension developed under elongation 
is called the passive force. This passive force is dependent on the length of the 
muscle at a certain time and proportional to the muscle’s physiologic cross-sectional 
area [56]. This force is mainly responsible for lengthening contraction whereas the 
active force is mainly responsible for shortening contraction. Figure 55 shows the 
relationship between the active and passive force for generating the total tension in 
the muscle. 
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Figure 55 Variation of active and passive force with length and their combined effects [56] 

Passive and active muscle forces change based on head/neck posture and the 
applied external loads and moments. As an example, Figure 2 shows the theoretical 
muscle forces required for the upright posture and 30-degree flexion posture with 
and without an external load (e.g. a helmet). The weight of the head and the total 
weight of vertebras were assumed as 46.9N and 25.2N, respectively. The muscle 
force was assumed to be applied at a 4-cm moment arm, which was the moment 
arm of the posterior muscles [53]. The vector of muscle force was also assumed to 
be in parallel to the line joining the centre of gravity of the head and the pivot point in 
upright posture. 
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11.7N of muscle force is required to hold the 
head upright. 

25.4N of muscle force is required to hold the 
head upright when there is a load (helmet). 

152.9N of muscle force is required to hold the 
head at 30 degrees flexion 

213.6N of muscle force is required to hold the 
head with a load (helmet) at 30 degrees flexion 

Figure 56 Required muscle forces for the upright posture and 30-degree flexion posture with and 
without external load (i.e. helmet) 
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7.2 HAN Model Description 

The current HAN model was developed using the SimMechanics® library in Simulink®. 
SimMechanics® is a block diagram based modeling environment for the engineering 
design and simulation of rigid body machines and their motions, using the standard 
Newtonian dynamics of forces and torques [73]. There are mainly six types of blocks 
used for the current model: 

• Rigid body blocks;

• Gimbal joint blocks;

• Joint actuator blocks;

• Muscle blocks;

• Muscle parameters blocks;

• Muscle activation blocks.

These blocks will be discussed in the following three sub-sections. 

The model uses the seven vertebrae from the cervical spine (C1-C7) and two of the 
vertebrae from the thoracic section (T1-T2) as shown in Figure 57 on the left. Each of 
the vertebrae is assigned with a number corresponding to their top to bottom order. The 
reference frame used is shown in Figure 57 on the right. The global reference frame is 
aligned with the local reference frame of T2 [56].  

Figure 57 Left: Nine vertebrae are used for the model. T2 is treated as ground not having any degrees of 
freedom. Right: Body local reference frames and coordinate systems descriptions (adapted from [56]). 
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Table 6 lists the geometric positions of the rigid bodies at upright posture used in the 
model [74]. The positions of the bodies were oriented in succession by vectors “c” and 
“r”, and rotated by the angle of “θy” as shown in Figure 57 on the right. The mass and 
moments of inertia of the vertebrae are listed in Table 7 [75]. These numbers will differ 
from one subject to another. 
 
In the Simulink® model, the vertebrae are represented by six-degree-of-freedom rigid 
body blocks from the SimMechanics® library. 
 
Table 6   List of  geometric positions of the rigid bodies at upright posture  

Rigid Bodies No.  Name Cx (cm) Cy (cm) Cz (cm) Rx (cm) Ry (cm) Rz (cm) Angle θy 
1 T2 - - - 0. 0. 0.00 25.75 
2 T1 0.00 0. 2.28 0. 0. 0.92 25.75 
3 C7 0.07 0. 1.78 0. 0. 0.86 30.75 
4 C6 -0.26 0. 1.72 0. 0. 0.79 27.25 
5 C5 -0.07 0. 1.45 0. 0. 0.66 24.00 
6 C4 -0.20 0. 1.39 0. 0. 0.66 19.00 
7 C3 -0.20 0. 1.35 0. 0. 0.73 14.00 
8 C2 -0.20 0. 1.32 0. 0. 0.66 -5.50 
9 C1 0.07 0. 1.58 0. 0. 0.66 -17.50 
10 Head 0.13 0. 1.32 0. 0. 6.34 0.00 

 

The intervertebral joints that represent the ligaments and the facets are modelled using 
three-degree-of-rotational-freedom joints. These joints produce equal and opposite 
moments on adjacent rigid bodies. The moments are computed by the following joint 
equation [76]: 
 

[M] = p [K [φ] + D [Ω]]       (1) 
 
where 

Table 7  Mass and moments of inertia of the vertebrae 

Rigid Bodies No.  Name Mass (kg) Ixx (10-4 kg 
m2) 

Iyy (10-4 kg 
m2) 

Izz (10-4 kg 
m2) 

Iyz (10-4 kg 
m2) 

1 T2 - - - - - 
2 T1 1.000 49.0 14.0 61.0 0. 
3 C7 0.400 21.0 6.0 26.0 0. 
4 C6 0.226 5.0 5.3 9.7 0. 
5 C5 0.269 6.0 4.8 10.0 0. 
6 C4 0.205 2.5 3.7 5.7 0. 
7 C3 0.156 3.3 2.6 4.3 0. 
8 C2 0.156 3.3 2.6 4.3 0. 
9 C1 0.156 3.3 2.6 4.3 0. 
10 Head 4.78 186 246 183 73 
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K, is the 3x3 stiffness matrices; 
D, is the 3x3 damping matrices; 
φ, is the angular rotation relative to the adjacent bodies; 
Ω, is the angular velocity relative to the adjacent bodies; 

Values of “K” and “D” are listed in Table 8. 

Table 8 K and D values being used in Eq. (1) 

Matrices element Value 
K11 0.172kNm/rad 
K22 0.152kNm/rad    for φx >= 0 (flexion) 

0.186kNm/rad    for φx < 0 (extension) 
K33 0.149kNm/rad 
D11, D22, D33 1.0 Nms/rad 
*All other elements in the matrices are 0.0

The factor “p” in the equation is the proportional factor that accounts for the different 
mechanical properties between different rigid bodies [77]. Table 9 shows the 
corresponding “p” at each vertebrae level. 

Table 9 Values for proportional factor, “p” 

Joint Value
Skull-C1 3.11 
C1-C2 2.31
C2-C3 1.00 
C3-C4 1.38
C4-C5 1.27 
C5-C6 1.51
C6-C7 1.84 
C7-T1 1.97
T1-T2 0.50 

In the Simulink® model, each joint is represented by a Gimbal Joint which has three 
axes of rotation. Each joint is connected to a joint actuator block that measures the 
angular rotation and angular velocity of the joint and computes the reaction moment 
based on the joint equation. 

The total muscle tension force is composed of two elements [78]: 

Ft = Fce + Fpe (2) 

where 
1. the passive element (PE) describes the passive elastic force coming from the
elongation of the muscle.  
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2. the contractile element (CE) describes the active force generated by muscle through
contraction. 

7.2.3.1 Passive Muscle Force 

The force generated by the passive muscle is computed by the following equation [57]: 

 Fpe =  σ Apcs (3)

where Apcs is the physiologic cross-sectional area of the muscle and σ is the non-linear 
stress-strain relation defined as: 

σ = (3.34 e) / (1 – e/0.7) (4) 
e = (l – lfree) / lfree  (5) 

where the free length, lfree is the length of a muscle at rest when it is removed from the 
body [56].  

7.2.3.2 Active Muscle Force 

The active muscle force is a function of the: 

• muscle length;
• rate of change of the length;
• activation level and;
• maximum force at maximum activation [56].

It is defined as follows: 

 Fce = A Fmax f(vr) f(lr) (6) 

where Fmax is the muscle force at reference length in maximum activation and is defined 
as 40 x  Apcs [57]. The maximum muscle force generated during a shortening 
contraction is only dependent on its Apcs [79]-[81]. 

“A” is the active force equation corresponding to the activation level of the muscle. It is a 
value between 0 and 1. The higher the value is, the more the muscle is activated. 
Relationship between active muscle force and its length is defined following [78] as: 

f(lr) = exp [-(lr -1)2 / 0.54]       (7) 

where the value “lr” is the normalized muscle length computed by “l / lref” where “l” is the 
current muscle length and “lref” is the reference length of the muscle. 
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The relationship between the muscle force and the rate of change of its length is 
defined as follow [82][83]: 

f(vr) =  0 for vr <= -1    

(1 + vr) / (1 – vr /0.25) for -1 < vr <= 0  (8) 
(1 + 20 vr) / ( 1 + vr/0.075)  for vr > 0  

where the value “vr” is the normalized lengthening velocity computed by “v / Vmax” where 
“v” is the current lengthening velocity of the muscle and “Vmax” is the maximum 
shortening velocity of the muscle.  

There are fifteen symmetrical pairs of muscles of the neck chosen for the model. Their 
properties and attachment points are specified in Table 10 and Table 11 below, in 
accordance with a study performed by Myers in 1998 [84]. 

7.3 Simulink® Block Model 

Figure 58 shows the schematic arrangement of input and output elements to each one 
of modeling blocks. In a subsystem of two bodies, there are two rigid bodies, two mass 
actuators, a muscle block, a Gimbal joint, a proportional factor block and a joint block. In 
the whole head and neck model, there are nine of this systems connected together and 
fifteen muscle blocks connected to the bodies. Each muscle block takes seven 
parameters from the AutoCAD inputs. The muscle parameters are the following: 
physiological cross-sectional area; reference length; free length; maximum active 
muscle force; maximum shortening velocity; and the activation levels of the left and right 
muscle. The parameters of the muscle blocks are imported from the input ports by 
reading a preset simulink.txt text file. 

Table 10 Properties of the fifteen pairs of muscles 
Muscle Fmax (N) Vmax 

(m/s) 
Apcsa 
(cm2) 

Lfree (cm) Lref (cm) 

Longissimus capitis 141.2 0.642 3.53 8.4231 10.696 
Longissimus cervicis 141.2 0.693 3.53 8.667 11.556 
Longus capitis 141.6 0.421 3.54 5.51985 7.01 
Longus colli 197.6 0.586 4.94 7.6944 9.771 
Scalenus anterior 155.2 0.565 3.88 8.12705 9.422 
Scalenus medius 207.6 0.422 5.19 6.0628 7.029 
Scalenus posterior 163.2 0.37 4.08 5.313 6.16 
Semispinalis capitis 260.4 1.072 6.51 14.06685 17.862 
Semispinalis cervicis 268 0.682 6.7 9.8072 11.37 
Spinalus capitis 280 1.051 7 13.79595 17.518 
Spinalus cervicis 160 0.6 4 8.6204 9.995 
Splenius capitis 318.4 1.215 7.96 15.9516 20.256 
Splenius cervicis 318.4 0.85 7.96 11.16255 14.175 
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Sternocleidomastoid 381.2 1.111 9.53 14.5866 18.523
Trapezius 340.8 1.29 8.82 16.13 21.506 

Table 11 Attachment points of the muscles to the vertebrae 
Muscle Vertebra X (cm) Y (cm) Z (cm) 
Longissimus captitis C5 -1.85 2.00 0.00 

Skull -0.40 5.00 1.85
Longissimus cervicis T2 -2.58 2.00 1.59 

C3 -1.45 2.00 0.33
Longus capitis C4 1.72 2.00 0.66 

T2 2.51 0.00 1.45
Longus colli Skull 2.11 1.50 0.00 

C3 2.18 1.50 0.79
Scalenus anterior T2 4.96 3.50 0.00 

C3 0.66 2.00 0.73
Scalenus medius T2 3.50 4.00 0.00 

C5 0.79 2.00 0.59
Scalenus posterior T2 2.44 5.00 0.00 

C6 0.86 2.00 0.66
Semispinalis capitis T2 -1.65 2.50 1.98 

Skull -2.31 0.00 2.78
Semispinalis cervicis T1 -1.06 2.50 1.12 

C1 -1.78 0.00 0.86
Spinalis capitis T2 -2.64 2.50 2.11 

Skull -0.99 0.00 1.98
Spinalis cervicis T1 -3.04 0.50 0.00 

C2 -2.31 0.50 0.59
Splenius capitis T2 -3.57 0.00 2.18 

Skull -1.52 6.00 3.57
Splenius cervicis T2 -4.62 0.00 1.85 

C1 -2.25 1.50 0.73
Sternocleidomastoid T2 6.14 2.50 0.00 

Skull 0.73 6.00 3.77
Trapezius T2 -5.29 10.0 0.00 

Skull -3.10 0.00 2.97
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Figure 59 shows a schematic of the actual configuration of modeling blocks created in 
Simulink®. Attachment points of muscles to the skull and vertebrae, external load, and 
NECSUS are illustrated. The external load is interpreted as a force acting on a single 
point of the head. Similarly, the supportive force coming from the NECSUS device 
(BCC) is acting at the point where the chin is. The joint is located between the two 
bodies (head and neck), as indicated in Figure 59. The remaining nodes are muscle 
attachment points that join different bodies with muscles. 

Figure 59 Schematic arrangement of modeling blocks in Simulink®

Figure 60 shows a part of the arrangement and connectivity of body blocks in Simulink®. 
As shown, in the left of the Body Block, there is a node called the CG (center of gravity). 
The mass actuator will need to connect to CG to set the mass of the connected body. 
The top left node (CS8 in this diagram) connects to the joint, which in turn connects to 
its body above it. The top right node (CS2 in this diagram) connects to the joint, which 
connects to its body below it. The four right nodes (CS4-7) connect to a muscle block. 
For each connection to a muscle block, there must be four nodes connecting to it. 
These four nodes are the attachment points of the pair of muscles the body is 
connected to. The top two of the four are for the left muscles and the bottom two are for 
the right ones. 
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Figure 60 Part of connection arrangements of body blocks and joint blocks in Simulink® 

Since there is a pair of identical muscles (left and right) coming from each body, there 
are four nodes connecting the muscle to each body: F1L; Body1L; F1R; Body1R (as 
shown in Figure 61). The Body1L node gets the position of the attachment point of the 
left muscle and F1L node actuates the muscle force on the attached body. Similarly, the 
Body1R node and F1R node function in the same way but for the right-side muscles. 

Figure 61 Input and output arrangements of a muscle connected to two body blocks 

Figure 62 shows the Body Block and the available parameters. The centre of gravity 
can be set in the Origin position space in the CG row. CS1 connects the body to the 
joint above it and CS8 connects the body to the joint below it. CS4 to CS7 serve as the 
attachment points to the muscles. Notice that CS4 and CS6 have the same values but 
different sign in the y value. This is because the left and right muscles are symmetrical 
along the x-z plane. 
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Figure 62 Configuration and settings of Body Blocks 

All of the muscle force equations are integrated into one muscle block. Each muscle 
block is connected to a muscle parameter block, which contains the parameters of its 
corresponding muscle. The muscle block is also connected to an activation block, which 
allows the user to vary its activation in order to produce different postures of head and 
neck. Lastly, the muscle block is connected to the vertebrae at the attachment points 
specified above. The muscle block obtains the length and the shortening velocity of its 
corresponding muscle and generates the muscle tension based on the muscle force 
equations. Figure 63 shows the schematic of cervical muscles and vertebrae elements 
modeled in Simulink®. 
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Figure 63 Schematic of the cervical region model in upright posture with the fifteen pairs of muscles  

Figure 64 and Figure 65 show the subsystem for one group of muscles (e.g. left) inside 
a muscle block. The location of the muscle attachment points at the two bodies is 
obtained by the body sensor. Then, the Muscle Length Block computes the relative 
distance and the rate of change of the distance, which represents the length of the 
muscle and its shortening velocity. The length and the shortening velocity are passed to 
the Tension Calculation Block and it will compute the muscle tension force in relations 
with the muscle parameters read AutoCAD input. The method of how the “Tension 
Calculation Block” computes the muscle tension is described in section 7.2.3. Lastly, the 
Body Actuator Blocks will actuate the two attached bodies with the calculated tension 
force. 
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The subsystem of the joint block is similar to the muscle block. It first obtains the 
amount of angular displacement from the Gimbal joint through the joint sensor. Then the 
Torque Calculations Block will compute the torque at the joint relative to the angular 
displacement. Since each joint in the neck has different properties, the torque is 
multiplied by the proportional factor. After the torque is calculated, it will actuate the 
torque on the Gimbal joint through the Joint Actuator. Figure 66 and Figure 67 show 
schematic of Joint Blocks and the x-axis part of a joint block in Simulink®, respectively. 
In a joint block, there is also the same structure, but with different parameters for the y-
axis and z-axis. 

Figure 66 Schematic of connection arrangements of Joint Blocks 

Figure 67 Configuration and arrangement of Joint Blocks for x-axis 
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7.4 Validation of the HAN Model 

The HAN model was examined in three postures to evaluate its validity and compared 
to the Lumped Parameter Model (LPM) [56]. The following conditions were examined: 

1) Upright posture;

2) Full flexion;

3) Full extension.

To validate the model in this posture, the muscle activations were adjusted through the 
method of trial and error until head/neck system came to rest at predefined postures. 
After three attempts, the model came to rest when the extensor muscles were activated 
by 2% and the flexors muscles were activated by 0.5% which was the same as the 
muscle activation levels for upright posture mentioned in the LPM. The muscle forces 
needed to maintain this posture are presented in Figure 68. Comparison of the results 
showed that the active forces in the HAN model are within 10% difference with the 
active forces in LPM (Figure 69). The difference between total forces of the extensors in 
the two models is less than 10%.  

However, the flexor muscles: Scalenus medius; Scalenus anterior; and Longus colli 
showed 20 – 30% (2N – 4N) more passive forces in the HAN model than the LPM. The 
only reason is related to the type of joints in the HAN model with only three-degree-of-
freedom instead of six-degree-of-freedom in LPM model. To solve this problem and 
enhance the model, the lengths of the aforementioned muscles were changed to be 
slightly longer and hence produce higher passive forces than the LPM. The total muscle 
force calculated for the upright posture in the currently implemented HAN model is 
153N, which is 6N higher than that from the LPM. 
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Muscle forces in upright position
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Figure 68 The contribution of forces in different muscles in the developed HAN model (Upright posture) 

Figure 69 The contribution of forces in different muscles in the Lumped parameter model [56] (Upright 
posture) 
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To validate the HAN model in full flexion and full extension postures, all the flexors and 
extensors were activated by 100%, respectively. In full flexion, the HAN model came to 
rest at the posture shown in Figure 70. At this posture, the flexors were at their Maximal 
Voluntary Contraction (%MVC), which corresponded to 100% activation of the muscles. 
MVC means the active element of the muscle that has been fully activated (100%). So 
the muscle is producing the highest tension, of which it is capable at the certain posture 
[85]. MVC is independent of the passive element of the muscle since the passive 
element does not depend on activation. Different postures can produce different MVC 
because the active element of the muscle is also dependent on the length of the muscle 
at a certain posture. In full flexion, the measured rotation angle at the pivot point 
between neck and torso was 80 degrees and the angular rotation measured at the pivot 
point between head and neck was 70 degrees. 

Figure 70 Upright posture and the full flexion posture of the HAN model 

For full extension, all the extensors were activated by 100% (MVC) and the flexors were 
assumed entirely inactive. The HAN model came to rest at the final extension posture 
as shown in Figure 71. This time the angular rotation measured at the pivot point 
between neck and torso was 72.7 degree and the rotation measured at the pivot point 
between head and neck was 70 degrees. 

Figure 71 Upright posture and the full extension posture of the HAN model 
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The head angles reported by Buck et al [86] are in the range of 50 to 90 degrees for 
flexion, and 51 to 92 degrees for extension. Since different people have different head 
properties, the ranges of the head angles are broadly distributed. The following defines 
some of the factors that can affect the range of head angles: 

• Age; 

• Gender; 

• Weight. 
 
In both flexion and extension, the head angles both fell within the range reported by 
Buck. In comparison to the LPM, the maximum bending angle in the current HAN model 
is 2 degrees more in the full flexion and 12 degrees less in full extension. 
 
 
7.5 Simulation Results 
 

In continuation of work on validation of HAN model, the HAN model was used to 
numerically simulate other postures of the head/neck system for the following postures: 
 

• Flexion: 10, 20, 30 degrees; 

• Extension: 10, 20, 30 degree; 

• Lateral bending: 10, 20, 30 degrees. 
 
The activation levels of the muscles were obtained through the method of trial and error 
using HAN model. In flexion, it was assumed the flexors mainly provide active support, 
whereas the extensors provide passive support to the head/neck system. Table 12 
shows the optimum activation level (A) of the flexors in three different flexion angles.  
 

Table 12 Activation level of flexors in three flexion angles 

Flexor muscles activation Posture 

6% Flexion 10 degrees 

15% Flexion 20 degrees 

22% Flexion 30 degrees 

 

Similarly, only the extensor muscles were assumed to be activated in extension. In the 
same sense, as the extensor muscles were activated more, the angle of extension 
increased. Table 13 shows the activations of the extensor muscles in three extension 
postures. 
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Table 13 Activation level of extensor muscles in three extension 
postures 

Extensor muscles activation Posture 

7% Extension 10 degrees 

15% Extension 20 degrees 

23% Extension 30 degrees 

At each one of the above postures, the listed muscle activation levels were only one of 
the possible solutions for the postures. More solutions can be found as the activation 
involvement of both flexors and extensors in extension (or flexion) are taken into 
account. For instance, in 30 degrees flexion, the activation of 22% for the flexor muscles 
only corresponds to 0% activation in the extensor muscles. If the extensor muscles 
were activated, the flexor muscles should increase their activation levels to counteract 
the forces coming from the extensor muscles in the opposing direction for keeping the 
head at 30 degrees flexion. Figure 72 to Figure 74 show the exerted active and passive 
muscle forces from flexors and extensors in three different extension postures based on 
the HAN model. 
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Figure 72 Muscle forces in 10 degrees extension 
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Muscle forces in Extension 20 degrees
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Figure 73 Muscle forces in 20 degrees extension 

Muscle forces in Extension 30 degrees
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Figure 74 Muscle forces in 30 degrees extension. Note that the contributions of passive forces in the 
extensor muscles are less than 5% of the total extensor muscle forces 
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Further extension angles activate extensor muscles more, and the contribution of the 
passive muscle forces to the total forces becomes insignificant [56]. The reason is that 
muscle shortening occurs at higher activation levels. As mentioned in section 7.2.3, the 
passive muscle forces are dependent on the length of the muscles. The shorter the 
muscle, the lesser passive force it can generate. For example, as the flexor muscles are 
activated more, the angle of flexion increases while the length of flexors decreases. 
Hence, the flexor muscles produce smaller amounts of passive muscle forces. Similar 
procedure can be defined for lateral bending postures. 

When there is a load (helmet) on the head, the muscles must activate more to maintain 
the posture of head [53]. To illustrate this effect, a 15.6N load was added at [2.5, 0, 4.5] 
cm position relative to the head - 15.6N was the weight of a SPH-5 helmet including the 
communication accessories [87]. The postures in 10, 20 and 30 degrees flexion were 
again simulated. As expected, the head kept on falling with the muscle activation levels 
obtained when there was no extra load. To keep the original posture, the extensors 
were activated to counteract the downward forces coming from the external load. Figure 
75 and Figure 76 show the differences in muscle forces when there is no external load 
and when the helmet is worn. 

Muscle forces in Flexion 10 degrees
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Figure 75 Muscle forces in 10 degrees flexion without external loads 
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Muscle forces in Flexion 10 degrees with 
Helmet
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Figure 76 Muscle forces in 10 degrees flexion with an external load (Helmet) 

The activation of the flexor and extensor muscles is shown in Table 14 when a helmet is 
worn. 

Table 14 Muscle activation in 10, 20, 30 degrees flexion with an external load 

Flexor muscles 
activation 

Extensor muscles activation Posture 

6% 0.9% Flexion 10 degrees 

15% 1.9% Flexion 20 degrees 

22% 1.5% Flexion 30 degrees 
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The extensor muscle activation levels were not found to be proportional to the angle of 
flexion. One reason is due to the passive forces of the extensor muscles, which do not 
rise linearly (i.e. proportional to the angle of flexion). As an example, the extensor 
muscles were required to activate only 1.5% to counteract the helmet load and moment 
at flexion 30 degrees while at 20 degrees flexion extensors activation rise only by 1.9%. 
The forces collected from all the above simulations are listed in Table 15. 
 

Table 15 Passive and active muscle forces of 15 pairs of cervical muscles in 10, 20, 30 degrees 
flexion and extension with and without external load  

Flexion 10 degree Active Passive Total 
Longissimus cervicis 0 0.9399 0.9399 
Longissimus capitis 0 1.752 1.752 
Semispinalis cervicis 0 2.936 2.936 
Semispinalis capitis 0 3.004 3.004 
Spinalus cervicis 0 2.666 2.666 
Spinalus capitis 0 2.178 2.178 
Splenius cervicis 0 5.746 5.746 
Splenius capitis 0 3.11 3.11 
Trapezius 0 15.4 15.4 
Scalenus posterior 9.671 7.97 17.641 
Scalenus medius 12.38 11.13 23.51 
Scalenus anterior 9.301 9.827 19.128 
Longus colli 12.23 10.88 23.11 
Longus capitis 8.531 3.214 11.745 
Sternocleidomastoid 24.92 11.27 36.19 
Flexion 20 degree Active Passive Total 
Longissimus cervicis 0 1.79 1.79 
Longissimus capitis 0 1.951 1.951 
Semispinalis cervicis 0 3.421 3.421 
Semispinalis capitis 0 3.918 3.918 
Spinalus cervicis 0 3.59 3.59 
Spinalus capitis 0 3.355 3.355 
Splenius cervicis 0 9.848 9.848 
Splenius capitis 0 4.715 4.715 
Trapezius 0 20.62 20.62 
Scalenus posterior 24.04 6.13 30.17 
Scalenus medius 30.62 7.593 38.213 
Scalenus anterior 22.8 6.129 28.929 
Longus colli 29.63 8.076 37.706 
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Longus capitis 21.03 2.785 23.815 
Sternocleidomastoid 56.36 6.482 62.842 
Flexion 30 degree Active Passive Total 
Longissimus cervicis 0 2.688 2.688 
Longissimus capitis 0 2.15 2.15 
Semispinalis cervicis 0 3.88 3.88 
Semispinalis capitis 0 4.811 4.811 
Spinalus cervicis 0 4.598 4.598 
Spinalus capitis 0 4.482 4.482 
Splenius cervicis 0 14.7 14.7 
Splenius capitis 0 6.281 6.281 
Trapezius 0 26.21 26.21 
Scalenus posterior 36.08 4.838 40.918 
Scalenus medius 46.52 5.262 51.782 
Scalenus anterior 35.37 3.809 39.179 
Longus colli 44.52 6.026 50.546 
Longus capitis 30.97 2.384 33.354 
Sternocleidomastoid 86.08 3.03 89.11 
Extension 10 degree Active Passive Total 
Longissimus cervicis 2.541 0.1841 2.7251 
Longissimus capitis 2.754 1.526 4.28 
Semispinalis cervicis 5.357 2.381 7.738 
Semispinalis capitis 5.035 2.121 7.156 
Spinalus cervicis 3.224 1.738 4.962 
Spinalus capitis 5.29 1.048 6.338 
Splenius cervicis 6.139 2.4 8.539 
Splenius capitis 6.064 1.585 7.649 
Trapezius 6.802 10.79 17.592 
Scalenus posterior 0.9275 10.37 11.2975 
Scalenus medius 1.155 16.3 17.455 
Scalenus anterior 0.8348 15.94 16.7748 
Longus colli 1.163 14.83 15.993 
Longus capitis 0.8393 3.723 4.5623 
Sternocleidomastoid 2.276 18 20.276 
Extension 20 degree Active Passive Total 
Longissimus cervicis 16.6 0 16.6 
Longissimus capitis 19.09 0.903 19.993 
Semispinalis cervicis 36.91 0.935 37.845 
Semispinalis capitis 34.7 0.4704 35.1704 
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Spinalus cervicis 17.54 0 17.54 
Spinalus capitis 37.13 0 37.13 
Splenius cervicis 43.02 0 43.02 
Splenius capitis 42.49 0 42.49 
Trapezius 50.14 4.146 54.286 
Scalenus posterior 0 14.49 14.49 
Scalenus medius 0 27.89 27.89 
Scalenus anterior 0 35.88 35.88 
Longus colli 0 25.3 25.3 
Longus capitis 0 5.437 5.437 
Sternocleidomastoid 0 34.95 34.95 
Extension 30 degree Active Passive Total 
Longissimus cervicis 13.07 0 13.07 
Longissimus capitis 37.15 0.4783 37.6283 
Semispinalis cervicis 79.27 0 79.27 
Semispinalis capitis 51.95 0 51.95 
Spinalus cervicis 23.6 0 23.6 
Spinalus capitis 55.6 0 55.6 
Splenius cervicis 78.34 2.4 80.74 
Splenius capitis 62.67 1.585 64.255 
Trapezius 71.36 1.357 72.717 
Scalenus posterior 0 15.86 15.86 
Scalenus medius 0 33.49 33.49 
Scalenus anterior 0 51.34 51.34 
Longus colli 0 32.29 32.29 
Longus capitis 0 7.002 7.002 
Sternocleidomastoid 0 43.35 43.35 
Flexion 10 degree with load Active Passive Total 
Longissimus cervicis 1.181 0.9058 2.0868 
Longissimus capitis 1.239 1.752 2.991 
Semispinalis cervicis 2.404 2.927 5.331 
Semispinalis capitis 2.279 2.979 5.258 
Spinalus cervicis 1.439 2.64 4.079 
Spinalus capitis 2.418 2.137 4.555 
Splenius cervicis 2.826 5.618 8.444 
Splenius capitis 2.77 3.058 5.828 
Trapezius 3.062 15.26 18.322 
Scalenus posterior 9.448 8.071 17.519 
Scalenus medius 11.92 11.33 23.25 
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Scalenus anterior 8.776 10.03 18.806 
Longus colli 11.79 11.01 22.8 
Longus capitis 8.442 3.197 11.639 
Sternocleidomastoid 22.86 11.45 34.31 
Flexion 20 degree with load Active Passive Total 
Longissimus cervicis 2.573 1.7 4.273 
Longissimus capitis 2.63 1.945 4.575 
Semispinalis cervicis 5.095 3.394 8.489 
Semispinalis capitis 4.88 3.843 8.723 
Spinalus cervicis 3.051 3.523 6.574 
Spinalus capitis 5.211 3.245 8.456 
Splenius cervicis 6.109 9.448 15.557 
Splenius capitis 5.98 4.57 10.55 
Trapezius 6.542 20.18 26.722 
Scalenus posterior 23.86 6.314 30.174 
Scalenus medius 30.29 7.92 38.21 
Scalenus anterior 22.47 6.442 28.912 
Longus colli 29.42 8.309 37.729 
Longus capitis 20.96 2.773 23.733 
Sternocleidomastoid 55.85 6.814 62.664 
Flexion 30 degree with load Active Passive Total 
Longissimus cervicis 2.084 2.634 4.718 
Longissimus capitis 2.076 2.172 4.248 
Semispinalis cervicis 4.016 3.901 7.917 
Semispinalis capitis 3.889 4.78 8.669 
Spinalus cervicis 2.382 4.637 7.019 
Spinalus capitis 4.181 4.417 8.598 
Splenius cervicis 4.845 14.51 19.355 
Splenius capitis 4.793 6.209 11.002 
Trapezius 5.159 26.06 31.219 
Scalenus posterior 34.94 4.962 39.902 
Scalenus medius 44.32 5.451 49.771 
Scalenus anterior 33.13 3.937 37.067 
Longus colli 43.01 6.078 49.088 
Longus capitis 30.79 2.324 33.114 
Sternocleidomastoid 79.7 3.061 82.761 

 
The initial development and validation process for the HAN model has been explained 
in the above sections and subsections. The following context presents the development 
of models for NECSUS devices, which are then integrated with the HAN model. 
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7.6 Modeling of NECSUS Devices 
 
This section summarizes the current state of development of the NECSUS models 
using simulation software packages. The NECSUS devices under investigation herein 
are BCC, HCV and HAC. Mathematical and analytical modeling of these supporting 
devices is explained in the following context. These models are still under investigation 
and verification. 
 
7.7 External Loads and Moments Applied to the HAN 
 
Since the center of gravity (CG) of each individual HMS were unknown so far (work at 
DRDC Toronto is planned to have them measured), the CG of all HMS with the helmet 
were estimated through literature. Table 16 shows the estimated weights and the CG’s 
of the HMS. 
 

Table 16 Estimation of physical properties of HMS 

Item Weight CG  
Helmet 15.696N (0.03,0,0.21) 
Mask 8.829N (0.1,0,0.12) 
ANVIS (including batteries) 10.3N (0.13,0,0.25) 
Counterweight  5.297N (-0.14,0,0.16) 

 
When taking all HMS into account, the total moment (Mt) is calculated by the following 
equation: 
 

Mt = Σi Mi = Σi Fi Li = Σi Fi (xcosθ + zsinθ)            (9) 
 
where 
 
i: number of devices worn by a pilot (i.e. HMD, NVG, Mask counterweight, and helmet); 
F: the weight of the HMS/Helmet (in Newton); 
L: the length of the moment arm (in meter); 
θθθθ: the bending angle of head/neck system; 
(x,y,z): CG of the HMS/helmet relative to the AOC.      
 
Table 17 lists the moment produced by all the loads in different postures based on 
Table 16. The required supporting force can be calculated in two stages: 
 

• Only helmet is worn; 

• All HMS are worn. 
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Table 17 Moments produced from all HMS loads in different postures 

Posture Produced moment 
Flexion 10 d 3.272 Nm 
Flexion 20 d 4.494 Nm 
Flexion 30 d 5.579 Nm 
Flexion 60 d 7.712 Nm 
Extension 10 d 0.5709 Nm 
Extension 20 d -0.8267 Nm 
Extension 30 d -2.199 Nm 
Extension 40 d -3.5049 Nm 
Extension 50 d -4.704 Nm 

 
Figure 77 and Figure 78 show the estimated total of moments coming from the external 
loads (HMS) at both flexion and extension postures. As shown, the produced moments 
at flexions increases while flexion angle rises. This is a result of the moment arm of 
HMS, which increases as flexion angles increase in reference to the neck pivot point. 
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Figure 77 Moment produced by HMS at midsagittal flexion postures 
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Figure 78 Moments produced by HMS at midsagittal extension postures 

 
 
In contrast, at extension postures, the moment has a negative trend. The point where 
the line shown in Figure 78 crosses the x-axis (15 degrees extension) is where all the 
loads are balanced and CGs of HMS and head are all aligned, passing through the neck 
pivot point. Based on this trend, the minimum of 15-degree extension angle was 
considered as the starting angle where an external support should be introduced. 
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7.8 Modeling of the Bracing Collar Concept 
 
The bracing collar design comprises (i) a base wire frame with upper padding surface 
on which the chin sits and (ii) lower frame, which rests on the lower neck (as shown in 
Figure 79).  In flexion, a major supportive force of the device comes from the twisting of 
the horizontal wire frame at the back of the device. When the user’s chin pushes 
downward, the vertical wire frame will rotate about point A and the horizontal wire frame 
will produce an opposing torsional moment, as shown in Figure 80. 
 
 

 
Figure 79 Front view of BCC configuration (Symmetrical) 

 

 
Figure 80 Opposing moment produced about point A from BCC in flexion 

 
To model this configuration, the top wire frame is considered as one rigid body and it is 
connected to a joint that has one degree of rotational freedom along the y-axis (the axis 
is in the direction of left to right of the device). The material used is stainless steel 302, 
which has a modulus of torsion of 68947570000 N/m2. The following calculations show 
how the theoretical radius of the material is obtained to support a 15.6N load (helmet) in 
flexion 10 degrees of the head. 
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The BCC parameters used for the calculations are (as shown in Figure 81): 

• Height (length of vertical wire frame): 0.12m 
• Length of top wire frame: 0.2m 
• Length of horizontal wire frame: 0.1m 

 

Figure 81 Left: The head and BCC at flexion 10 degrees, right: BCC’s dimension at 10 degrees flexion  

 
Location of CG of helmet is considered as x=3.5, y=0, z=4.5 cm relative to the central 
axis of the head in upright posture. Based on these considerations and arrangements 
shown in Figure 81, the total moment coming from the helmet load in 10-degree flexion 
around the neck pivot point would be: 
 

M = 15.6 (0.2053 sin(10) + 0.035 cos(10) + 0.045 sin(10)) = 1.2157Nm 
 
Table 18 shows the amount of moment generated from this helmet load in other 
postures calculated using the same way as the one demonstrated above. 
 

Table 18 Moments produced from 15.6N helmet in different 
midsagittal-flexion postures around the neck pivot point 

Posture Produced moment 
Flexion 10 d 1.216Nm 
Flexion 20 d 1.848Nm 
Flexion 30 d 2.425Nm 
Flexion 60 d 3.655Nm 
Extension 10 d -0.140Nm 
Extension 20 d -0.822Nm 
Extension 30 d -1.480Nm 
Extension 40 d -2.092Nm 
Extension 50 d -2.640Nm 

 
Location of the chin is considered to be at x=5, y= 0, z= -10 cm relative to CG of the 
head in upright posture. Thus, the equivalent force required for opposing the moment 
produced by the helmet at the chin (upper padding surface of BCC) would be: 
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F = 1.2157 / (0.05 cos(10) + 0.1053sin(10)) = 18N 

 
The horizontal distance from the chin to the pivot point of the device is calculated by: 
 
 d = sqrt ( (0.2^2 + 0.12^2) – 0.095^2 ) = 0.213m 
 
The torsion angle of the horizontal wire frame can be calculated as:  
 
 θ = (90 – atan (0.2/0.12) – atan (0.095/0.213)) * pi / 180 = 0.122rad 
 
Hence, the required moment from the BCC device would be: 
 
 T = 18 (0.213) = 3.834 Nm 
 
Equation of the moment coming from the torsion at the pivot point of device is: 
 
 M / n = G (pi R^4 / 2) (θ / L)       [88]     (10) 
 
where: 
 
n = number of torsion elements in the device (2: left and right) 
G = modulus of torsion (68947570000 N/m/m for Stainless Steel 302) 
R = radius of the base frame 
L = length of the wire frame (0.1m) 
θ = torsion angle (radians) 
 
The radius of the torsion wire frame can be calculated as follows:  
 
 R = (M * L / 2 / θ * 2 / pi / G )^1/4 
 R = (3.834 / 2 * 0.1 / 0.122 * 2 / pi / 68947570000)^1/4 = 0.00195m = 1.95mm 
 
The radius of the horizontal wire frame calculated as 1.95mm would support the head at 
10 degrees of flexion with a 15.6N helmet load. The radius of the horizontal wire frame 
for 20 degrees and 30 degrees of flexion were calculated similarly, as listed in Table 19. 
 

Table 19 Calculated radii of the horizontal wire frame of BCC device in four flexion 
postures when only helmet is worn 

Posture Force required 
from BCC 

Twisting angle of 
horizontal wire frame 

Radius of horizontal 
wire frame 

Flexion 10 d 18N 7 degrees 1.95mm 
Flexion 20 d 22.27N 10.5 degrees 1.87mm 
Flexion 30 d 25.28N 14.5 degrees 1.79mm 
Flexion 60 d 
(full flexion) 

31.45N 28.7 degrees 1.61mm 
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As the rotation of the head in flexion increases, the required radius of the horizontal wire 
frame decreases. The reason for this is because the rate at which the force required 
from the BCC increases is lower than the rate of increase in the twisting angle of the 
horizontal wire frame. Therefore, the horizontal wire frame requires a shorter radius to 
counteract the external load as the head rotates more. 
 
At full flexion (60 degrees), the radius of the horizontal wire frame required for 
supporting all the loads is 1.94mm. The following table shows the amount of support 
provided by 1.94mm wire frame in 10, 20, 30 degrees of flexion. 
 

Table 20 Provided flexion support using 1.94mm wire frame in BCC when all HMS are worn 
Posture Force produced from 

external loads to the 
padding surface of BCC 

Provided opposing force 
from BCC 

% support 

Flexion 10 d 48.46N 17.57N 36.3% 
Flexion 20 d 54.15N 25.71N 47.5% 
Flexion 30 d 58.14N 34.72N 59.7% 
Flexion 60 d 66.37N 66.37 100% 

 
The wire frame can only support the head and neck in midsagittal-flexion postures. To 
support the head and neck in midsagittal-extension postures, a stainless steel spring 
strap is attached to the back of the BCC (as shown in Figure 82). The strap produces 
the supportive force by deflection. The mechanical properties of the stainless steel 
spring straps were unavailable prior to the calculations. Therefore, a systematic 
experiment was designed and conducted to measure the amount of support the straps 
can provide at different extension angles. The dimension of one strap was 160 mm x 6 
mm x 0.6 mm. For experimentation, two straps were used side by side. The bottom 
ends of the straps were held with a clamp, and pre-set weights were suspended at the 
top ends. Table 21 listed the amount of support the straps can provide in different 
extension angles. Figure 83 shows a schematic of deflection of the extension straps at 
10 degree extension posture.  
 
 

 
Figure 82 Extension spring attached to the back of BCC device 
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Table 21 Provided supporting force of extension straps through deflection mechanism 

Posture Vertical displacements of straps Tolerable load by straps 
Extension 10 d -2.0cm 3.433N 
Extension 20 d -4.4cm 4.120N 
Extension 30 d -7.1cm 4.611N 
Extension 40 d -10.2cm 5.395N 
Extension 50 d -13.4cm 6.867N 

 

 
Figure 83 Schematic of extension straps in supporting the head/neck system through deflection opposing 

force  

 
The length of the moment arm of the supportive force active on the head and neck 
(extension straps) is calculated as follows: 
 

L = 0.16 sin(θ) + 0.1cos(θ)   (θ = extension angle) 
 
The force required from BCC is: 
 
 F = M / L     (M = moment required) 
 
With all the HMS taken into account (required moments are listed in Table 17), having 
two 10mm x 6mm x 0.6mm straps side by side yields the highest support in 20 degree 
extension. Therefore, the use of two extension straps would be enough to provide 
significant and sufficient support at all extension straps (as listed in Table 22).  
 

Table 22 Support level at four extension angles using two side by side extension straps 

Posture Forces required 
from BCC 

Forces provided by 
BCC 

% support 

Extension 20 d 5.56N 4.120N 74.1% 
Extension 30 d 13.2N 4.611N 34.9% 
Extension 40 d 19.5N 5.395N 27.7% 
Extension 50 d 25.17N 6.867N 27.3% 
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7.9 Modeling of the Helmet Attachment Concept (HAC) 
 
The HAC design is composed of a linear spring and pieces of spring straps sandwiched 
between two layers of rubber (see section 4.6). As the HAC attaches dorsally to the 
back of the helmet from one end and to a vest jacket from the other end, the supporting 
mechanisms for all postures are provided dorsally. In flexion postures, the linear 
spring’s tension force counteracts the weight of the helmet by applying a pulling force to 
the helmet. In extension, a arrangement of extension straps similar to the one defined 
for the BCC design is placed side by side. Similarly, the deflection of straps 
appropriately produces opposing forces. 
 
In flexion, the calculations were performed to identify the spring constant k, based on 
the following assumptions: 
 

• Flexion 10 degrees of the head and neck; 

• The free length of the spring is 14 cm; 

• In upright posture, the spring is attached in parallel to the neck, 10 cm away from 
the neck pivot point; 

• In upright posture, initial elongation of the spring is 2 cm, as shown in Figure 84. 
 

 
 

Figure 84 Posture of the head and neck at upright and flexion 10 degrees with HAC attached dorsally 

 
At 10 degrees flexion, the length of the spring was measured in an unmanned 
experiment as 17.74 cm (3.74 cm elongation). 
 
From the BCC calculations, it was known that the moment produced by the 15.6N 
helmet load was as follows: 
 

M = 1.2157 Nm  
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The equation for the moment produced by the spring can be calculated as follows: 

 
Mspring = Fspring x n x 0.1 sin(81.5)  
Mspring = 1.2157 Nm to support the 15.6N helmet 

 
 N, is the number of springs (2 in the model) 
 

Fspring = 6.145N 
Fspring = 6.145 = k x dx = k x 0.0374 
k = 164.5N/m 

 
The above calculations were repeated for flexion of 20, 30 and 60 degrees and the 
calculated spring constant were listed in Table 23. 
 

Table 23 Calculation of spring constant at four flexion angles when only helmet is worn 

Posture Spring elongation Required spring constant (k)  
Flexion 10 d 0.0374m 164.5N/m 
Flexion 20 d 0.0543m 179N/m 
Flexion 30 d 0.0705m 192N/m 
Flexion 60 d (full flexion) 0.1075m 196N/m 

 
When taking into account all the HMS, the required moment coming from the spring 
would be 3.272 Nm in 10 degree flexion. Thus, the same calculations were carried out 
and the spring constant required to fully support the head and neck at 10 degree flexion 
was found to be 442.3 N/m. Table 24 shows the amount of support with k = 442.3N/m 
spring provided for 20, 30 and 60 degree flexion. 
 
 

Table 24 Supporting level of HAC design when all HMS are loaded using extension spring 
with (k= 442.3 N/m)   

Posture Force required from HAC Force of HAC % support 
Flexion 20 d 47.31N 48.03N 102% 
Flexion 30 d 55.82 N 62.36N 112% 
Flexion 60 d 111.12N 95.09N 85.6% 

 
 
In extension postures, the spring straps produce support for the external loads on the 
head. Since the mechanical properties of the straps were unknown, a practical 
experiment was designed and conducted to measure the amount of support the straps 
could provide at each extension angle (similar to the BCC design). The dimensions of 
each one of the examined straps were 160 mm x 6 mm x 0.6 mm. At the experimental 
stage, two straps were placed side by side. The bottom ends of the straps were held by 
a clamp and weights were suspended at the top ends. Table 25 shows the amount of 
opposing force the straps can provide in different extension angles. 
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Table 25 Vertical displacement of spring straps and tolerable loads at four extension 
angles 

Posture Vertical displacement  Tolerable load 
(deflection) 

Extension 20 d -4.4cm 4.120N 
Extension 30 d -7.1cm 4.611N 
Extension 40 d -10.2cm 5.395N 
Extension 50 d -13.4cm 6.867N 

 
 
Similarly to the BCC extension straps, the opposing forces required and the level of 
support provided by the straps when all external loads are applied, are listed in Table 26 
for the HAC design. 
 
 

Table 26 The required opposing force, the provided opposing force and support level of 
two spring straps in HAC design at four extension angles 

Posture Forces required from 
HAC 

Forces provided by 
HAC 

% support 

Extension 20 d 5.56N 4.120N 74.1% 
Extension 30 d 13.2N 4.611N 34.9% 
Extension 40 d 19.5N 5.395N 27.7% 
Extension 50 d 25.17N 6.867N 27.3% 
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7.10 Modeling of the Hooded Collar Vest (HCV) 
 
The hooded collar vest design (HCV) is composed of five to seven optimally configured 
straps placed around the hood that surrounds the neck circumference. Locations of the 
straps are shown schematically in Figure 85. In this design, the supporting mechanism 
is based on deflection of spring straps attached at circumferential points of the collar. 
Hence, in all flexion and extension postures similar supporting mechanism would be 
involved. 
 

 
Figure 85 Schematic of HCV configuration and arrangement of support straps in the collar area 

 
Since the mechanical properties of the straps were unknown, a systematic experiment 
similar to the one performed for HAC and BCC design was devised and performed. This 
time, the dimensions of the examined strap were 20 mm x 8 mm x 0.4 mm. Again, the 
mechanical properties of the spring straps were unknown. Therefore, an unmanned 
experiment conducted was aimed to measure the amount of support one straps can 
provide in flexion. Deformation of the straps was controlled to follow the curvature of the 
neck to the torso and all the way underneath the chin. Table 27 shows the experimental 
results for the spring straps at six flexion angles. 
 

Table 27 Opposing force produced by deflection resistance of one spring strap at six 
flexion angles 
Posture Amount of applied load  
Flexion 10 d 0.9kg 
Flexion 20 d 1.4 kg 
Flexion 30 d 1.7 kg 
Flexion 40 d 2.1 kg 
Flexion 50 d 2.154 kg 
Flexion 60 d (full flexion) 2.554 kg 
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MS Excel was subsequently used to generate an empirical equation, which relates the 
postures and the amount of support (F) that the HCV device could provide, using the 
best fit curve as follows: 
 
 F = 8.6702 Ln(θ) -11.801    (θ = flexion angle)  
 
The moment arm (L) for the calculation was obtained using this equation as: 
 

L = 0.08sinθ + 0.1cosθ    (θ = flexion angle)  
 
When the head is fully loaded with HMS set in the configuration similar to the one used 
in the BCC device calculations, the optimum number of straps required for maximum 
support at 60 degrees flexion is calculated as two at each frontal side. Table 28 shows 
the amount of support the optimum HCV can provide in different flexion angles. 
 
 

Table 28 Opposing forces provided when all HMS are donned and two pairs of straps 
are used for flexion support 

Posture Forces required from 
HCV 

Forces provided by 
HCV 

% support 

Flexion 10d 29.12N 16.33N 56.1% 
Flexion 20d 37.04N 28.34N 76.5% 
Flexion 30d 44.07N 35.38N 80.2% 
Flexion 60d 64.65N 47.40N 73.3% 

 
 
A similar experiment was designed and conducted for extension postures. Again, there 
were two spring straps at the back. The dimensions of the straps were 20 mm x 6 mm x 
0.6 mm. MS Excel was used to generate an empirical equation that reflects the 
relationship between the postures and the total weight the device could support, as 
follows:  
 

F = 0.0932θ + 1.2263     (θ = extension angle)  
 
The total force the device could support was linearly dependent on the posture. The 
moment arm (L) for the calculation was obtained as the following equation: 
 

L = 0.12sinθ + 0.08cosθ    (θ = extension angle)  
 
F = M / L       (M = moment required) 

 
When the head is fully loaded with HMS, the optimum number of straps required to fully 
support 50 degrees full extension was two on each lateral-dorsal side, since the 
percentage support would be the highest at 20 degree extension. Table 29 shows the 
amount of support the optimum HCV can provide at different extension angles. 
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Table 29 Supporting level of two pairs of spring straps when all HMS are worn at extension 
postures 

Posture Forces required from 
HCV 

Forces provided by 
HCV 

% support 

Extension 20 d 7.11N 6.181N 86.9% 
Extension 30 d 17.0N 8.045N 47.3% 
Extension 40 d 25.3N 9.909N 39.2% 
Extension 50 d 32.8N 11.773N 35.9% 

 
 
As shown in Table 29, the required support in extension rises exponentially relative to 
the extension angle. The reason was that most of the CG’s of the HMS were at the front 
of the head in the upright posture. At small extension angles, the moment arms of the 
weights of the HMS are relatively short and hence create small moments. At large 
extension angles, the moment arm increases and, consequently, high moments are 
produced by the external loads. 
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7.11 NEXST Expert System: Overall Framework and GUI Design 
 
Neck EXpert SysTem (NEXST) Version 1 has been developed using ESI’s 
proprietary Expert System Integrated Development Environment (ESIDE®) that 
allows seamless integration with AutoCAD design environment, Simulink modeling 
framework, two Fuzzy logic solvers, and other critical features. The entire 
environment and its GUI can be customized using Visual C++®. 
 
Accordingly, the NEXST Expert System’s graphical user interface (GUI) screens and 
its overall operation logic have been conceptually developed, prototyped, and then 
implemented within ESIDE using Visual Studio .NET® and other customizable 
means provided by ESIDE. AutoCAD programming environment have been 
previously integrated into ESIDE using an object-oriented ObjectARX® library for 
customization of AutoCAD appearance and overall functionality. For instance, in 
NEXST, functions from the ObjectARX library were used for drawing the muscles 
and transforming the postures of the head and neck. Also, the MFC libraries were 
used to create the dialog windows in AutoCAD to allow the user to input the 
parameters of the simulation. The following pages describe six steps used for setting 
up a simulation and obtaining the results in NEXST Expert System. 
 

Figure 86 shows the initial screen which user can see when the program starts. The 
options available in the top menu are listed as follows: 
 

• Display Objects: 
� Display objects; 
� Reload original posture; 
� Legend; 
� Animation.  

• Head/Neck: 
� Setup properties 

• LOADS: 
� Setup 

• Simulation: 
� Start  

• Results: 
� Final posture; 
� Animation; 
� Muscle forces; 
� Excel.  

• Help. 
 

The options are organized in the order of the process of performing the simulation. 
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Figure 86 GUI environment to set up modeling parameters of NECSUS devices and HAN system 

 

Under the Display Objects option, the user can set the objects to be displayed in the 
screen, reload the upright posture and run the animation of the head and neck in full 
flexion and extension postures (as shown in Figure 87). The 3D design can be 
orbited to any viewpoint and the alteration of muscle tensions can be visualized 
interactively through changing colours of the muscles. The legend of the muscle 
colours can be displayed by clicking the Legend option. The colour represents the 
muscle tension in certain muscles (as shown in Figure 88). 
 

 
Figure 87 Display object’s pop-down menu 
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Figure 88 Muscle tension legend 

 
Under the Display Objects option, the user can specify the objects to be displayed 
by checking the corresponding boxes (as shown in Figure 89). As the user chooses 
a particular NECSUS device to be viewed, another window will pop up for setting up 
this NECSUS properties (as shown in Figure 90). 
 
 

 
Figure 89 Pop up window to choose displaying objects 
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In NECSUS properties window, the user can select the NECSUS device under the 
device combo box. The display image will change accordingly to the selected 
device. The properties of selected device can also be adjusted. Figure 90 shows this 
window when BCC device has been selected. 
 

 
 

Figure 90 Pop up window to choose any of NECSUS devices and set up the properties required 

 

 
Under the Head/Neck option, the user can set up the properties of the muscles, the 
skull and the vertebrae. In the Muscles combo box, the user can select any of 
cervical muscles and alter its properties accordingly. Muscles’ physiological 
properties such as: cross-sectional area (Apcsa), free length (Lfree) and reference 
length (Lref) can all be changed. The Body Mass of the person can be entered and 
subsequently the mass of the skull and vertebrae are calculated automatically. 
When these properties are set up, the user will need to click the Update button to 
update the properties in database. 



 

123 

 
The activation level of the muscles, which affect the posture of the head and neck in 
the simulation, can also be set up. The user can enter the activation levels for all the 
flexors and extensors individually and then click on the SET button.  To assist the 
user in setting up the activation levels faster, there is an option to specify the same 
activation level for all flexors or extensors. In the bottom of the dialog window, the 
user can choose a list of predefined postures for the simulation. The activation level 
of the muscles will change automatically according to the predefined posture. 
Finally, when all the properties are set up, the user can click the Ok button to save 
all the head and neck properties of the simulation or click the Cancel button to exit 
from this setting window without any saving. Figure 91 and Figure 92 show the 
Head/neck pop down menu and Setup properties dialog window. 

 

 
Figure 91 Head/neck pop-down menu 

 

 
Figure 92 Window for setting up head/neck properties 
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Under the LOADS option, the user can set up the mass and moments of inertia of 
the external loads attached to the head/neck and helmet system. Moment of inertia 
in three axes for all HMS can be set up prior to running the simulation. Figure 93 and 
Figure 94 show the LOADS pop down menu and setup dialog window, respectively. 
 

 

Figure 93 LOADS pop-down menu 
 

 
Figure 94 LOADS setup window 

 

After setting up all the parameters, the user can start the simulation using an 
appropriate link to the model solver implemented as Simulink executable. To start 
the simulation, click the Start button under the Simulation menu as shown in Figure 
95. 

 
Figure 95 Simulation pop down menu 
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The simulation will take around 10 min to finish completely on Pentium® 4, 2.4 GHz 
computer due to the complexity of the model. Figure 96 shows the screenshot of the 
dialog window generated when the simulation is running. 
 

 
 
Figure 96 Screenshot of the dialog window when simulation is running: Simulink-based model solver 

is running in the background and the results are saved in text files 
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Under the Results option of NEXST Expert System, the user can choose Final 
Posture, Animation, Muscle Forces and Excel link. 
 

 
Figure 97 Results pop down menu 

 
Figure 98 shows a sequence of head/neck model from highly extended to highly 
flexed postures. The first sequence of images is based on the ‘bare’ unprotected 
head with no external loads applied. The second sequence of images shows the 
cervical muscles in the case where HMS are donned. For visualization of muscles 
activity, the skin layer of cervical region has been deleted in Figure 98. By clicking 
the Animation option under the Results menu, the entire motion sequence starting 
from the upright posture and ending at the final posture will be generated and shown 
sequentially. 
 



 

 
 

  

 
 

Figure 98 A
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The muscle forces in the final posture can be displayed either by clicking Muscle 
Forces (Figure 99) or Excel links (Figure 100). In the former case, the time history of 
muscle tensions can be created as charts or graphs in MS Excel. When opening the 
Results.xls Excel worksheet and running the predefined macro by pressing Alt+F8, the 
graphs show the muscle forces at a final posture.  
 

 
Figure 99 Muscle forces in full flexion shown in NEXST GUI 

 
Figure 100 Profile of left and right muscle forces shown in Excel file 
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8 Quantitative Comparison of the Support Levels 
Provided by NECSUS Devices in Inactive Mode 

 
Based on initial experimental work and simulation of head/neck system and NECSUS 
devices, the required and actual supporting force have been estimated for each one of 
prototyped designs. These estimations are based on currently available information 
regarding neck injury criteria, head/neck modeling and HMS physical and 
biomechanical properties.  
 
As the mechanism for application of forces, which are produced by NECSUS devices 
for opposing the helmet/HMS loads, varies from one device to another, the required 
forces would be also different. The following subsections explain these estimations for 
both flexion and extension postures in midsagittal plane for all prototype NECSUS 
devices under development. 
 

Table 30 compares the estimated amount of support that the symmetrical BCC device 
with chin resting pad can provide (see section 4.3.4) with the theoretical magnitude of 
moment required from the device to support helmet only in the midsagittal-flexion 
postures.  
 
Table 30 Estimation of obtained support from the prototyped BCC device (symmetrical with 
chin pad) in four flexion angles  
Posture Force required from 

theoretical model 
Force the current device can 
support 

% support  

Flexion 10 d 18N 1.1772N 6.5% 
Flexion 20 d 22.27N 2.943N 13.2% 
Flexion 30 d 25.28N 5.395N 21.3% 
Flexion 60 d 
(full flexion) 

31.45N 11.28N 35.9% 

 

Table 31 compares the estimated amount of support that the symmetrical BCC device 
can provide with the theoretical magnitude of moment required from the device to 
support only helmet in midsagittal-extension postures.  
 
Table 31 Estimation of  obtained support from the prototyped BCC device (symmetrical with 
dorsal deflection strap) in four extension angles 
Posture Forces required from BCC Forces provided by BCC % support 
Extension 20 d 5.56N 4.120N 74.1% 
Extension 30 d 13.2N 4.611N 34.9% 
Extension 40 d 19.5N 5.395N 27.7% 
Extension 50 d 25.17N 6.867N 27.3% 
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Table 32 compares the estimated amount of support that the current HCV prototype 
device can provide with the magnitude of moment theoretically required from the device 
to support only helmet load and moment in flexion postures [19]. 
 

Table 32 Estimation of required and provided supporting forces by passive spring straps 
inserted into the HCV design (only helmet is helmet is worn) 
Posture Forces required from HCV Forces provided by HCV % support 
Flexion 10d 10.82N 8.163N 75.4% 
Flexion 20d 15.24N 14.17N 93.0% 
Flexion 30d 19.15N 17.69N 92.4% 
Flexion 60d 30.63N 23.70N 77.4% 

 

Table 33 compares the estimated amount of support that the HCV device can provide 
with the magnitude of moment theoretically required from the device to support only 
helmet load and moment in extension postures [19].  
 
Table 33 Estimation of provided support from spring straps at extension postures when only 
helmet is worn 
Posture Forces required from HCV Forces provided by 

HCV 
% support 

Extension 20 d 7.07N 3.0903N 43.7% 
Extension 30 d 14.8N 4.0223N 27.1% 
Extension 50 d 18.4N 5.8863N 32.0% 

 

In the current prototype HAC device, the spring has a constant value of 50N/m. The 
level of support this could provide in the midsagittal-flexion postures are listed in Table 
34. The use of a stronger spring will increase the support level.  
 
Table 34 Estimation of support from spring straps in HAC design for flexion postures when 
only helmet is worn (spring constant 50 N/m) 
Posture Force required from 

theoretical model 
Force current design 
can support 

% support 

Flexion 10 d 12.29N 5.3955N 43.9% 
Flexion 20 d 19.46N 6.3765N 32.8% 
Flexion 30 d 27.08N 7.3575N 27.2% 
Flexion 60 d (full flexion) 42.2N 9.81N 23.2% 
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The extension support from the HAC device is provided by deflection (bending) of 
spring strap(s) to the helmet from one end and to the extension spring(s) from the other 
end. The levels of support obtained from these passive elements in extension postures 
are listed in Table 35.  
 
Table 35 Estimation of provided support from spring straps integrated to the HAC design 
when only helmet is worn 
Posture Forces required from 

HAC 
Force the current device 
can support with 2 straps 

% support 

Extension 20 d 5.53N 0.86N 15.6% 
Extension 30 d 8.24N 2.433N 29.5% 
Extension 40 d 11.66N 4.40N 37.7% 
Extension 50 d 14.13N 7.81N 55.3% 
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9 Summary and Conclusions 
 
In this project, novel conceptual design alternatives for a Neck Support System 
(NECSUS) are proposed and investigated for helicopter pilots flying S&R missions. 
Wide-ranging investigations on diverse materials and support mechanisms performed 
in the course of this project have resulted in a number of categorical neck-support 
devices (NECSUS). The prototype categories of NECSUS devices are categorized on 
the basis of the support mechanism and attachment strategy to the helmet and upper 
body. These mainly include BCC: Bracing Collar Concept; HCV: Hooded Collar Vest; 
HAC: Helmet Attachment Concept. Other categories are also introduced for future 
study. The investigated prototype configurations result in considerable support at 
extension/flexion postures in mid-sagittal plane. Integration of appropriate active and 
smart materials based actuators and fabrics into each one of the proposed NECSUS 
prototypes further enhances their efficiency. 
 
The smart and active materials with significant potential to be integrated into each one 
of these devices for enhanced protection have been identified and investigated 
analytically and experimentally. The pros and cons of each trial configuration have 
been initially evaluated in unmanned experiments. Estimates of support levels provided 
by each prototype configuration have been established through analytical and 
mathematical modeling. The results have shown that significant support is potential 
provided by prototype NECSUS devices in flexion and extension postures.  
 
To properly configure and optimize BCC/HCV/HAC concepts, a reliable computational 
framework must be constructed to simulate and quantitatively investigate various 
loading conditions for the head/neck/NECSUS system.  Subsequently, the dynamic 
models of prototype NECSUS devices are developed and linked to the head/neck 
simulation package through Neck EXpert System (NEXST) for modeling the effects of 
various support strategies on the cervical complex. The support levels and system 
configurations can be further optimized using the modeling framework incorporated into 
NEXST. 
 
Prototype NECSUS devices are designed to fulfill the following desired requirements: 
 

• Minimum of 30% support in head/neck flexion and extension postures; 
• Self-contained (no external connection to cockpit devices is preferred); 
• Adjustability and wearability for different gender and pilots with diverse 

anthropometrical head/neck parameters; 
• Reliability, robustness, and durability at any operating conditions; 
• Low EMF noise and no interference with the cockpit equipment;  
• Ease of fastening and releasing in emergency situations;  
• Appealing appearance with desired comfort; 
• Compactness and low weight. 
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NECSUS alternatives have been extensively developed and practically prototyped in 
line with these design requirements and then tested to examine their performance and 
compare it with results generated through simulations. A wide range of active and 
smart materials have been investigated, examined and quantitatively compared to 
establish plausible neck protection design alternatives. Integration of appropriate active 
and smart materials into each one of the above configurations resulted considerable 
support at extension/flexion postures in mid-sagittal plane. However, further 
investigation is required to fulfill the performance requirements and achieve acceptable 
levels of comfort. 
 
A preliminary experimental protocol has been designed for measuring changes in 
physiological parameters of the cervical complex as a function of head/neck 
anthropometrical parameters, head/neck motions, external loads and moments, and 
compliance of NECSUS devices. Preparation for experimental work with NECSUS 
design alternatives is ongoing. 
 
Planned modifications and enhancements for prototype NECSUS devices have been 
presented as a part of future work definition. 
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10 Future Work 
 
In accordance with the research and development work planned for this phase of the 
project and the work accomplished so far on prototyping and modeling NECSUS 
devices, the following next-phase steps are to be carried out to complete the 
development of the NEXST simulation and modeling package and also reconfigure and 
optimize currently built prototypes. 
 

(i) Incorporating DYMOLA-based components of HAN model, including 
biochemical blocks, etc. Seamless interface of NEXST Expert System with 
Dymola environment; 

(ii) Incorporating Finite Element modeling and simulation data using 
appropriately set parameterized nonlinear approximation techniques and 
fuzzy logic modeling; 

(iii) Collection of accurate measurements of biomechanical properties of HMS 
being used for experimentation, as well as human measurements, with 
subsequent incorporation of this data into NEXST Expert System; 

(iv) Completion of analytical and mathematic modeling of NECSUS devices at 
other flexion/extension postures than midsagittal plane; 

(v) Performance of a qualitative survey, investigating the level of comfort, 
appearance and compatibility of NECSUS devices; 

(vi) Validation of NECSUS models through running a systematically planned 
unmanned experimentation;  

(vii) Modeling active and smart material supporting elements being integrated into 
NECSUS devices for further evaluation and optimization; 

(viii) Choosing and integration of appropriate sensors embedded to NECSUS 
devices for automation of support mechanism; 

(ix) Integration of the developed NEXST model with data acquisition sensory 
system for monitoring and updating cervical muscles’ activities and 
subsequently triggering real-time NECSUS actuation control system. 

(x) Development, integrating, and testing of Versions 2 and 3 of optimized 
prototype NECSUS devices on the basis of results of Tasks (i)-(ix) above and 
in continuation of prototype NECSUS devices Version 1. 
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12 Abbreviations and Definitions 
 
Active materials: Materials that change their physical or mechanical properties when 
either electromagnetical field is applied, surrounding environmental properties change 
ANVIS: Aviator's Night Vision Imaging System 
BCC: Bracing Collar Concept 
CG (COG): Center of Gravity 
DE: Dielectric Elastomers 
ERF: Electro-rheological Fluids 
HAC: Helmet Attachment Concept 
HAN: Head and Neck  
HCV: Hooded Collar Vest 
HMS: Head Mounted Systems 
HUD: Head Up Display 
ICC: Inflatable Cervical Collar 
IPMC: Ionomeric Polymer-Metal Composites   
MRF: Magneto-rheological Fluids 
NECSUS: Neck Support(ing) Systems 
NEXS: Neck EXpert System 
NVG: Night Vision Goggles 
sEMG: Surface Electromyography 
SMA: Shape Memory Alloys 
Smart materials: Materials which change their compliance due to conditional changes. 
The condition changes may be physical, mechanical, chemical, including artificially 
induced and natural environmental ones. 
SMP: Shape Memory Polymers 
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