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Abstract 
 
Helmet-mounted systems (HMS) designed to enhance a pilot’s performance can 
also adversely affect the pilot’s safety by increasing the potential of neck injury 
during helicopter operations, high-acceleration aircraft manoeuvres, and/or a pilot’s 
ejection process. As a potential solution to these problems, four conceptual designs 
for Neck Support System (NECSUS) have been introduced and investigated during 
Phase I of this project. During the current Phase II, design and implementation of 
most suitable NECSUS prototypes have been performed towards manned testing. 
Shape Memory Alloys (SMA) have been chosen as an active-material actuating 
mechanism for the NECSUS configurations developed in Phase II. Gradual-onset 
activation, compactness, and ease of packaging of the novel SMA-based Modular 
Support Units (MSU) developed during Phase II encourages the use of this 
conceptual architecture in NECSUS.  
 
Optimized configuration and arrangement of SMA and SE (Super Elastic) elements 
have been achieved through unmanned in-house experiments accompanied by 
modeling and simulation techniques. Several experimental test-rigs were built and a 
testing dummy was custom-configured to collect further data being used for the 
integrated neck model and verification stages. Numerical and analytical modeling 
and simulation of both prototype NECSUS and head/neck system were conducted 
using a special integrated neck model and expert system developed using 
Dymola/Modelica package. 
 
The real-time NECSUS control system developed considers two issues: the support 
‘activation onset’ and ‘activation duration’. The currently implemented control system 
has been implemented using a real-time microcontroller unit, which can be invoked 
using either manual or automatic operation modes. To enhance the functionality of 
NECSUS in either one of these two modes, a calibration procedure has been 
defined and implemented. Intelligent control algorithms have were conceptualized 
that would enable NECSUS to perform manual or automatic adjustment of the 
required support based on the intensity of angular neck motions and/or other 
operational factors. Several in-house electro-mechanical experiments were carried 
out to minimize the power consumption involved in actuating the SMA elements. 
 
 
Résumé 
 
[Enter text: French] 
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Executive Summary 
 
Two recognized problems facing pilots are avoiding injury potentially induced by 
wearing heavy helmet mounted systems (HMS), and minimizing the pain and fatigue 
caused by those loads. Alleviating these problems would assist in achieving optimal 
mission performance and minimize loss of flight personnel to injury. Helmet mounted 
systems such as night vision goggles (NVG), helmet mounted displays (HMD), 
battery packs, counter-weights, protective masks, and many others can provide 
valuable assistance to helicopter pilots during flight operations. In contrast, 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, leading to neck pain and injuries. 
 
Preventative cervical injury devices have been developed in the past, including 
cervical collars, inflated thoracic defensive 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.  Unfortunately these devices prevent cervical injury 
by restricting the motion of the head, and thus they would not be applicable for use 
by helicopter pilots. 
 
Based on the neck support requirements for pilots and considering applicability of 
suitable smart and active materials, a total of four categorical designs have been 
introduced and investigated during Phase I of this project. These are different in 
terms of supporting-force strategies and methods of attachment to the pilot’s 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.  
 
In Phase II, further development, design and prototyping of the above categorical 
NECSUS prototypes were carried out. New versions of prototyped NECSUS 
developed in Phase II include:  

• Two new inactive HAC devices; 
• An electro-active integrated HAC device; 
• Two versions of electro-active HCV device.  

 
SMA (Shape Memory Alloys) was chosen as an electro-active drive for active 
devices defined above. The currently integrated NECSUS device relies on multiple 
SMA-based modular support units (MSU) strategically incorporated into a pilot’s 
neck support collar. Gradual-onset activation, compactness, modularity, and ease of 
packaging characterize MSU’s-based prototype NECSUS. For instance, one current 
prototype NECSUS is activated by feeding power directly through MSU’s SMA 
elements. The other prototype operates by feeding power  through dedicated high-
efficiency micro-heaters that are tightly coupled with SMA elements within each 
MSU. The micro-heaters convey activating energy to the SMA wires within each 
modular support unit. Each method has its own advantages. MSU’s characteristics 
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can be controlled through either using current flow through SMA material itself or 
through micro-heaters packaged into the MSU’s. 
 
Optimized configuration and arrangement of SMA and SE (Super Elastic) elements 
have been achieved through unmanned in-house experiments accompanied by 
modeling and simulation. Numerical and analytical modeling and simulation of both, 
prototype NECSUS and head/neck system were conducted using a special 
integrated neck model and expert system developed using Dymola/Modelica 
package, optionally integrated with AutoCAD based design environment. Several 
experimental test-rigs were built and a testing dummy was custom-configured to 
collect further data being used for the integrated neck model and verification stages. 
 
The new SMA-based NECSUS devices provide several key advantages: effective 
neck support; smooth and gradual alteration of the support intensity; no impediment 
of neck motion; good wearability and comfort; self-containment; no attachment to 
pilots’ clothing or aircraft cockpit; auxiliary desirable features, such as neck warmth 
support and compression therapy while maintaining the support. 
 
The real-time NECSUS control system developed so far considers two issues: the 
support ‘activation onset’ and ‘activation duration’. The currently implemented 
control system has been implemented using a real-time microcontroller unit, which 
can be invoked using either manual or automatic operation modes. To enhance the 
functionality of NECSUS in either one of these two modes, a calibration procedure 
has been defined and implemented. Intelligent control algorithms have were 
conceptualized that would enable NECSUS to perform manual or automatic 
adjustment of the required support based on the intensity of angular neck motions 
and/or other operational factors. 
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1 Introduction 

The increasing weight of helmet-borne instrumentation (night vision, laser sighting, 
etc.), and the high incidence of neck injuries in fighter and helicopter pilots indicated 
a widespread military need for improved head and neck support in Phase I [1-11]. 
Conscientious physical training, with a well-designed heavy resistance component, 
is only a partial solution to these weight-bearing issues. Development and design of 
comprehensive neck protection and support mechanisms must also be addressed 
for optimal load-carrying and operational capabilities. 
 
In continuation of technical work carried out in Phase I of this project, the work 
performed in Phase II concentrated on further investigation, development, and 
implementation of electro-active material technologies, prototype devices and 
control architectures aimed at providing an effective and optimal support to a pilot’s 
neck. In Phase I, a wide range of active and smart materials were examined and 
evaluated based on the recognized requirements. Furthermore, several types of 
NECSUS (Neck SUpport Systems) concepts were designed and categorized based 
on the supporting mechanism and attachment strategy to the helmet and upper body 
(see Appendix 1). They included: 
 

BCC: Bracing Collar Concept;  
HCV: Hooded Collar Vest;  
HAC: Helmet Attachment Concept;  
ICC: Inflatable Cervical Collar.  

 
It was concluded that SMA (Shape Memory Alloys) have the best potential to be 
integrated into NECSUS as electro-active actuators. However, more investigation, 
design, and testing were required and performed in Phase II to establish fulfillment 
of NECSUS performance and comfort requirements. 
 
In line with the RFP, this project report summarizes the work performed in Phase II 
on further investigation and implementation of enhanced neck support systems 
(NECSUS). For further optimization of the current developed NECSUS the following 
desired requirements have been considered: 
 

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

anthropometrical head/neck parameters (e.g., sizes); 
• Reliability, robustness, and durability at various operating conditions; 
• Ease of fastening and release in emergency situations;  
• Auxiliary capabilities: heat retention in cervical region would be 

advantageous when pilots have to operate in cold conditions; 
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• Appealing appearance with desired comfort; 
• Compactness and low weight. 

 
Preliminary results from Phase I suggest that the investigated prototype 
configurations have the potential to result in 20-30% support at extension/flexion 
postures in mid-sagittal plane. To increase the generality of the developed 
prototypes and make sure all conceptually feasible variants of head motion are 
covered, hybrid versions of each categorical concept have been deduced that 
include a combination of smart and active-control components. Integration of 
appropriate active and smart materials based actuators and fabrics into each one of 
the proposed neck support prototypes further enhance their efficiency. 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 by a factor of three or more. 
 
In this report, the conceptual design and configuration of all newly developed 
NECSUS are explained separately. These new devices include: 
 

• Two inactive HAC devices; 
• An electro-active integrated HAC device that uses SMA extension springs; 
• An electro-active HCV device that uses optimally woven SMA wires;  
• Modular, SMA based units attachable to HCV configuration to enhance its 

performance. 
 
Control circuitry, control algorithms, and microprocessors have been developed and 
implemented for each one of the active devices, as explained in detail in this report. 
The control system developed and implemented onto the NECSUS control 
microprocessor unit during Phase II currently considers neck protection activation 
based on ‘onset’ and ‘duration’ support profiles. The current linear time-based 
support profiles are based on first-approximation assumption regarding the neck 
muscle activity during the typical flight operation. Parameters of these profiles 
(slopes, trains of control signals, etc) can be further optimally adjusted based on 
real-time-compatible models that would be developed using future manned test 
results and/or other input data, such as mission type difficulty levels, weight and 
inertia of target HMS’s, a pilot’s preferences, etc. Having this information, the 
supporting forces provided by NECSUS will better decrease the neck muscles 
activation levels with respect to the unprotected human configuration. 
 
Mathematical and analytical models and simulation framework have been developed 
for prototype support devices and head/neck system using Dymola/Modelica 
package, as described in this report. The models have been provided with user-
friendly graphical interfaces and with animation capabilities and then integrated into 
a Neck EXpert SysTem (NEXST) Version 2 software package. To demonstrate 
prototype NECSUS performance (e.g., a desired decrease in the neck muscles 
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activation levels), neck system modeling results have been obtained using NEXST 
with and without NECSUS devices. These results are also summarized in the report. 
 
Results of all in-house experiments performed on the NECSUS prototypes, using a 
specially custom-made dummy, are outlined in the report. These results have been 
systematically used for modeling and simulation within NEXST package. 
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2 Enhanced NECSUS Design Architectures 

Development and design of applicable smart material actuators, prototype NECSUS 
and means of their real-time control have been performed in Phase II in direct 
continuation of prior, Phase-I work reported in [1-11]. Experiences gained from the 
initial NECSUS models have been taken into account to fulfill the requirements of 
this phase. 
 
Among all of the electro-/magneto-active materials researched, SMA (Shape 
Memory Alloy) compounds and pneumatic-based system exhibit the most applicable 
supporting element to be integrated into active NECSUS. SMA is one of the most 
mature smart-material technologies and can be immediately applied to devices of 
interest to this project. On the other front, pneumatics-based devices, although 
typically cumbersome to use, can provide support through variable-compliance 
bladder(s) of specially designed configuration, which would be inflated by any of the 
following techniques: 
 

• Self-inflation technique such as foam-based neck pillow developed by Archi- 
air® [13];  

• Heat inflation technique with the same principle as used in balloons; 

• Manual inflation/deflation technique or self-contained aspirator with pressure 
release valve such as DIPBELT [14]; 

• Electro-inflation technique using air pump or other air pressure sources. 
 

Bulkiness and other issues with pneumatic-based devices discouraged us at this 
stage from further research and development of NECSUS using this active-control 
mechanism. Apart from pneumatics-based NECSUS, several advantages using 
SMA actuators were recognized, including: 
 

• Gradual-slope onset, controllable activation;  
• Thermal-based activation strategy; 
• Compactness; 
• Can be readily be interwoven with fabrics and collar garments; 
• Ease of packaging; 
• Modularity. 

 
A wide range of methods have been investigated and tested to choose the 
appropriate configuration of available heat sources for SMA actuators to optimize 
power consumption. These methods are as follows: 
 

1. Heat up SMA compound through application of current through it; 
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2. Use of an external electrical mini-heater tightly integrated into a NECSUS  
prototype (effective when the activation temperature of SMA is high) [23, 24]; 

3. Use of an electrical cooler based on Peltier effect (applicable when the 
activation temperature of SMA is low) [22];   

4. Transformation of body moist into heat, such as Moist-heat insole [18] and 
Warmsensor [26];  

5. Body Infra red (IR) reflection for retaining body heat developed by 
BACKSURE TM [27]; 

6. Body heat restoration and accumulation, especially for high level of muscle 
activities; 

7. Mechanically based heat generation technique through smart materials that 
produce heat due to biomechanical forces or torques; 

8. Renewable natural power source such as flexible solar mini-cells (Power 
Plastic developed by Konarka [12]). 

 
In conjunction with the above-mentioned supporting power-drive-actuator systems, 
additional smart materials have been researched and identified for possible 
integration into NECSUS in order to perform important auxiliary functions. These 
smart materials can be used as sensory elements for measurement and monitoring 
and/or for providing additional comfort and in-flight therapy to the cervical region 
components, as listed in Table 1. 
 
Table 1 List of auxiliary smart materials applicable to majority of prototype neck support systems 

Name of Smart Material Function 
Pompom dimmers [15] Electronic textile dimmer sensitive to human touch for fine 

adjustment and tuning 
Sorbothane®[16] Shock and vibration damping material. Can be integrated into 

the NECSUS garment that surrounds the cervical region. 
Thermovibe [17] Medically proven Anti-vibration and heat retention substance 

for treating painful joints, tendons, ligaments and muscles. 
Super-elastic (SE) Alloys (e.g. 
used in Carp-x [20]) 

Has properties similar to SMA material but with the activation 
temperatures that are below the standard room temperature. 

Theraknit™ Pigtail [19] Conductive fabric to be used in conjunction with pulsed 
galvanic electro-stimulation for muscle stimulation and T.E.N.S 
for pain reduction.  

Aquaplast™ [21] Splinting material deformable with heat (irreversible)  
Eleksen [25] Textile based moisture, pressure and bending sensors 
Smart fabrics(e.g. CW-X®)[28] For better comfort, heat retention, moisture absorption, and 

permeability  
D3o [29] Shock Lock molecules for protection during fast movements 
VeriFlex® [30] Resin based shape memory polymer with activation 

temperature of 60-70 °C 
VeriTex® [30] Resin-textile shape memory polymer compound for high-duty 

applications 
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Apart from the above list, other proven neck pain therapies such as hot/cold 
compression gels, magnetic therapy, IR therapy, and taping therapies can be also 
integrated into NECSUS as in-flight auxiliary support means. 

 
In the following sections of this report, we describe five new NECSUS concepts that 
have been designed, prototyped and tested in the course of Phase II. In these 
designs, all plausable configurations and arrangements are considered, which can 
be devised and combined for optimum performance. Two of these designs are 
based on a modified version of inactive prototype NECSUS previously defined in 
Phase-I report, and the rest are electro-active material driven prototypes, as follows: 
 
New inactive device architectures: 
 

i-   HAC-PD1 (helmet attachment concept) dorsally attached to the helmet; 
ii- HAC-PL1 laterally attached to the helmet. 

 
Electro-active SMA-based devices: 
  

i-   HAC-AD1 (helmet attachment concept) by application of SMA extension 
springs; 

ii- HCV-AA1 (hooded collar vest) through insertion of SMA wires; 
iii- HCV-AA2 Self-contained modular supporting units attachable to vest collar. 

 

2.1 Inactive NECSUS Configurations 
Two new versions of inactive HAC (Helmet Attachment Concept) devices are 
designed and prototyped. These designs differ in regard to their configuration and a 
mechanism of supporting the head/neck motions. Each one of these architectures 
can be further augment with actively-controlled actuator elements to augment its 
capacity and performance. The following section explains these versions in more 
detail. 

2.1.1 Inactive HAC Dorsally Attached to the Helmet 

In this inactive configuration, two separate dorsally placed supporting elements are 
integrated: 
 

1. Stretching/elastic substrate is applied to reduce cervical muscles activation 
level in flexions, lateral bending, and axial rotations. There are two Velcro 
attachment points at the sides of this substrate — one for attachment to the 
back of a helmet and the other for attachment to the back padding. The use 
of Velcro allows for fine adjustment of initial elastic force stored in the 
stretching substrate. The attachment point to the helmet should be carefully 
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adjusted for individuals to minimize the compression force on the cervical 
joints that results from flexion motions/postures. 

 
2. The back pad made of semi-rigid foam provides support in cervical extension 

motions. It is required to be fixed to the body using a harness belt. Basically, 
in extension motions the helmet sits on the top surface of the padding foam, 
and there is no direct attachment to the helmet. 

 
Figure 1 shows the general overview of prototyped version of the inactive HAC 
design. Configurations and arrangements of the components have been specially 
chosen to minimize any limitations on the head/neck motions. Low weight, 
ergonomic design and ease of setup/adjustment are the main features that are 
highly advantageous in this design. 
 
Initial experiments performed on this inactive HAC device revealed two major 
problematic issues: 
 

1. Support provided in flexion motions is based on pulling dorsal force and thus 
at a certain flexion angle there would be an axial compression forces on the 
cervical joints. This is because of the displacement of HAC attachment point 
in regards to the neck pivot point. So until certain degree of flexions (e.g. 35 
degree) the pulling supporting force is beneficial but not beyond that point. 

 
2. The device has two separate parts for maintaining support in flexion and 

extension motions. 
 
These issues were considered in development of the second, enhanced version of 
an inactive HAC device. 
 



 

 8

 
Figure 1 Inactive HAC-PD1 device: configurations and arrangements 
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2.1.2 Inactive HAC Laterally Attached to the Upper Part of a Helmet 

The experience gained from testing the previous version of inactive HAC device was 
taken into account in the development of a new version of this device. This time, 
there would be only one attachment point placed on the helmet and the principal 
support would be through a pulling force applied to both extension and flexion 
support elements. Figure 2 illustrates the list of components being used, which 
include: 
 

• Body contoured base frame made of 3mm diameter spring wire. The frame 
ends are attached to two dorsal handles for opening the device during 
donning and removal. Also, the compression spring integrated into the frontal 
part eases this process and prevents deformation of the actual frame. This 
frame, the compression spring and the handles are all covered with soft 
padding for comfort and ergonomics. The frame can be reshaped to fit the 
body shape and secured onto the shoulders, torso and back of the neck by a 
harness belt.  

 
• The helmet-contoured upper bar is made of 3 mm diameter spring wire. The 

frame ends into two dorsally attached compression springs. The ends can be 
adjusted and fixed depending on the neck/head height. There is one oval 
sliding ring, which slides through the bar. A loop Velcro has been connected 
to the oval ring using a rivet to provide 1-DOF joint. This prevents any 
limitations on the head/neck motions in axial rotations. Smooth sliding of the 
oval ring through the upper bar also does not apply any motion limitations on 
head/neck motions in lateral bending directions. Radius of rotation is based 
on the neck pivot point and also the form of a helmet shell.  

 
• Dorsal compression springs are the key elements in providing continuous 

support both in flexions and extensions. The springs have been connected to 
the base bar using a U-shape flat plate. This provides 1-DOF joint to further 
reduce any restrictions imposed on lateral bending motions. In flexion and 
extension postures, the bending/deflection resistance of the compression 
springs generates the pulling supporting force. Other types of springs such as 
torsion springs are also applicable. The supporting springs can be replaced or 
be used in parallel with SMA compression springs to provide enhanced 
active/adjustable support. 

 
• A hook Velcro strip attached to the upper part of the helmet enables us to 

achieve flexible attachment of the oval ring. This flexibility increases the 
wearability of the device for different users with different anthropological 
properties of the skull. 

 
Overall, tests show that this device mainly provides pulling-base support in 
flexion and extension postures with minimum restriction to the head/neck system 
in axial rotation and lateral bending postures. The reason for using 1-DOF joints 
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in the oval ring and compression springs is that these pilot points have less 
frequent motions in lateral bending and very frequent motions in axial rotations. 
Hence, the support is provided as soon as the head/neck system moves away 
from the coronal plane. 

 

 

Figure 2 Inactive HAC-PL1 device provides support in extension and flexion postures through 
dorsally integrated supporting elements 

Coronal plane
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2.2 Electroactive SMA Based NECSUS Architectures 
Among all the electro/magneto-active materials previously researched in Phase 1, 
SMA (Shape Memory Alloys) compounds constitute the most applicable supporting 
element for the purposes of integration into active-material NECSUS architectures. 
Monolithic shape memory alloys exhibit five significant advantageous phenomena 
[31-33]: 
 
1. Psuedoelasticity by transformation 

Isothermal stress application above the austenite start temperature results in a 
reversible transformation from austentite to martensite.  Upon isothermal unloading, 
the material transforms back from martensite to austenite with hysteresis. 
 

2. Psuedoelasticity by reorientation 

Stress-induced reorientation of martensitic variants results in an inelastic strain.  
This strain is recovered with hysteresis after application of a reverse stress. 
 

3. The shape memory effect 

Isothermal stress application below the austenite start temperature creates an 
austenite to martensite transformation and results in a residual strain after 
unloading.  Subsequent heating results in the transformation of the martensite back 
to austenite and recover the residual strain. 
 

4. The shape memory effect by reorientation 

Residual strain introduced by reorientation can be recovered by subsequent heating 
to complete a transformation from martensite to austenite. 
 

5. The two-way shape memory effect 

The shape memory alloys being used in electroactive NECSUS were chosen based 
on the desired design configuration and performance. Table 2 shows a listing of the 
shape memory alloys and superelastic alloys used in the smart-material based 
NECSUS prototypes. 
 

Table 2 The list and specifications of shape memory alloys integrated into neck supporting systems 

Alloy Specifications 
Alloy B Actuator Alloy- Body temperature alloy (Af

1 ca. 35° C)  
Alloy M Actuator Alloy with intermediate transformation temperatures (Af ca. 65° C) 
Alloy N Superelastic standard alloy, 'colder' than alloy S (Af ca. -15° C) 

                                            
1Af refers to the Austenite Finish Temperature 
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2.2.1 Electro-active HAC Prototype With Three Extension SMA Springs 

This design was developed based on the initial inactive HAC design explained in 
section 2.1.1. The main difference of this design was in the integration of SMA 
elements instead of the inactive elastic substrate. The configuration of attachment 
points was the same as in the inactive version. SMA Alloy N with activation 
temperature of 65°C was used. Off-the-shelf SMA extension springs with initial 
length of 20 mm were purchased from Robotstore [34].  Several arrangements of 
SMA springs and normal SS (stainless steel) extension springs were tried on to 
optimize the configuration of the SMA spring arrangements. Finally, three parallel 
SMA springs encapsulated into a stretchable sleeve were assembled and connected 
to an elastic substrate in series (as shown in Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Schematic arrangement of SMA extension springs in electroactive HAC-AD1 device 

 
Figure 4 illustrates the actual prototype of the electroactive HAC built as a self-
contained unit. The module includes: 
 

• Three SMA extension springs implemented in parallel; 
• Stretchable substrate/fabric; 
• Two thermocouples placed in the middle of two springs area; 
• One high-temperature resistant sleeve encapsulating all SMA springs, to 

prevent contact to other surroundings and accelerate cooling of SMA; 
• One bending sensor attached to the upper part of the sleeve; 
• Two strips of Velcro attached to the left and right parts of the device for 

attachment to the helmet and the vest jacket, respectively; 
• A hinge for connection of the SMA springs to the elastic substrate; 
• An I/O plug for control purposes. 

 
 

7cm 

5cm Elastic 
Fabric 

Velcro

SMA extension 
springs 

Sleeve 
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Figure 4 Electro-active HAC-AD1 prototype using three parallel SMA extension springs 

 
The device can work in three different levels/modes, including: 

1. Low mode: In this mode only one SMA heats up 
2. Medium mode: In this mode two SMAs heat up 
3. High mode: In this mode all three SMAs heat up 

 
The control strategy for this system is based on: 

• Preset mission duration; 
• Elapsed operation time; 
• Head/neck bending frequency; 
• Current neck bending angle. 

 
In this configuration, the current applied to SMA springs generates the required heat 
for activation of SMA springs. For optimum power consumptions and intelligent 
performance of the device, a sophisticated algorithm and a control circuitry were 
designed and developed (see section 3 for more details). Figure 5 shows the picture 
of the actual control box with control switches.  

 
Figure 5 Control Box of Electro-active HAC-AD1 device 
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Figure 6 illustrates the attachment configuration of electro-active HAC-AD1 device 
when worn by a subject. The cables are for connection of the HAC-AD1 device and 
a power source and controller. A rechargeable battery can be attached dorsally to 
the helmet instead of counterweight and can run for Min of 3 hrs of continuous 
support. Other power sources available can be also used. Results of in-house 
unmanned experiments obtained for this device are explained in section 4.2.   
 

 

Figure 6 Electroactive HAC-AD1 device: configurations and arrangements 
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2.2.2 Electroactive HCV With Three Clusters of SMA Elements 
Integrated into the Collar Fabric 

In Phase I of this project an inactive HCV (hooded collar vest) device has been 
developed using special flat-spring elements (see Appendix 1). In the current phase, 
the inactive elements are replaced with SMA wires. To provide push-back type 
head/neck support, three specially-configured clusters of SMA wires have been 
evenly distributed and inserted into the frontal part of collar vest jacket (as shown in 
Figure 7). Each of these clusters can be independently controlled. SMA Alloy B 
wires with activation temperature of 35°C have been chosen for this design. The low 
activation temperature of this alloy is very beneficial due to the following reasons: 

• It reduces the power consumption for heating up SMA elements by 
accumulating body heat through special padding; 

• It retains body temperature without applying excessive heat or discomfort to 
the skin; 

• It provides partial support even when the SMA elements have not been 
heated/activated. 

 

 

Figure 7 Schematic configuration of active SMA-based HCV: three clusters of SMA wires are placed 
at the front of the jacket to provide push-back type support in flexions 

Testing the inactive configuration of HCV design revealed that the pressure points – 
surfaces where the device touches the jaw – should be distributed all around the jaw 
evenly. To overcome this problem, a special architectural solution has been 
developed that relies on a small-diameter SMA wire (i.e. 0.65 mm in diameter) 
shaped as a sine wave with amplitude of 150 mm, as shown in Figure 8. Three 
activator sets of these specially shaped wires were sewn into the jacket’s fabric. 
Proper padding has been provided to both upper and lower part of the jacket. The 
upper-part padding provides comfort to the chin area and the lower part – to the 
area that is in contact with the upper torso. Each cluster is equipped with one 
bending sensor and one thermocouple and controlled independently. The inner 
lining of the jacket is made of a specially chosen slippery fabric such as satin to 
allow for ease of sliding of the face skin along the support surface and hence easy 
operational motions. The superelastic material based dorsal frame provides good 
support required for extension motions. 
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The Velcro wraps around the neck and holds the frontal part (i.e. SMA clusters) as 
well as the dorsal part (Superelastic padding). Velcro belt can be also deliberately 
tightened and adjusted for optimum comfort. 

 
 
Figure 8 Schematic configuration of electroactive HCV-AA1 device with three clusters of SMA wires 
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Figure 9 depicts the controller box designed and built for this device. The control 
circuit and control algorithm of this device are different from the active HAC device 
(see Section 3 for more details). The control box allows the user to: 

• Adjust the desired support level by tuning the temperature control button; 

• Switch On/Off; 

• Alter the operation mode between demo (without interference with bending 
sensors and neck motions) and regular operation mode (considering the 
bending frequency of neck motions); 

• Observe the battery level, Red LED; 

• Detect the instant when the desired temperature is reach, Yellow LED; 

• Determine the status of the system (On or Off), Green LED; 

• Plug in the HCV-AA1 neck support unit using connection socket to; 

• Plug in the battery source using connection socket. 

 

 
Figure 9 Picture of a control box for the electroactive HCV-AA1 device 

 
 
Figure 10 presents different views of the configuration and arrangement of the 
electro-active HCV-AA1 device and surfaces of the device that are in contact with a 
subject’s body. 

Power 
socket 
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Figure 10 Configuration and arrangement of electroactive SMA based HCV-AA1 device 
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2.2.3 Self-contained Modular Electroactive SMA-Based Modular Support 
Units Attachable to HCV 

To add more flexibility, adjustability, and modularity to the prototyped neck support 
systems, it was decided to develop a special, self-contained Modular Support Unit 
(MSU). These units can be attached to the vest collar jacket either at the frontal, 
dorsal or both areas and provide active or inactive support. The support principle is 
based on the bending resistance of supporting elements (specially woven SMA 
wires). 
 
A list of materials and components used in design of MSU and their functionality are 
as follows: 
 

1. Superelastic frame (Alloy N, 1mm diameter, 45 cm length): used as the base 
frame which provides inactive support; 

2. SMA wire (Alloy B, 0.65 mm diameter, 100 cm length): used as the electro-
active actuator/drive of the units being heated with an external low wattage 
heater; 

3. Low wattage mini-heater (0.71 Watts to provide 45°C): used to produce heat 
for activation of SMA compounds; 

4. Two pieces of Mylar substrates (2 mil thickness): for distribution of heat 
produced by a mini-heater though conduction and also reflection of body IR 
wave. 

5. One Thermocouple (type K): used as an output sensor for monitoring the 
SMA temperature; 

6. One Bending sensor (2 inch length from Flexpoint):  for detection of neck 
posture, calibration and head/neck frequency of motions; 

7. Thermovibe (Anti-vibration substance): to minimize the conditional vibration 
applied to the head neck system (it is a phase change material activated at a 
temperature close to the body temperature, 35° C); 

8. Silver-coated fabric: used as a shielding and antimicrobial fabric; 
9. Cotton based nonwoven fabric: To retain the body heat and lower the power 

consumption of the mini-heaters for activating the SMA compounds; 
10. Semi-rigid plastic/brass/shape memory polymer flat surface: used as a fixture 

element for SMA compounds and as a superelastic frame; 
11.  Heat-seal and covering fabric: for covering and sealing the modules; 
12. Velcro: allows flexible attachment of the modular units to the circumferential 

belt of the vest jacket;  
13.  Open cell foam: for providing soft touch and comfort padding while 

maintaining breathability. 
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2.2.3.1 Design, Integration and Configuration of Modular Units 

Figure 11 presents two cross-sectional views of the designed active modular units 
MSU. Each MSU unit has two inactive lateral padding parts (shown in yellow) and 
an electroactive part in the middle. The middle part contains all the sensory 
elements (bending sensor and thermocouple), SMA wires, shielding fabric, heat 
retention substrates and an electrical heater. The lateral parts contain Thermovibe 
padding, foam, semi-rigid plastic/brass plate and a superelastic frame. All around 
the edges the unit has been either heat-sealed or tightly sewn. 
 

 
 

Figure 11 Cross-sectional views of modular electroactive support units integrated into HCV-AA2 
jacket 

 
Similar to the previous version of electroactive HAC device (see section 2.2.2), 
application of different heat temperatures provides variable resisting forces. The only 
difference is in the SMA active drive, which in HAC device was based only on the 
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shape-memory effect of SMA and in this design was based on both shape-memory 
and Psuedoelasticity effects. 
 
Unmanned experiments using this device showed an up to 30% support at flexion 
postures tested (See Section 4.4 for more details). The controller design, algorithm, 
and electronics circuitry developed and implemented for these units are fully 
explained in Section 3. 
 
Figure 12 illustrates the final configuration of modular support units developed in this 
project. The arrangement of the components are shown on the left and the finalized 
packaged unit is on the right. Figure 13 shows both the modular unit and its control 
box when connected. 
 
 

 
Figure 12 Final configuration of prototyped modular support units (left: disassembled unit, right: 

assembled and packaged unit) for HCV-AA2 



 

 22

 
Figure 13 Connection of a MSU modular unit to the controller box in HCV-AA2 

 

2.2.3.2 Collar Jacket Design 

A support jacket is required to hold the modular support units in place. So several 
collar jackets have been initially designed, prototyped and tested to fulfill the 
following requirements: 
 

• Adjustable and compatible with majority of ranges of head/neck 
anthropometrical sizes; 

• Provide an even distribution of pressure (leading no pressure points) using 
proper padding all around the neck and upper torso, hence preventing any 
discomfort; 

• Ergonomic and breathable, hence preventing any sweating or skin irritation 

• Easily washable; 

• Applies no limitations on normal head/neck motions; 

• Capable of holding up to four modular support units around the neck. 
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Figure 14 Schematic and Actual Implementation HCV-AA2 with four modular support units (MSU’s) 



 

 24

The depiction of this newly designed jacket is presented in Figure 14. Up to four 
electro-active modular support units can be vertically attached along the 
circumference of the neck. The MSU units can be shifted left or right as required. 
The top part of the jacket is equipped with a soft EPDM foam and force-distributing 
U-shaped plate to regulate the resisting force applied by modular units to the head. 
Lower part of the jacket is also padded with neoprene foam along the upper torso 
area. Anti-vibration parts (Thermovibe pads) have been placed in the upper and 
lower parts of the jacket to reduce possible vibrations of the head/neck system. The 
jacket is donned or removed from the back and fixed by Velcro strap and metallic 
snaps. Thermovibe parts can be either integrated into the modular units or sewn to 
the collar jacket. 

2.2.3.3 Optimal Placement of Modular Support Units onto the Jacket 

The packaged modular units are inserted into the upper and lower frontal frames. 
The dorsal module is being fastened within a belt that can be adjusted based on a 
particular subject’s neck size. Figure 15 shows possible locations of modular units 
around the neck with three indicator points. The “1” and “3” points are continuously 
touching the body and the “2” point is the bending point of the SMA cluster (i.e., 
MSU unit) integrated into the module. The location of modular units is optimized in 
accordance with the head/neck global coordinate system, as listed in Table 3. 
 

 
Figure 15 Schematic of proposed insertion of modular support units around the cervical region (the 

coloured lines are based on the central-vertical lines of modules) 

Table 3 Contact points coordinates of MSU based on the global reference point (9 mm below the 
origin of T1) 

Right Module Left Module Frontal Module Dorsal Module 
Contact 
Points 

x y z x y z x y z x y z 

1 7.15 8.74 2.7 7.15 8.74 -2.7 11.14 7.48 0 -6.56 17.48 0 

2 5.43 2.74 4.38 5.43 2.74 -4.38 6.32 2.94 0 -4.57 10.76 0 

3 10.14 -3.76 6.2 10.14 -3.76 -6.2 10.66 -4.26 0 -9.27 4.77 0 

Final optimal positions of the MSU units within the prototype NECSUS brace will be 
chosen based on manned test results planned for the near future. 
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3 Development of Control Circuitry and Algorithm 
The development of control software and hardware for prototype NECSUS devices 
has been carried out in three stages. This section summarizes the development 
efforts and outlines all three controllers developed, including control algorithms, 
circuitry, microprocessors, implementation strategy, and testing results. Also, the 
latest generic version of the controller is presented, which is applicable to any SMA 
based NECSUS configuration. 
 

3.1 Control Algorithm 
As mentioned earlier, the activation strategy of SMA actuators relies on changing 
temperature of SMA elements, either using current, or heat applied to SMA wires. 
Preliminary experiments demonstrated that there exists a linear relationship 
between the bending resistance force of SMA actuators and applied temperature. 
Hence, to adjust the support force provided by SMS actuators (e.g., MSU units) one 
needs to control its temperature. Both electroactive HAC and HCV designs use the 
same control principle: control the support force provided by SMA-based support 
modules through adjusting temperature of the springs or wires. The temperature is 
typically increased from the room temperature to higher temperature gradually, 
using a specific control algorithm that affects the support force through controlled 
Psuedoelasticity and Shape-memory effects. The developed controller schematics, 
control strategy, and control circuit design are explained in the following sections. 

3.1.1 Control Schematics 

The temperature of the SMA wires was controlled through the control of the current 
flow going through the wires or by an external heater. To control the current going 
through the wires, bending sensors, thermocouples, SMA wires or springs, and 
microcontroller (MCU) were employed. The complete control schematics diagram is 
shown in Figure 16. And each component is explained in the followings.  
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 16 Functional Schematics for HAC/HCV Circuit Design
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Based on the arrangement of particular HAC/HCV design architectures, there are up 
to four sets of SMA wires/springs base actuators or self-contained support modules 
within each prototype NECSUS device, which must be connected to a control box.  
In addition to SMA actuators, there are also a thermocouple with an amplifier, a 
bending sensor and a miniaturized heater (HCV-AA2) within each MSU or similar 
actuator unit.  
 

3.1.1.1 SMA Springs and Wires 

As listed in Table 4, in HCV-AA2 device, up to four modular units were embedded 
into the HCV device placed around the neck (see sections 2.2.2 and 2.2.3): one at 
the front left, one at front right, one at back left, and one at back right. In HAC-AD1 
design, three SMA springs are attached to the back of the helmet in parallel (see 
section 2.2.1). Constant current is applied through the SMA wire (in HAC-AD1 and 
HCV-AA1) or the heater (In HCV-AA2), and the temperature is regulated using a 
control system that is built on the basis of MOSFET transistors, micro-controller unit 
(MCU), and other electronic elements. 
 
 

Table 4 NECSUS activation mechanisms 

NECSUS device SMA Activation elements 

HAC-AD1 3 SMA springs  
with direct current 

HCV-AA1 3 sets of SMA wires 
with direct current 

HCV-AA2 Up to 4 tightly integrated 
Kapton polyimide micro-heaters 

 

3.1.1.2 Thermocouples and Amplifiers 

Thermocouples and amplifiers are used to measure temperature of the SMA 
actuators or micro-heaters and input this data into the MCU for control purposes. In 
case of integration of four modular units into the HCV-AA2, the four amplifiers obtain 
temperature readings from each one of the four thermocouples and transfer these 
readings into corresponding voltage signals, which are fed into the MCU. Each 
amplifier has one input and one output. Thus, four amplifiers are required for four 
thermocouples. 
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3.1.1.3 Bending Sensors 

Bending sensors are used to measure the flexion angle of the neck and keep track 
of the head movement frequency. Head movement of the users will result in 
deflection of the bending sensors, which will result in voltage changes at output or 
input points into the MCU. The flexion angle is divided into two levels: 0 deg-25 deg 
(denoted as angle 'a'), 25 deg-60 deg (denoted as angle 'b'). The number of head 
movements at each level is counted every minute, and the supporting force, i.e. the 
temperature of the SMA wire will be adjusted accordingly. A higher number of head 
movements indicates the application of higher cervical muscles tension. In this case, 
more supporting force is required from an electroactive HAC or HCV device, which 
can be implemented using a faster rate of heating up the SMA wires or 
instantaneous increase of the temperature. 

3.1.1.4 Mode Selection Button 

Mode selection button is used to allow the user manually select the number of 
desired SMA elements/actuators to be activated for providing any tuneable support 
level desired. In HAC-AD1 design, there are three activation modes with one, two or 
all three SMA springs being heated. In HAC-AA2 device, which uses modular MSU 
units, there are four modes referring to how many of the units must be activated. 

3.1.1.5 Support Level Set Button 

In HAC-AD1 controller design, the control strategy is based on the elapsed time 
since a zero reference instant. So the user can set the desired onset duration and 
the rest is controlled automatically. Based on that initial time setting, the temperature 
would rise gradually towards the end of the onset time period, which is the highest 
level of activation/support force. 
 
In contrast, in HCV-AA2 design the user can choose and adjust different desired 
support levels. As the user sets the desired value, the control algorithm increases 
the temperature and its associated support force to that desired value within a 
preset time period (e.g. 1 hr). A potentiometer control accessible to the user allows 
adjusting the desired temperature and its associated support force. Voltage from the 
potentiometer is inputted into the MCU and converted to the corresponding 
temperature, e.g. 1v is 30 deg C, and then used in the control logic circuitry. 

3.1.1.6 Control System 

A MCU (PIC18F4550) will act as a control system that allows us to implement a 
control algorithm. The control system is programmed using Assembly language. It 
takes inputs from the (i) sensors, such as thermocouple amplifiers, bending sensors, 
and (ii) user input, such as mode selection button, time or temperature set button, 
and uses these inputs to control the gate of MOSFET transistors, which in turn 
control the current applied to the SMA actuators. 
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3.1.1.7 LCD Display 

Temperature of each SMA actuator is shown on the LCD screen numerically. The 
current running status is also shown for real-time monitoring purposes. 

3.1.2 Control Strategy 

As mentioned above, SMA actuators with their embedded SMA wires, springs, and 
electrical mini-heaters will be activated gradually within a period of time using a 
specially set control strategy that provides an gradually increasing support force. 
The control strategy of HAC and HCV design is almost the same except that HAC-
AD1 defines the heating/activation onset period while HCV-AA1 and HCV-AA2 
defines the desired temperature or supporting level tuneable by the user. The 
heating profile of HCV-AA1 and HCV-AA2 designs is shown in Figure 17, and for the 
HAC-AD1 design it is depicted in Figure 18. 
 
 
 

 
Figure 17 Control Strategy for HCV-AA1 & HCV-AA2 NECSUS prototypes 
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Figure 18 Control Strategy for HAC-AD1 NECSUS prototype 

 
 
Variable TempH and TempI in Figure 17 define the highest and lowest temperature 
of a SMA actuator, respectively. The SMA actuators will be heated from TempI to 
TempH during the period of T1. TempI is defined as 30 deg C in both HAC-AD1 and 
HCV designs. In HCV designs, TempH is manually tuneable by the user, while in 
HAC-AD1, TempH is defined as a constant, which is 55 deg C.  
 
In Figure 17 and Figure 18, variable T1 is the heating period required for SMA to 
reach the highest temperature. Thus, the complete running period can be divided 
into two stages, from the initial time instant to T1 as Stage 1, which heats the SMA 
compounds using a gradual onset slope, and the time after T1 is defined as Stage 2, 
which keeps the SMA actuators and level of neck support at a constant temperature. 
In HAC-AD1 design, T1 is tuneable by the user, while in HCV, T1 is set as a 
constant, which is 1 hour (current default). 
 
In both designs, bending sensors are employed to sample the angle of the 
head/neck system every two seconds within 1 minute, and count the total number of 
angles 'a', denoted as 'a1', and total number of angles 'b', denoted as 'b1'. Further, 
the angle change between 'a' and 'b' is denoted as 'x1'. The maximum values of 'b1' 
and 'x1' are saved as 'bmax' and 'xmax', respectively. These values are used to 
automate the heating rate of the SMA compound control in close loop, as explained 
in detail in the following algorithm: 
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Stage 1: 
 
This stage indicates the gradual heating of the SMA actuators, which results in the 
gradual increase of the support force produced by a NECSUS device. The rate of 
heating depends on the maximum & minimum temperatures and the heating period 
T1. The temperature-increase rate, TIR, is initially calculated as 
 

TIR = (TempH - TempI) / T1 

 
The sampling function samples the head flexion angle using a bending sensor every 
two seconds, sorts them into two ranges:  range 'a' (0 to 25 deg) and range 'b' (25 to 
60 deg), and changes TIR accordingly.  
 
At the beginning of this stage, up to four bending sensors are required to be 
initialized respectively to preset the boundary voltage between 0 and 60 degrees 
flexion. It first reads 0 and then 60 degree flexion voltages, which are V0 and V60, 
respectively. Then it takes the middle value as the boundary voltage VB, i.e. VB = 
0.5 * (V60 + V0).  
  

After the initialization, it records 'b1' and 'x1' as mentioned above in one minute, and 
changes TIR using the following logical procedure and subroutine:  
 
 

( Sample bending sensors every two seconds ) 
If ( timer = = 1 minute ) 
{ 
  if ( x1 > xmax ) 
  { 
   update xmax; 
   increase TIR by 15%;   
  } 
  else 

if ( b1 > bmax ) 
   { 
    update bmax ; 
    increase TIR by 15%; 
   else 
    TIR = (TempH - TempCurrent) / (T1 – Tcurrent ) 
   } 
  } 
  clear x1, b1 ; 
  reset timer ; 
} 
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where TempCurrent is the current desired temperature, Tcurrent is the current time 
accumulated from the beginning (e.g., a mission start). Increase TIR by 15% (default 
number) means more bending frequency detected at angles between 'a' and 'b' or 
more time staying at angle 'b' will result in a higher heating rate slope and higher 
protection activation.  
 
For example, in Figure 17, the wire is heated with the initial TIR, which is marked as 
a black line, according to the control rules defined herein. At the moment tc, either 
one of two cases may occur: either more bending frequency is detected; or longer 
time at angle 'b' is persisting. At any of these cases the heating rate is increased by 
15% (default number), i.e. the blue line, and the actuator is heated with this new rate 
until less angular frequency changes between 'a' and 'b' are detected, and then the 
heating rate is re-calculated according to (i) the temperature that is to be increased 
and (ii) the elapsed time (shown as green line in Figure 17). The new ratio is 
calculated using the following function at the end of each minute. 
 
 

TIR = (TempH - TempCurrent) / (T1 – Tcurrent ) 
 
 
The temperature keeps increasing with the ratio of TIR until it reaches the highest 
temperature. Each wire in a NECSUS actuator is controlled by the MCU separately 
under the same control logic. The bending sensors keep monitoring the number of 
the bending occurrences and check the above condition every minute. If it is true, 
then the heating rate and activation level increases. This process will continue until 
the highest temperature and highest activation level is reached. After that, the 
bending sensors sill stop counting the bending frequency and the temperature will 
be kept constant, which is TempH. 
 

Stage 2: Time after T1 

 
This stage happens when the desired level of supporting force is reached.  
Therefore, the temperature of the SMA compounds will remain constant after T1. At 
this time, bending sensors stop counting. In HCV designs, the user can adjust the 
desired temperature to a different level, and then there would be a gradual support 
increment (as shown in Figure 17 at moment tc2 ) with the following onset slope: 
 
 

TIR = (TempH - TempI) / T1 
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3.2 Control Circuit Design  

3.2.1 Control Circuit 

The control circuit is currently designed to operate using either a battery or an 
external power supply of 11V. The schematic diagram of the circuit is shown in 
Figure 19. Two voltage regulator circuits are employed using LM2576 to generate 
different voltage references: 
 
i- one is 5V, as required for most IC chips and MCU to work properly, 
ii- another one generates variable voltage to heat the SMA wires or springs by 

tuning the potentiometer Rs defined in the control diagram. 
 

Four AD595AD are used as amplifiers that read the input from four thermocouples, 
transfer these readings into the voltage on the scale of 10 mV/ºC, and output them 
into the MCU. Pin 1 and 14 of each AD595AD are connected to the two pins of the 
thermocouple, and pin 9 outputs the amplified voltage.  
 

The bending sensors work as potentiometers, which vary the resistance 
corresponding to the bending angles. 
 

A PIC16F4550 MCU is employed in the circuit to implement the control strategy, 
which reads in the inputs from the user and sensors, and outputs through MOSFET 
to control the temperature of the SMA compounds. Four MOSFET, i.e. IRF150 in the 
diagram, are used to control the temperature of the SMA compounds through 
controlling the current applied to the SMA. IRF150 will be switched on or off by the 
MCU according to the desired temperature and the measurement from the sensors. 
The pin assignment of the MCU is listed in the following section. 
 

A potentiometer is connected to the circuit to allow the user to tune the time period 
T1 or the highest temperature/support level. A four-mode rotary switch is connected 
in the circuit allowing the user to select a desired number of SMA-based modules to 
be connected and switched on. A three-mode slide switch is used to enable the user 
to operate the whole system in three different modes: 
 

• Demo mode; 

• Regular mode;  

• Calibration mode. 
 
These modes are defined in the following subsections. 
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Figure 19 HAC/HCV Control Circuit Diagram 

 

3.2.2 Demo Mode in the HCV Control System 

Demo function is programmed to demonstrate the system in a short period of time 
and a simple way. In this mode, the heating period T1 is set to 3 minutes (as default) 
and the temperature is increased linearly from TempI to TempH within 3 minutes 
without considering the bending sensors’ input.  
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3.2.3 Calibration Mode in the HCV Control System 

It is noted that different subjects have different neck sizes, and thus different 
bending rates at the same flexion angle. So, for every new subject wearing the HCV 
device, a calibration procedure is essential to find out the boundary voltage 
corresponding to each bending sensor (alternatively, a number of discrete neck 
sized can be defined in the MCU and set based on an individual subject’s neck 
parameters). These values can be recorded and memorized as calibration numbers 
in the control unit for an individual. During the calibration, bending sensors are 
calibrated one by one from 1 to 4 (see Figure 14). Calibration proceeds just once for 
a new subject and takes up to 4 minutes (for 4 sensors). In the calibration, the 
program reads the bending sensor every one second, and takes the minimum 
voltage as zero degree bending angle, and maximum voltage as 60 degree bending 
angle, then takes the average value between zero and 60 degree bending voltage 
as the boundary voltage which is saved in the memory. When the calibration 
procedure is complete, the program will be switched to the regular program 
automatically without re-calibration unless the power is turned off and back on again. 
Since the calibration data are saved in EEPROM of the MCU, the user does not 
need to calibrate the device every time when he/she uses it. 
 
This current experimental logic of the NECSUS control operation can be adjusted at 
a later stage, as required. 
 

3.2.4 Regular Mode in the HCV Control System 

In regular control mode defined for the HCV device, the boundary voltage of four 
bending sensors, which have been initialized in calibration mode, are going to be 
loaded and monitored in real-time in line with the aforementioned bending frequency 
strategy. The heating period, T1, is set to 1 hour. The bending sensors keep 
counting every two seconds to contribute to the temperature increase ratio. 
 

3.2.5 Time Duration Settings for HAC and HCV 

In HAC device a potentiometer was used in the circuit to convert the voltage into 
time in seconds, i.e. T1, as indicated in Figure 20. 
 

 

 

 

 

Figure 20 Heating Time Setting in HAC Device 
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In the MCU program, the following equation is used to transfer the voltage to the 
time in seconds: 
 

4510221 −= vT  
 
where T1 is the heating time in seconds, v is the voltage read from potentiometer in 
digital level format with 5V reference voltage. For instance, for one 1 hour flight, the 
potentiometer is set to 1.8V (1+4/5 = 1.8V) and the ADC converts it into digital level 
v = (1.8/5)*1023 = 368, then the above equation will give T1 equals 3586 seconds. 
 
In HCV control system, the time was set as a constant value of 2Hrs in MCU and the 
activation level (temperature setting) was chosen as a variable. 
 

3.2.6 Highest Temperature Setting in HCV 

In HCV design, the potentiometer is used to convert the voltage into highest 
temperature in Celsius, i.e. TempH, as depicted in Figure 21, with 1V corresponding 
to 30°C, 5V corresponding to 70°C.  
 

 

 

 

 

 

Figure 21 Temperature Settings in HCV Design 

 
Thus, the relationship between the temperature and the voltage is given by: 

TempH = 10 x Voltage + 20 

where TempH is temperature in deg C, Voltage is read from potentiometer in volts. 
For example, to set the highest voltage at 40°C, voltage input to the MCU is set to 
2V. 
 
In the MCU program, the following equation is used: 

y = (v + 405 ) / 10 

where y and v are the highest temperature and the voltage given in the digital level 
format with 5V reference voltage. 
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3.2.7 Mode Selection and Heating Procedure for SMA 

There is 12-mode rotary switch used by the user to select the number of SMA 
actuators being invoked. Only four modes are connected in the circuit allowing for 
four-mode selection. Thus, four different control voltages are used in the circuit. 
Resistors are connected in series in the circuit between the ground and the 5V 
voltage to generate four different voltages, i.e. 0V, 1.67V, 3.33V, and 5V. In mode 1, 
only one SMA is heated, which is defined as SMA1. In mode 2, two SMAs are 
heated, which are SMA1 and SMA2, etc. 
 
When more than one SMA actuator is activated, the SMAs are heated one by one 
from the initial to the desired temperature. As defined above, bending sensor is set 
to collect samples every 2 sec, and for this to happen the total heating time of all 
SMAs should not exceed 2 sec. Thus, the heating time of each SMA in a loop is set 
to the total of 2 sec (on average) for all active SMAs. For instance, when four SMAs 
work together, then each SMA must be heated for no more than 0.5s during each 
control loop/cycle. 

3.2.8 Power Consumption of NECSUS Electrical Components 

Table 5 lists the expected power consumption of each component in the electronic 
control circuit designed for the NECSUS devices. Note that when these devices are 
operating, only one SMA activation element is actively controlled at any point in 
time. 
 

Table 5: Power Consumption of  HAC-AD1, HCV-AA1, HCV-AA2 Circuit Components 

Components Specification Power 
Consumption 

Quantity Total 
Power Cost

SMA activation 
element 

1A@9V 9W 4  
(max) 

9W 

IRF150 Vin=3.5V, Id=1A, Rds 
max@0.32ohm 

0.32W 4 0.32W 

PIC18F4550 25mA@5V 125mW 1 125mW 

LM358 1mA@11V 11mW 1 11mW 

AD595 300uA@5V 1.5mW 4 6mW 

Bending Sensor Resistance 15K ohm 
minimum 

0.83mW 4 3.33mW 

Low battery  
alarm circuit  

(off condition) 

11V@6mA 66mW 1 66mW 

Lumex LCD 5V@2mA 10mW 1 10mW 

LM2576 Vin@12V, Vout@9v,  
Load@1A, 77% efficiency 

   

Battery 11.1V, 7000mA⋅h  1  

 



 

 37

The major sources of power consumption are the SMA activation elements and 
IRF150. Given that the control circuit allows a maximum power consumption of 9 
watts for the activation element, the maximum total power consumption of the entire 
electric system is given as: 
 
[(125mW + 11mW + 6mW + 3.33mW + 66mW + 10mW +9W + 0.32W)] / 77% 

=  9541.33 mW / 77% 

= 12391.33 mW 

 
A high-energy rechargeable battery package composed of 9 cells, with typical value 
of 11.1V, 7200mAh stores a total energy of: 
 

11.1V x 7200 mAh = 79920 mWh 
 
If this battery pack is used to power the NECSUS system, then the system should 
be able to run for a minimum of: 
 

79920 / 12391.33 = 6.4 hours 
 
with continuous SMA activation. If a smaller battery pack with 3 cells, 11.1V, 
2400mAh is used, then the battery energy is 26640 mWh, and the system can be 
continuously powered for at least 2.1 hours. 
 

3.2.9 Comparative Analysis of SMA Activation Strategies 

Most of the power supplied by the battery is consumed by the activation elements of 
the HAC/HCV devices. To optimize the usage of the battery’s energy, power 
consumption of the different activation elements has been experimentally tested and 
analyzed. As mentioned above in this report, there exist two different SMA activation 
strategies: heating the SMA wire directly using direct current; or heating a cluster of 
SMA wires using integrated Kapton polyimide mini-heaters. 
 
A comparison was made based on the required electrical power to reach a final set 
temperature (45°C or 55°C) of the SMA from room temperature (25°C). Table 6 
compares the power consumption with different activation strategies for two types of 
SMAs: SMA spring (Nitinol alloy M) in the HAC-AD1 device and SMA wire mesh 
(Nitinol alloy B) in the HCV-AA2 device.   
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Table 6 Power consumption comparison of different activation elements 

Activation element Final 
Temperature 

Resistance Applied 
Voltage 

Power 
Consumption 

Direct Current  
for SMA Spring  

55°C 1.0 Ω 0.80V 0.64W 

Kapton Polyimide Heater 
for SMA Spring 

55°C 16.2 Ω 4.20V 1.08W 

2 Kapton Polyimide Heaters 
for SMA Wire Mesh 

45°C 8.9 Ω 3.79V 1.61W 

2 Kapton Polyimide Heaters  
for SMA Wire Mesh 

55°C 8.9 Ω 4.40V 2.17W 

Direct Current  
for SMA Wire Mesh 

45°C 3.7 Ω 2.80V 2.11W 

Direct Current  
for SMA Wire Mesh 

55°C 3.7 Ω 3.25V 2.85W 

 
As it can be seen from the table above, the activation approaches are depended on 
the SMA type and the SMA integration structure. For instance, when using the SMA 
spring device, activation with direct current is more power efficient than using an 
external heater. In contrast, it is more effective to use the external heaters than 
direct current for the SMA wire mesh. 
 
The application of external heaters to the SMA wire mesh has additional design 
advantages: 
 

• The wire strands in the SMA wire mesh are very close to one another. With 
direct current, the SMA wire mesh must be properly isolated to avoid short-
circuiting itself after repeated bending. By using the tightly-sealed heaters, the 
current flow is isolated from the SMA — preventing short-circuiting and 
thereby improving the durability of the device. 

• Supplying the SMA wire with direct current for too long or beyond safe levels 
defined in the data sheet can degrade the SMA properties. 

 
Using the above power consumption data, Table 7 illustrates how long the NECSUS 
devices can operate at 55°C under the different activation strategies. Assume 3 cell-
battery pack (11.1V, 2400mA⋅h) is being used to power all the electric components 
(control circuit and activation element). The calculation to find the battery discharge 
life is as follows: 
 
Total energy of the fully-charged battery 
= 11.1V * 2400mA⋅h = 26640 mW⋅h 
 
Operating power required by NECSUS device 
=  [(125mW + 11mW + 6mW + 3.33mW + 66mW + 10mW + 0.32W + P)] / 77% 

=  (541.33 + P) / 77% mW 

where P is the power consumed by the activation element. 
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Total operating time with the different activation elements 
= 26640 mW⋅h / [(541.33 + P) / 77%)] mW 

 
As can be seen from Table 7, the use of two Kapton heaters yields less power being 
consumed than the SMA wire mesh and thus the battery can be operated for a 
longer time period. However, the isolation materials and arrangements also play a 
key role in saving energy though retaining the generated heat. Absorbing the 
souring heat such as body heat can help in optimization of heat retention for SMA 
compounds. 
 
 

3.3 Front Panel and Interfaces 
 
The front panel of HCV device is shown in Figure 22, this includes: 

• a power On/Off switch as well as a temperature tuning potentiometer, which 
is labeled as 'Temp'; 

• a 4-mode rotary switch, labeled as 'Modular Units' to select how many 
support units are activated; 

• a 3-mode slide switch to select demo, regular or calibration setting; 
• a voltage tune potentiometer which allows user to adjust the voltage applied 

to the SMA or heaters. 

Table 7 Estimated total operating time with different activation elements retaining the desired 
temperature 

Activation element Temperature 
Maintained 

Power Consumed by 
Activation Element 

Battery(11.1V, 2400 mA.h) 
Operating Time 

Direct Current  
To SMA Spring 55°C 0.64W 17.4 hrs 

One Kapton Polyimide Heater 55°C 1.08W 12.6 hrs 

Two Kapton Polyimide 
Heaters 

55°C 2.17W 7.56 hrs 

Direct Current  
to SMA Wire Mesh (1.3 m 

long) 
55°C 2.85W 6.05 hrs 
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Figure 22 Front Panel of NECSUS Control Box 

 
 
There are two LEDs at the bottom of the panel. The green LED is turned on when 
the power is switched on. The red LED indicates low battery. Current running status 
of the system is displayed on the LCD in the format as shown in Figure 23, with the 
first line displaying which mode (demo/regular/calibrate) the program is running at, 
and how many SMA modular units is activated. The second line shows the current 
desired temperature. Letter 'H' at the end of line 2 indicates the program is in stage 
1. '-H' will disappear in stage 2 (see section 3.1.2). More details on pin 
arrangements of MCU and control box connectors can be found in appendix 2. 
 
 
 
 
 
 
 

Figure 23 LCD Display Screen Layout 
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4 In-house Testing of Prototype NECSUS Devices 

4.1 Introduction 
In line with development of each set of NECSUS prototypes, a series of unmanned 
experiments were carried out. Both the functionality of devices and also the 
performance of their control systems were investigated. These experiments are 
categorized into three stages, as follows:  

• Preliminary experiments on a customized dummy; 
• Preliminary experiments on the HAC device to verify the control system 

configuration; 
• Initial experiments on modular support units (MSU). 

4.2 Unmanned Experiments with Active-Control NECSUS 
Devices Using a Customized Dummy 

For this set of experiments a customized dummy was built in-house. With the 
exception of the modular HCV device, all other electroactive NECSUS devices were 
examined when put on the dummy. 
 
The dummy is constructed from a metallic U-shape frame and covered with 
polyurethane foam forming the upper part of the body. A goose-neck type metallic 
tube (Stayput) connects the base frame to the polystyrene head.  
 
The head can rotate, flex and extend at any direction similar to the real cervical 
system (as shown in Figure 24). The nature of this connection tube provided a 
certain level of inactive support similar to cervical passive muscle force. 
 

 
Figure 24 In-house built dummy with multi-DOF neck component 
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Prior to commencing the experiments, the dummy was fastened firmly to a chair with 
a back seat using straps and harness belts (as shown in Figure 25).  
 
 

 
Figure 25 Arrangement of preliminary unmanned in-house experiments on NECSUS prototypes 

 
 
As shown in Figure 25, a medium size SPH5 helmet was put on the dummy. A 1000 
grams weight was attached to the front part of the helmet representing the ANVIS. A 
digital scale (with ±1 gram accuracy) was used for the variable force measurements 
transferred axially through a tripod from the frontal edge of the helmet. Through 
adjusting the tripod height fine adjustment of neck angle in sagittal (as shown in 
Figure 26) plane was achieved. Two analogue measuring levels were attached to 
upper part of the helmet for measuring the head/neck angle in sagittal and coronal 
planes, respectively. For simplicity, the experiments were carried out merely in pure 
midsagittal plane without any neck movement in coronal plane. After initial setting, 
the support devices were put on the dummy and examined in two different modes: 
Inactive; and Active. 
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Figure 26 Body planes 

 
The resulting support level in this series of experiments was calculated based on the 
difference in the force exerted onto the digital scale with and without the NECSUS 
device, as follows: 
 

%Support= 100
)()(

x
readingInitial

devicewithreadingSecondrydevicewithoutreadingInitial −
 

 
Table 8 to Table 10 list the support levels measured in these experiments for 
inactive HAC, electroactive HAC and electroactive HCV devices. As the support 
provided by electroactive NECSUS prototypes can be varied by altering the 
temperature, the temperature effect was also investigated. The support levels were 
measured in different modes and for different head/neck angles. As a result of non-
standard configuration of the dummy, only validated measurements are listed in 
tables. 
 
 
Table 8 Percentage support measured experimentally using an inactive HAC device 

Posture 
(degree of flexion angle) 

0 10 20 30 40 

Support(%) 

 
1.7 18 21 22 36 

 
 

Mid-saggital Plane 
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Table 9 Percentage support measured experimentally using active HAC device in different modes 

Posture 0 10 20 30 40 

Support (%) 

Inactive mode 0 12 24 12 26 

One SMA is 
activated 0 16 25 21 30 

 
Three SMAs 
are activated 9 21 28 22 31 

 
 

Table 10 Percentage support measured experimentally using active HCV device in different 
activation modes in 40 degree flexion posture 

Temperature 

Inactive mode  
(25° C) 

 
30° C 

 
35° C 

Support (%) 

 
23 30 32 

 
 

4.3 Unmanned Experiments on HAC Electroactive Device 
for Verification of Control Circuits and Control Strategy 

Two sets of experiments were designed and conducted on the HAC-AD1 device with 
3 SMA springs to verify the control strategy with and without the use of the bending 
sensors.  
 

4.3.1 Experiment 1: heating profiles generated by the control system 
without the bending sensor 

 
In this set of experiments the heating time is set to 10 minutes, the working modular 
unit is set to 1, and the bending sensor is initialized and not mechanically bent 
afterwards. The spring is linearly heated from 30 deg C to 55 deg C within 10 
minutes period. The temperature is read by a thermometer with 1 Min intervals until 
the temperature reaches its maximum level (i.e. 55 deg C). The output from the 
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thermocouple is amplified and recorded. The amplified voltage corresponds to the 
temperature in the scale of 10mv/ deg C, for instance 0.3V corresponds to 30 deg C.  
 
Based on the control algorithm loaded onto the MCU, the temperature is increased 
by 2.5 deg C each minute, or 0.025*1023/5=5.115 digital level. Due to the nature of 
the MCU unit, this value is rounded to integer 5. Thus, the temperature is expected 
to increase by 5 digital levels per minute. The predefined heating profile loaded onto 
the MCU and the actual heating profile were tabulated using experiments and 
plotted for comparison (as shown in Table 11 and Figure 27).  
 

Table 11 Theoretical and Experimental Values without Using bending sensors in 10 Minutes 
Setting 

Time (min) Theoretical Temperature 
(Digital Level) 

Theoretical 
Temperature 
in Voltage (V) 

Experimental 
Temperature 
in Voltage (V) 

0 61 0.3 0.262 
1 66 0.33 0.34 
2 71 0.35 0.34 
3 76 0.37 0.38 
4 81 0.4 0.41 
5 86 0.42 0.44 
6 91 0.45 0.49 
7 96 0.47 0.5 
8 101 0.5 0.51 
9 106 0.52 0.52 

9.3 107 0.53 0.53 
 

Time vs Voltage

0
0.1
0.2
0.3
0.4
0.5
0.6

0 2 4 6 8 10

Time (min)

Vo
lta

ge
 (V

)

Theoretical values "Experimental Values"
 

Figure 27 Theoretical and experimental values for the first set of experiments 

 
As seen form Figure 27, it can be concluded that the experimental values follow the 
expected values closely, without a significant difference. At some points, there are 
some differences being observed, which are caused by measurement inaccuracy 
and noises created in the MCU unit. 
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4.3.2 Experiment 2: the heating profile changes with the bending sensor 
output 

In this set of experiments the functionality of bending sensors and the corresponding 
protection control algorithm were examined. For this purpose, two alternative sets of 
control profiles of different protection intensity were chosen. The switching between 
the two profiles was invoked automatically either when higher bending frequency 
(corresponding to more frequent head motion activity of a pilot) was detected or 
large bending angles persisted (corresponding to more intense neck bending 
required). Two bending angle tolerances were specified: 
 

- 'a' :0-25 degree in flexion 
- 'b' :25-60 degree in flexion 

 
Next, these experiments were repeated using the same procedure as in the previous 
experiment, but this time the effect of bending was taken into account. That is, the 
bending sensor got bent (as corresponds to the head/neck motion) once in the first 
minute, twice in the second minute, three times in the third minute, and four times in 
the fourth minute. The total time it took for the initial temperature (room temperature) 
to reach the maximum temperature was recorded as well as the temperature at the 
end of each minute. The total time of experiment was set to 10 minutes. 
 
Based on the control strategy developed, when the bending sensor readings were 
used in the control loop, the slope of heating profile increased by 15% for the 
experimental case of increased bending angle (experiment. i) and the case of 
elevated bending frequency (experiment ii). The initial heating rate in the first minute 
was set the same as Experiment 1 (see previous subsection), which was 5 digital 
level.  
 
As shown in Figure 28, when the SMA spring stretched, the bending sensor 
flattened. The new TIR (TIR = (TempH - TempI) / T1) was then calculated at the end 
of 5 minute period and the spring was heated using this constant TIR ratio until it 
reached 55 deg C. The temperatures calculated in accordance with the above 
control settings and the temperatures measured by thermocouple are shown in 
Table 12 and plotted in Figure 29.   
 
 
 
 
 
 
 
 

Figure 28  Schematic configuration of HAC device and bending sensor deflections in different 
head/neck flexion postures 

 

1: Initial 
 
2: Flexion 

SMA spring 

Bending sensor 
Configurations 
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Table 12 Theoretical and Experimental Values using BS (bending sensor) in 10 minutes setting 

Time (min) Time/ 
digital level 

Theoretical 
Temperature (Digital 

Level) 

Theoretical 
Temperature 

in Voltage  

Exp't i Exp't ii 

0 6 61 0.3 0.28 0.26 
1 5 66 0.33 0.32 0.32 
2 4 72 0.35 0.35 0.34 
3 3 79 0.39 0.38 0.38 
4 3 89 0.44 0.42 0.44 
5 6 99 0.49 0.48 0.48 
6 8 104 0.51 0.53 0.53 
7 8 107 0.53 0.53 0.52 
8 8 110 0.54 0.52 0.54 
9 5 113 0.56 0.53 0.53 

9.3  113 0.56 0.54 0.53 
 

Time vs Voltage

0
0.1
0.2
0.3
0.4
0.5
0.6

0 2 4 6 8 10

Time (min)

Vo
lta

ge
 (V

)

Theoretical Experimental 1 Experimental 2
 

Figure 29 Theoretical and Experimental Values  

 
Comparison of theoretical and experimental results showed that the predefined 
control algorithm produces the same heating profile for all cases considered. Some 
limited errors were also observed which could have been caused by the 
measurement inaccuracy and noise in the MCU unit.  
 

4.4 Experiments on Modular Support Units 
The thermo-mechanical behaviour of SMA actuators vary depending on various 
parameters such as wire composition, wire diameter, bending angle (strain), and 
temperature. Since there is generally no data to describe the thermo-mechanical 
characteristic of the custom-made SMA module, a systematic experiment was 

Experiment i  Experiment ii   
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planned to collect the required data for the SMA modular support units. Basically, 
two sets of data were to be collected: 
 

1) Passive measurements to compare the support force of the modular support 
units against various bending angles at room temperature; 

2) Active measurements to compare the support force of the modular support units 
against varying temperature at constant bending angle.  

 
For these sets of experiments, we designed and set up a reliable experimental rig to 
acquire reliable data without using the modular HCV device in manned experiments. 
The results of these experiments would be used for optimization and modeling of the 
NECSUS. 
 

4.4.1 SMA-Based Modular Support Unit Design 

As explained in 2.2.3, Modular Support Unit (MSU) can be integrated and used in HCV-
AA2 prototype design. Up to four identical MSU modules can be inserted to a collar 
jacket. The typical MSU unit designed and integrated for this project is shown in  
Figure 30.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    (a)       (b) 

 

Figure 30 (a) SMA based Modular Support Units. (b) Flat side view of the MSU module along with 
the connector pin assignments 

 
As illustrated in Figure 31, inside each MSU module, 117 cm of Nitinol alloy-B wire 
(0.648 mm diameter) are wound between two metal plates to form a 17-strand wire 
mesh). 
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 (a)              (b) 
Figure 31 (a) Dimension of the nitinol wire mesh inside the SMA-based MSU module. (b) 

Components attached to the nitinol wire mesh. 

The SMA mesh also has 1.00 mm-diameter single strand super elastic alloy-N wire 
at the left and the right side to reduce the mesh’s tendency to twist and also 
providing a constant inactive support. Both the nitinol and super-elastic wires are 
manufactured by Memory-Metalle GmbH [39] and their properties are listed in Table 
13. In addition, each module consists of one Omega K-type thermocouple for 
measuring the SMA’s temperature, one FlexPoint bending sensor for measuring the 
deflection of the module, and two Hi-Heat Polyimide micro heaters for activating the 
nitinol wire mesh during operation. 
 
 

Table 13 Properties of the Nitinol wire 

Property Value 

Composition 50.2% Ni 
Transformation Temperature (Af) 25-35 °C 
Thermal hysterisis 30-80 °C 
Melting Point 1310 °C 
Density 6.45 kg/dm3 
Electrical Resistivity 50-110 µΩ⋅cm 
Ultimate Tensile Strength  
(fully annealed) 

900 MPa 

Plateau Stress (martensite) 70-200 MPa 
Plateau Stress (austenite) 200-650 MPa 

 
 

4.4.2 Experimental Setup and Sequence 

A PC-based test setup was designed and integrated to investigate the thermo-
mechanical performance of the SMA-basd MSU modules. As shown in Figure 32, 
this experimental setup has the following characteristics: 
 

Super 
elastic wire
(1.00 mm)
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(1) For the test purposes, one MSU module was used. One end of the module was 
fixed onto a rectangular wooden block, while the other end was bent at various 
angles using a rotating arm that simulated the angular motion of the neck. The 
bending angles were recorded in terms of end-to-end distance as shown in 
Figure 32 (b). These distances were then correlated to the human neck 
flexion/extension angles. 

 
(2) The activation of the SMA units was controlled by the HAC control circuit (see 

section 3.2.1). Since only one module was tested at a time, a simplified version 
of the circuit was used during the experiment. 

 
(3) The bending sensor, thermocouple and heater strips inside the MSU module 

were connected to the control circuit as specified in the schematic. In addition, 
the output support force of the module was measured by the Honeywell FSG-
15N1A force sensor, positioned at the rotating end of the module. 

 
(4) 11V DC power supply (2A max) was used for operating the control circuit and 

the force sensor. 
 
(5) The SCB-68 data acquisition board from National Instruments measured the 

voltage outputs from the thermocouple, bending sensor, and force sensor. The 
onboard temperature sensor IC tracked the room temperature during the 
experiment. Furthermore, a data-collection user interface was designed in 
LabView 7.0 software to convert and plot the measured voltages into 
corresponding temperature and force values. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                       (a)                                    (b) 

Figure 32 (a) PC-based experimental setup for collecting temperature and force data from MSU’s; 
     (b) Depiction of several bending angles and end-to-end distance measurements 
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4.4.2.1 Control circuit for a MSU module 
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Figure 33 Control circuit operates a single MSU module in demo mode. The TempH Control, a 

variable DC supply, sets the highest temperature achieved by the MSU 

 
The control circuit was operated using an 11V power supply (Figure 33). In this 
circuit, two voltage regulators (LM2575 and LM2576 ADJ) generated two constant 
voltages: 5V for the thermocouple IC chip, the microcontroller unit (MCU), and the 
bending sensor, and 9V (max) for the heaters. 
 
A thermocouple generated a voltage differential between its two leads that were 
dependent on the temperature. Analog Devices’ AD595 thermocouple IC with built-in 
reference junction [40] was used to amplify the voltage output of the thermocouple 
inside the module. Pins 1 and 14 of the AD595 IC were connected to the two pins of 
the thermocouple, and pin 9, the amplified output, was connected to the MCU as 
temperature input. Pin 9 was also connected to the DAQ board to display SMA 
temperature in the LabView data collection user-interface, where the equation T = 
AD595output / 10 was used to convert the AD595 output voltage (mV) into 
corresponding temperature (ºC).  
 
The bending sensor (BS) inside the MSU module worked as a potentiometer, which 
varied its resistance as a function of the bending angle. A voltage-divider circuit was 
utilized to convert the resistance into voltage output. The voltage across the resistor 
R5 was measured by the DAQ board and displayed using the LabView data 
collection program. 
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PIC16F4550 from MicroChip was used in the circuit to implement the control 
strategy for heating the SMA-based MSU units (see section 3.1.2). The MCU read 
inputs from the thermocouple and the bending sensor, and turned the heater on and 
off using a MOSFET transistor (VNP5N07). During the experiment, the MCU was 
operated in demo mode. In this mode, the temperature was controlled to increase 
linearly from room temperature (25°C) to TempH within 3 minutes. The highest 
temperature reached by the SMA (TempH) was controlled by a variable 0-5V DC 
source at Pin 35 of the MCU.  
 

4.4.2.2 FSG-15N1A force sensor 

The FSG-15N1A [41] force sensor (Figure 34 (a)) is a piezoresistive silicon sensing 
device. The specifications of this sensor are listed in Table 14. The sensor collects a 
force being applied, through the stainless steel plunger, directly onto the silicon 
sensing element, thereby minimizing off-centre loading errors. The amount of 
resistance changes in proportion to the amount of force being applied. This change 
in circuit resistance results in a corresponding mV output level (Figure 34 (b)). 
 

 
 
 
 
 
 
 
 
 
 
                               (a)      (b) 

Figure 34 (a) Photograph of the force sensor used in the experiment. (b) The Wheatstone bridge 
circuit built inside the sensor provides voltage output proportional to the applied force 

 
Table 14 FSG-15N1A force sensor specifications 

Sensitivity  0.20 – 0.28 mV/g (0.24 mV/g typ.)  
Operating Force   0 to 1500 g  
Overforce  5500 g  
Supply Voltage  10.0 Vdc typ., 12.0 Vdc max.  
Null Offset  ± 30 mV  
Linearity  ± 22.5 g typ., Best Fit Straight Line  
Sensitivity Shift over Temperature +0.012 mV/g / -0.012 mV/g  
Input Resistance  4 – 6 kOhm (5 kOhm typ.)  
Output Resistance  4 – 6 kOhm (5 kOhm typ.)  
ESD  10 kV  
Operating Temperature Range  -40 °C to 85 °C [-40 °F to 185 °F]  
Vibration  10 Hz to 2 kHz, 20 g, sine  
Shock  150 g, 6 ms, half sine  
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Figure 35 Relationship between the output voltage of the force sensor circuit and the applied load 

 
During the experiment, the force sensor was powered by 11V DC source that also 
powered the control circuit. The differential voltage output between Pins 2 and 4 of 
the sensor was measured by the DAQ board. Calibration was conducted to form a 
relationship between the output voltage and the applied force. A series of known 
dead weights, ranging from 50g to 1000g, were placed onto the sensor and the 
voltage outputs from the circuit were recorded. Using Microsoft Excel, the equation 
that relates the output voltage and the applied load was calculated (Figure 35) and 
was utilized in the Labview data collection program. 
 

4.4.2.3 LabView data-collection program and user interface 

The data-collection program and its user interface (shown in Figure 36) were 
designed in LabView 7 software [42] to measure voltage outputs of the control circuit 
and the force sensor using the SCB-68 DAQ board [43].  
 
The user can select the analog input channels to which the circuit outputs are 
connected. The user can also control the sampling rate and the maximum 
temperature limit of the SMA-based MSU modules. During the experiment, the 
following analog inputs to the DAQ board were used: Channel 3 was used with the 
thermocouple IC, Channel 2 with the bending sensor circuit, and Channel 5 with the 
force sensor circuit. Channel 0 was reserved for the onboard temperature sensor IC. 
In addition, the analog output Channel 0 acted as a variable 0-5V DC voltage source 
for setting the maximum temperature of the MSU. In all data-collection procedures, a 
sampling rate of 0.5 second was used. 
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Figure 36 User interface of the DAQ program designed in LabView 7; allows the user to collect and 

plot deflection, temperature, and support force of the MSU module in passive and active modes 

 
The interface has two modes of measurements: inactive and active. In inactive 
mode, a support force of the SMA module is measured at various bending angles at 
room temperature (25°C). In active mode, a support force of the SMA module is 
measured at varying temperatures (25 to 70°C), as the module is held at a certain 
bending angle. 
 
When operating in inactive mode, the SMA module is bent to a certain angle using 
the rotating arm and inputs the measured at the end-to-end distance. Then by 
clicking START button, the pressure sensor measures the support force of the 
module at that bending angle. Each measured force is plotted on the Force vs. 
Deflection graph using Labview program. 

Inactive 
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In active mode, the user bends the module to a certain angle and sets the maximum 
temperature of the SMA (TempH). Then the control circuit is powered up, heating up 
the SMA wire mesh to maximum temperature in 3 minutes. Then by pressing the 
START button, the program records the temperature and the supportive force 
produced by the MSU module. When the user presses the STOP button, the 
recording stops and the data collected is plotted as a Force vs. Temperature graph. 

4.4.2.4 Neck flexion/extension angles 

To illustrate the thermo-mechanical data collected during the experiments with SMA-
based MSU module, it is necessary to relate the measured end-to-end distance of 
the module (Figure 32 (b)) to the human neck flexion/extension angles. This part of 
the experiment was conducted using the skeleton model designed in AutoCAD. The 
model represents an adult male body with the following physical characteristics: 

Table 15 Physical characteristics of the NECSUS model 

Body height 179.1 cm 
Body weight 79.67 kg 
Neck height 8.97 cm 
Neck diameter 8.60 cm 

 
Figure 37 presents the skeleton model used for measuring neck flexion and 
extension angles. MSU module was positioned in front of the neck such that the 
lower part of the module was fixed against the collarbone while the upper part bent 
against the chin. Using a special setup menu, various neck angles were simulated 
and animated, and the corresponding end-to-end distances of MSU module were 
measured. Note that larger end-to-end distance correspond to less extensive 
bending of the module. 
 

                                                                         
Figure 37  MSU module’s end-to-end distances measured as the neck/head model is tilted to various 

flexion and extension angles 
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4.4.2.5 Experiment Results 

The collected data was plotted in Microsoft Excel and a relationship was determined 
between the MSU’s end-to-end distances and the neck angles. The MSU was 
placed at the front and the back of the skeleton model, in consideration of its similar 
contact points with the actual subject. Then, the end-to-end distance changes 
corresponding to the neck flexion and extension angles were plotted (as shown 
Figure 38 and Figure 39). As shown in Figure 38, the modular unit at the upright 
posture is slightly bent and therefore when the neck extends, the frontal module still 
provides support (by pushing the head/neck backwards). 
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Figure 38 The relationship between the MSU’s end-to-end distances and the neck flexion angles 
when the support module is placed at the front of the neck 
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Figure 39 The relationship between the MSU’s end-to-end distances and the neck extension angles, 

when the support module is placed dorsally 
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The data collected in inactive and active mode using the LabView program is listed 
in Table 16. Figure 40 shows that the module provides an increasing amount of 
support force at a fixed neck angle as the temperature of the SMA is increased. In 
addition, Figure 41 illustrates changes in the support force of the module for varying 
neck angles at constant temperatures. Table 17 provides the support force range of 
the module at constant temperatures for 3.7 cm to 15.1 cm end-to-end distance 
range.  
 
Table 16 Support force of one MSU module in different postures and activation levels  

Neck angle(θ) -26.9° -21.9° -15.5° -10.0° 4.5° 13.8° 28.5° 34.5°
Temp (°C) Total Force provided by one modular unit (N) 

25 2.93 3.10 3.68 4.56 5.45 6.01 6.68 7.26 
30 3.31 3.37 4.31 5.22 6.04 6.55 7.23 8.05 
35 3.56 3.79 4.83 5.46 6.39 7.19 7.74 8.89 
40 3.81 4.12 5.19 5.74 6.76 8.06 8.68 9.57 
45 3.95 4.43 5.36 6.11 7.35 8.74 9.36 10.33 
50 4.09 4.62 5.54 6.38 7.61 9.34 10.08 11.08 
55 4.16 4.77 5.65 6.67 7.79 9.81 10.63 11.84 
60 4.41 4.98 5.79 6.89 8.12 10.07 10.91 12.23 
65 4.47 5.03 6.09 7.02 8.36 10.28 11.27 12.58 
70 4.53 5.08 6.18 7.14 8.49 10.47 11.56 12.92 

Force provided only by a pair of SE strands (N) 
- 0.64 0.89 1.41 1.76 2.29 2.56 3.09 3.27 
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Figure 40 Changes in the support force of one MSU module with increasing temperature at fixed 

neck angles 
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Support Force at Constant Temperature
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Figure 41 Support force of one MSU module with changing neck angles at constant temperature 

 
Table 17 Support force range of one MSU module at various 
temperatures 

Temperature (°) Total Support Force Range (N) 
(for -26.9°  to 34.5° neck angles) 

25 2.93 – 7.26 
30 3.31 – 8.05 
35 3.56 – 8.89 
40 3.81 – 9.57 
45 3.95 – 10.33 
50 4.09 – 11.08 
55 4.16 – 11.84 
60 4.41 – 12.23 
65 4.47 – 12.58 
70 4.53 – 12.92 

 
To model and simulate support forces of the MSU module in the Neck Support 
Expert System (NEXST), a surface fit was generated on the experiment data 
collected. Using an online interactive 3D data-modeling program [44], a surface 
polynomial equation, z(x,y), was determined that had the lowest sum of absolute 
squared errors. Table 18 lists the error statistics on how well the equation fits the 
experiment data. Figure 42 plots the surface fit along with the experiment data. 
 

z = a + by + cy2 + dx + exy + fxy2 + gx2 + hx2y + ix2y2 
 
where x = End-to-end distance of the SMA module (cm) 

 y = Temperature of the SMA (°C) 
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z = Support force of the SMA module (N) 
 
a =  9.8705448196646994E-01 
b =  3.1863302227889856E-01 
c = -1.4400899241500268E-03 
d =  1.5114332231302621E-01 
e = -1.8262306204625583E-02 
f =  2.2235714189585950E-05 
g = -1.0915880853643707E-02 
h =  2.4694231554586645E-04 
i =  1.9813493437086853E-06 

 
Table 18 Error statistics of the equation of the polynomial surface fit 

 Absolute Error Relative Error 
Minimum -4.741282E-01 -7.768924E-02 
Maximum 6.105724E-01 9.212841E-02 
Mean 9.440282E-13 1.288782E-03 
Sample Variance 6.421756E-02 1.249501E-03 
Sample Std Dev 2.534118E-01 3.534828E-02 
Pop. Variance 6.503044E-02 1.265318E-03 
Pop. Std Dev 2.550107E-01 3.557130E-02 
Skew 2.733983E-01 3.484256E-01 

 
Figure 42 3D Surface Graph of Forces, End-to-End Distances & Activation Levels for a MSU Module 
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5 Neck Support Expert System (NEXST) 

 
Basically, the NEXST system is a user-friendly graphical framework for modelling 
and simulation of NECSUS devices and head/neck system. This framework enables 
to simulate and analyze the effect of HMS loads and NECSUS support efficiency 
when using scientific simulations. Also, the optimization of NECSUS is achievable 
through alteration of certain parameters in the model. The following sections present 
the modeling framework created using Dymola/Modelica for the head/neck system 
and NECSUS devices. Results obtained through simulation of the developed models 
are presented for unprotected and protected virtual subjects in Section 6. 
 

5.1 Modeling Cervical Components 
To model head/neck system, a comprehensive literature review was conducted and 
the associated research was carried out to collect all the available data related to 
modeling and simulation of the cervical region [45]. The equations, tables, figures, 
and explanations presented in Section 5 were mainly obtained from Horst [45] 
unless noted otherwise in the forthcoming presentation. The collected data was 
used as default values for both modeling and simulation purposes. The subject- 
dependent parameters such as MVC, body mass, etc. can be updated by NEXST 
users through user-interface windows implemented in the program (as explained 
further in Section 7). 

5.1.1 General Anatomical Definitions 

Table 19 lists the pertinent definition terms for anatomical postures. The anatomical 
Cartesian coordinate system is shown in Figure 43, respectively. The equations that 
model the head/neck system are based on this coordinate system. 
 

Table 19 Definition terms [47] 

Position Description 

Medial Toward the midline of the body 
Lateral Away from the body midline 
Anterior (ventral) Front 
Posterior (dorsal) Back; behind 
Superior Toward the head; above 
Inferior Away from the head; below 
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Figure 43 Cartesian anatomical coordinate system [47] 

 

5.1.2 Modeling Vertebrae 

The vertebrae represent the cervical bones, and are modeled as rigid bodies, from 
T1 to C0 (skull).  Two cervical bones are shown in Figure 44.  T1 serves as the base 
of the model, and is fixed. The properties of the vertebrae are listed in Table 20. 
 
 

 
Figure 44  Lateral view of two vertebrae showing the position of the local coordinate systems [45] 
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Table 20 Inertial and geometric data with respect to lower body 

Name Mass (kg) Moments of Inertia 
Origin of 

Coordinate 
System (mm) 

Position of 
Centre of 

Gravity (mm) 
    Ixx Iyy Izz Ixz sx sz gx gz 
T1 -         0.0 0.0 - - 
C7 0.22 2.2 2.2 4.3 - 0.0 18.0 -8.2 0.0 
C6 0.24 2.4 2.4 4.7 - 0.0 17.5 -8.3 0.0 
C5 0.23 2.3 2.3 4.5 - 0.0 17.0 -8.1 0.0 
C4 0.23 2.3 2.3 4.4 - -3.0 16.5 -7.9 0.0 
C3 0.24 2.4 2.4 4.6 - -3.0 16.5 -7.8 0.0 
C2 0.25 2.5 2.5 4.8 - -3.0 18.0 -7.7 0.0 
C1 0.22 2.2 2.2 4.2 - -2.0 18.5 -7.7 0.0 
C0 4.69 181.0 236.0 173.0 71.0 0.0 17.0 27.0 43.0 

 

5.1.3 Modeling Cervical Muscles 

Muscles are mainly involved in three functional activities: stability; movement; and 
protection. The formulations to find muscle force based on its physical properties will 
be first described in the following subsection. These formulations with certain 
modifications will be used in the implementation of muscle model. 
 
Muscle force in a human body is controlled by brain and moves head/neck or 
maintains it at the required position. To implement this function, a biofeedback 
control mechanism is added in the muscle model. This will be described in the 
second subsection. 

5.1.3.1 Modeling Cervical Muscles 

The force in the neck is comprised of a Contractile Element (CE) describing the 
active force generated by the muscle through contraction, and a Passive Element 
(PE) describing the passive elastic force associated with the elongation of the 
muscle tissues [45]: 
 

PECEmus FFF +=           (1) 

 
Passive muscle behaviour: 
 
The passive element force is defined as: 
 

PCSAFPE ⋅= σ           (2) 
 
PCSA is the physiological cross-section area of the muscle, and σ is defined by the 
nonlinear stress-strain relation (see Figure 45): 
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a
k
ε
εσ

−
⋅

=
1

           (3) 

 
With strain ε defined as the elongation relative to the rest length of the muscle, “k” is 
the passive muscle stiffness, “a” is the strain asymptote.  The strain is defined as: 
 

free

free

l
ll −

=ε            (4) 

 
The free length lfree is defined as the length of a muscle at rest when it is removed 
from the body, the so-called “removed” length.  This value is shorter than the muscle 
length in the initial position lrest.  Assuming a linear relationship with the sarcomere 
length s, lfree can be calculated as: 
 

rest

free
restfree s

s
ll ⋅=           (5) 

 
The muscle optimum or reference length lref is based on: 

rest

ref
restref s

s
ll ⋅=           (6) 

 
Active muscle behaviour: 
 
The active force is given by: 
 

)()(max rLrHCE lfvfFAF ⋅⋅⋅=         (7) 
 
The factor A, the activation state, describes the normalized activation level of the 
muscle and varies between 0 (rest state) and 1 (maximum activation). The 
parameter Fmax is the muscle force at maximum activation and is calculated as: 
 

PCSAF ⋅= maxmax σ           (8) 
 
Where σmax is the maximum isometric muscle stress and PCSA is the physiological 
cross-sectional area of a muscle. The dimensionless lengthening velocity is defined 
as vr = v/Vmax with “v” the momentaneous lengthening velocity and “Vmax“ the 
maximum shortening velocity of the muscles. It is assumed that “Vmax“ is 
independent of the activation state. Function fH is the normalized active force-
velocity relation (Hill-curve [45]). Separate functions are defined for lengthening and 
shortening of the CE-element: 
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The relationship between force and length is determined by the parameters CEsh, 
CEshl. CEml and CEml which define the maximum force a muscle can generate during 
lengthening relative to the maximum isometric force Fmax (see Figure 45). 
 
 

 
Figure 45 Muscle functions: (a) Normalized passive force-length curve FPE (dashed) and standard 
active force-length curve fL for Sk = 0.54. (b) Standard force-velocity curve fH (Hill-curve) for CEsh = 

0.5, CEshl = 0.075 and CEml = 1.5 [45] 

 
Function fL is the normalized active force-length relation with function: 
 

2
1
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r
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l

rL elf                (10) 
 
where the parameter Sk determines the shape (width of the curve, as shown in 
Figure 45) and lr is the dimensionless muscle length defined as: 
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ref
r l

ll =                 (11) 

 
where “l” the momentaneous muscle length and “lref “ the optimum or reference 
length at which the active force is generated most efficiently. 
 
Muscle activation is described by two dynamical processes:  
 

• Neural excitation; 
• Active state dynamics. 
 

The normalized neural excitation E (0 ≤ E ≤ 1) is described by the first-order system: 
 

eT
Eu

dt
dE −

=                 (12) 

 
where dE/dt is the derivative of E with respect to time “t”, “Te” the time-constant and 
“u” the normalized neural input (0 ≤ u ≤ 1).  Here, it is assumed that the activation of 
a muscle is determined by a single neural input: the muscle is not activated for u = 0 
and maximally activated for u = 1. The normalized activation state A (0 ≤ A ≤ 1) is 
described by the first-order system: 
 

aT
AE

dt
dA −

=  with time constant 
⎩
⎨
⎧

=
da

ac
a T

T
T              (13) 

 
 
Muscle dynamics are described by time-constants Te, Tac and Tda, and the neural 
input u. The time-constants lie in the range of 25 ≤ Te ≤ 50 ms and 5 ≤ Tac ≤15 ms 
according to Winters and Stark [46]. A step response is assumed for input u and it 
changes instantaneously from 0 to 1 at a certain time tact defined as the time it takes 
to start activation of a neck muscle in reaction to an external disturbance such as 
impact, increased load, acceleration, etc. 
 
The values of the parameters and variables of the above equations are shown in 
Table 21 and Table 22. 
 

if AE >
activation 
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Table 22 Individual muscle parameters [45] 

Muscle Fmax (N) Vmax (m/s) Apsca (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 7.067 9.422
Scalenus 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
Semispinalis capitis 260.4 1.072 6.51 2.32 14.8 13.397 17.862
Semispinalis cervicis 268 0.682 6.7 2.3 9.34 8.528 11.37
Spinalis capitis 280 1.051 7 2.3 14.39 13.139 17.518
Spinalis cervicis 160 0.6 4 2.3 8.21 7.496 9.995
Splenius capitis 307.6 1.215 7.69 2.325 16.82 15.192 20.256
Splenius cervicis 307.6 0.85 7.69 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

 
A neck muscle response study showed that maximum activation level in the muscles 
may vary across different individuals, genders, and even for a certain individual 
under different conditions [50].  Results of this study showed that maximum 
activation would change depending on the type of loading, and on which muscle was 
loaded.  This study was performed by measuring the maximum voluntary contraction 
(MVC) of various neck muscles and then comparing these values with the %MVC of 

Table 21 Model parameters for passive and active muscle behaviour [45] 

Muscle parameter Symbol Value Units 
Average sarcomere length of “free” muscle sfree 2.1  µm 
Length of sarcomere at rest srest See Table (given)   
Sarcomere length at muscle optimal length sref 2.8  µm 
Length of “free” muscle lfree See Table (calculated)   
Length of muscle at rest lrest See Table (measured)   
Optimum length of muscle lref See Table (calculated)   
Maximal isometric stress σmax 40  N/cm2
Relative maximum shortening velocity Vmaxr 6 1/s 
Maximum shortening velocity Vmax See Table (calculated)   
Shape force-velocity curve (shortening) CEsh 0.25   
Shape force-velocity curve (lengthening)   CEshl 0.075   
Maximum relative force CEml 1.5   
Shape active force-length curve Sk 0.54   
Passive force-length stiffness k 3.34  N/cm2
Passive force-length asymptote a 0.7   
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the muscles during the test.  It was found that during the acceleration conditions, the 
value could reach up to 200% of the MVC. To consider this factor, a parameter 
‘Amax’ was added in the muscle model, which defined the maximum percentage of 
activation level (default is 1), and varied to account for the difference among 
individuals.  
 
The %MVC is defined as the percentage ratio of the force applied to the MVC for the 
same muscle group in the same posture [48], and is given by: 

Moment}or  ForceMVC / Moment}or  {Force x 100%  %MVC {=          (14) 

 
The estimation of endurance time, tend, and the estimation of recovery time, trec, are 
given by [48]: 

32
end 100)0.1/(%MVC/  100)0.6/(%MVC/ - 100)2.1/(%MVC/  1.5-  [min] t ++=       (15) 

con
0.51.8

endconrec  t0.15) - (%MVC/100% ) / t(t 18  [min] t =          (16) 

where tcon is the contraction time. 
 
Prior studies showed that the maximum strength in the neck muscles is influenced 
by its current position. Because of this property, the MVC of an individual must be 
adjusted accordingly based on the position measurement for a more realistic 
simulation of head/neck response to external loading.  The maximum strength of the 
neck muscles in various positions is shown in Table 23 and Table 24.  By using 0° 
as a base, the maximum activations at any position can be expressed as a ratio of 
the strength at 0° in flexion/extension and in lateral bending. 
 

Table 23 Mean SD of maximum isometric neck muscle strength (N m) at various 
anatomical positions in the body sagittal plane 

Direction 20° 
Extension 

10° 
Extension 0° 10° Flexion 20° Flexion 

  E F E F E F E F E F 
Average 52.04 15.45 50.54 19.33 45.29 23.34 42.79 22.94 42.18 22.75

SD 14.58 5.58 12.29 6.12 11.46 4.93 9.74 5.29 9.42 4.87 
E – Extensors; F – Flexors; SD – Standard Deviation 

 
Table 24 Mean and SD of maximum isometric neck muscle strength (N m) at various 
anatomical positions in the body coronal plane 

Test 
subject 

15° Left 
Lateral 

Bending 

5° Left 
Lateral 

Bending 
0° 

15° Right 
Lateral 

Bending 

5° Left Right 
Bending 

  LLF RLF LLF RLF LLF RLF LLF RLF LLF RLF 
Average 31.19 22.00 30.11 22.48 26.96 27.21 26.02 27.94 26.28 28.21

SD 8.23 8.84 8.63 6.98 7.81 8.11 7.80 8.49 8.02 7.45 
LLF – Left Lateral Flexors; RLF - Right Lateral Flexors; SD – Standard Deviation 
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5.1.3.2 Control of Muscle Force 

By considering head-neck ensemble as a multi-body system, in general there are 
two methods to control muscle force in order to maintain it at a certain position: one 
is based on global coordinates (in Cartesian space) and the other is based on local 
coordinates (in the joint space). 
 
Using the global coordinate method, each muscle will be controlled according to the 
difference between required and actual head positions. As the head-neck system 
has numerous redundancies (multiple active-force elements such as 68 pairs of 
muscles [1], plus non-fixed joints between vertebrae supported by passive-force 
elements like ligaments and disks), it is extremely difficult to find a unique set of 
muscle forces for a given head position. 
 
In the local coordinate method, each muscle will be controlled according to the 
difference between its required and actual lengths of the muscle. Based on this 
method, a general PID type biofeedback control has been implemented in the 
muscle model to control the neural input ‘u’ in equation (12), which controls the 
activation levels of the muscle as follows: 
 

Int(e)*Ki  der(e)*Kd  e*Kp  u_c ++=       (17) 

 
where e = L – LREQ, L and LREQ are actual and required muscle length, der(e) and 
Int(e)  are the derivative and integral of e, Kp, Kd and Ki are the PID control 
constants. To avoid saturation caused by the integral control, a nonlinear type 
integration with upper and lower bounds is used in (17). 
 
‘LREQ’ can be defined based on the required head-neck posture and muscle 
attachment positions (Section 6.1). In this method, an assumed rotation point and 
angle are used for each vertebra to find its position and orientation. The advantage 
of this method is that the whole profile of required muscle length can be defined in 
advance. However, there are certain inconsistencies among assumed rotation point 
and angle and the actual ones. This issues will be clarified at a later stage. 
 
Another methodology used in the model development is that at first the head is 
moved toward the required position by applying certain muscles’ forces when other 
muscles are relaxed. In some cases it could just be external forces (like gravity force, 
which will cause flexion motion). The moment head reaches the required position, 
the muscle length will be recorded and set as ‘LREQ’. After this moment, all the 
muscles will be engaged in the control loop to maintain their lengths at ‘LREQ’. 

5.1.4 Modeling Discs 

The intervertebral disc is a fibrocartilaginous joint between the endplates of two 
adjacent vertebral bodies. There are no discs between axis, atlas and occiput. The 
disc is modeled as a parallel connection of a spring and a damper for each of its six 
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degrees of freedom (translational and rotational). The loads exerted by the disc on 
the vertebrae are given by: 
 

itiitidi vbtkF ⋅+⋅=                (18) 

iiiidi bkM ωφ φι ⋅+⋅=                (19) 
 
where i = x, y, z in which Fdi and Mdi are the components of the forces and moment 
relative to the i-axis of the lower body, ti and Φi the relative translations and rotations 
of the geometric centre of the disc, and vi and ωi the relative translational and 
rotational velocities of the disc centre. 
 
The intervertebral discs show dynamic stiffening behaviour. From experimental 
studies, the stiffness increases two to five times when the deformation rate 
increases by a factor of 100 to 1000 relative to quasi-static loading rate of about 10 
mm/s or 10 deg/s.  The elastic force Fstat transforms into the dynamic elastic force as 
follows: 
 

MFF statdyn ⋅=                 (20) 
 
The dynamic stiffness is assumed to be twice the static stiffness (static analysis M = 
1; dynamic analysis M = 2). 
 
The values of the parameters and variables of the above equations are given in 
Table 25. 
 
 

5.1.5 Modeling Ligaments 

Ligaments in the spine allow motion within physiologic limits and prevent excessive 
motion. Ligaments are modeled as elements producing force only in tension.  The 
ligament force is given by 

Table 25 Stiffness and damping values for intervertebral discs 
Load Direction Stiffness (N/mm)   Damping (Ns/m)   
Anterior Shear ktx 62 btx 1000
Posterior Shear kt-x 50 bt-x 1000
Lateral Shear5 kty 73 bty 1000
Tension ktz 53 btz 1000
Compression kt-z 822-2931 bt-z 1000
  Stiffness (Nm/rad)   Damping (Nms/rad)   
Flexion kΦy 0.022-5.4 bΦy 1.5
Extension kΦ-y 0.022-8.2 bΦ-y 1.5
Lateral Bending6 kΦx 0.33 bΦx 1.5
Axial Rotation7 kΦz 0.42 bΦz 1.5
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where )(εelF  represents the non linear force-strain (load-deformation) curve shown 
in Figure 46. 
 

 
Figure 46 Load deformation curve for ligaments 

 
The values of the parameters and variables of the above equation are shown Table 
26 and Table 27. 
 

Table 26 Ligament coefficients for dynamic behaviour 

Ligament Name C 
ALL anterior longitudinal ligament 0.4 
PLL posterior longitudinal ligament 0.4 
FL flaval ligament 0.4 
ISL interspinous ligament 0.4 
JC lower neck joint capsules 0.4 
LN lower neck nuchal ligament  0.4 
JC upper neck joint capsules 0.4 
LN upper neck nuchal ligament 0.4 
AM anterior membrane 0.4 
PM posterior membrane 0.4 
ALAR alar ligament 40 
AP apical ligament 0.4 
TL transverse ligament 40 
TM tectorial membrane 0.4 
CF cruciform ligament 0.4 

 
Table 27 Linear stiffness of ligaments [49] 

Ligament Spinal Level Stiffness [N/mm] (Mean SD) 
Joint Capsules OC-C1 32.6 (28.0) 
Anterior atlanto-occipital membrane OC-C1 16.9 (3.2) 

for 0≥ε and 0≤dtdε (unloading); 
 

for 0>ε and 0>dtdε (loading); 
 

for 0<ε (slack).
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Posterior atlanto-occipital membrane OC-C1 5.7 (0.4) 
Anterior longitudinal ligament C1-C2 24.0 (11.7) 
Joint Capsules C1-C2 32.3 (23.5) 
Ligamentum flavum C1-C2 11.6 (11.0) 
Tectorial membrane OC-C2 7.1 (2.3) 
Apical OC-C2 28.6 (29.0) 
Alar OC-C2 21.2 (15.7) 
Cruciate ligament, vertical portion OC-C2 19.0 (0.2) 
ALL (anterior longitudinal ligament) C2-C5 16.0 (2.7) 
PLL (posterior longitudinal ligament) C2-C5 25.4 (7.2) 
LF (ligamentum flavum) C2-C5 25.0 (7.0) 
ISL (interspinous ligament) C2-C5 7.74 (1.6) 
ALL C5-T1 17.9 (3.4) 
PLL C5-T1 23.0 (2.4) 
LF C5-T1 21.6 (3.7) 
ISL C5-T1 6.4 (0.7) 

5.1.6 Modeling Facet Joints 

Facet joints are synovial joints formed by the corresponding articular facets of 
adjacent vertebrae and enclosed by joint capsules. The articular surfaces of the 
facet joints are rigidly attached to the vertebrae. 
 
Facet Joints only have a translational stiffness in the z direction: 
 

⎪
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F                (22) 

 
where uz the compression of the spring, representing the relative penetration of the 
bodies of the facet joint surfaces, and kfz the compression stiffness. 
 
Since no experimental data on the contact between the facet joints is currently 
known, the compression stiffness kfz representing contact between the facet joints 
has been based on the nonlinear static compression stiffness of the disc. 
 
The loss of energy during unloading is defined to be 50%, using a hysteresis slope 
of 10-7 (as shown in Figure 47). 
 

for loading; 
 

for unloading; 
 

hysteresis slope (see Figure 47) 
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Figure 47 Hysteresis model for facet joint and spinous process 

 

5.1.7 Modeling the Spinous Process 

Spinous processes are protrusions of the vertebrae pointing to the back (as shown 
in Figure 44). They constitute attachment points for muscles and ligaments. In 
extension, contact could occur between these protrusions. The spinous process 
contact is modeled by a nonlinear spring model, as was done for the facet joints. 

5.1.8 Modeling Occipital Condyles and Dens 

It is assumed that the contact between the occipital condyles (OC) is important 
during motion of the occipito-atlanto-axial region. The contact stiffness of OC and 
Dens was chosen such that the force-displacement relation of the complete contact 
was similar to that of the facet joints. Figure 48 illustrates the schematic of Occipital 
Condyle and Dens. 
 

       
Figure 48 Schematic of Dens and Occipital Condyle [45] 

Occipital Condyle 
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5.1.9 Attachment of Cervical Elements 

Each element has specific local attachment points to their respective vertebra.  The 
attachments of all components are listed in Table 28-Table 32.  Since there is no 
specific documentation on these attachment points, these coordinates were 
estimated by using the male skeleton model drawing from Phase I of the project 
[11]. 
 

Table 28 Facet Joint attachment points 

 x (cm) y (cm) z (cm) 
T1 -1.5802 0 1.3 
C7 -1.7215 0 0.6788 
C6 -1.5598 0 0.6463 
C5 -1.2924 0 0.6338 
C4 -1.1531 0 0.6325 
C3 -1.166 0 0.6463 
C2 -1.3516 0 -0.6773 
C1 0 +/- 1.5 0.8213 
C0 0.2 +/- 1.5 -0.7988 

 
Table 29 Disc attachment points 

  x (cm) y (cm) z (cm) 
T1 0 0 0.69 
C7 0 0 0.6788
C6 0 0 0.6463
C5 0 0 0.6338
C4 0 0 0.6325
C3 0 0 0.6463
C2 * (-ve) 0 0 0.6773

 
Table 30 Muscle attachment points 

 Vertebra x (cm) y (cm) z (cm) 
Longissimus captitis C5 -1.046146 1.54269 0 
  Skull 0.0076437 3.85672 0.5 
Longissimus cervicis Fixed Base -2.803069 1.54269 0 
  C3 -2.1924 1.54269 0.29129 
Longus capitis C4 0.8521259 1.54269 0.45354 
  Fixed Base -0.957561 0 0 
Longus colli Skull 0.1849786 1.15701 0 
  C3 1.081335 1.15701 0 
Scalenus anterior Fixed Base -0.069252 2.6997 0 
  C3 -0.327377 1.54269 0.64437 
Scalenus medius Fixed Base -0.598612 3.08537 0 
  C5 0.4467328 1.54269 0.47922 
Scalenus posterior Fixed Base -0.982941 3.85672 0 
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  C6 0.5968227 1.54269 0.59984 
Semispinalis capitis Fixed Base -1.465874 1.92836 0 
  Skull -2.6032 2 -0.5 
Semispinalis cervicis T1 -0.768659 1.92836 0.88572 
  C1 -1.508469 0 -0.988 
Spinalis capitis Fixed Base -2.824823 1.92836 0 
  Skull -0.353141 2.1 -0.5 
Spinalis cervicis T1 -2.204457 0.38567 0 
  C2 -1.368863 0.38567 -0.65655 
Splenius capitis Fixed Base -3.162018 0 0 
  Skull -1.677236 4.62806 -0.5 
Splenius cervicis Fixed Base -3.542722 1.54269 0 
  C1 1.075874 3.85672 0 
Sternocleidomastoid Fixed Base 1.3585868 1.54269 0 
  Skull -2.563 1.54269 -0.5 
Trapezius Fixed Base -3.785647 1.54269 0 
  Skull -4.643405 0 -0.5 

 
 
 
 
 
 
 
 

Table 32 Ligament attachment points 

 Name x (cm) y (cm) z (cm) 
Anterior longitudinal ligament T1 0.82 0 0 
  C7 0.8673 0 0 
  C6 0.9941 0 0 
  C5 0.9017 0 0 
  C4 0.7791 0 0 
  C3 0.6445 0 0 
  C2 0.7462 0 0 
Anterior membrane C1 0.8637 0 0 
  C0 0.8637 0 1.33 
Posterior longitudinal ligament T1 -0.2967 0 0.257 
  C7 -0.7643 0 0.3348 
  C6 -0.5396 0 0.3136 
  C5 -0.4272 0 0.2601 
  C4 -0.5338 0 0.269 
  C3 -0.5658 0 0.3319 
  C2 N/A N/A N/A 
Posterior membrane C1 -1.4722 0 0.4742 
  C0 -1.8941 0 1.2 
Flaval ligament T1 -1.8341 0 0.2021 
  C7 -1.7505 0 0.3227 
  C6 -1.4835 0 0.4124 

Table 31 Occipital condyles and dens attachment points 

 x (cm) y (cm) z (cm) 
C2 0 0 0.8213 
C1 0.2 0 -0.7988 
C0 0 +/- 1.5 0.7988 
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  C5 -1.2245 0 0.3159 
  C4 -1.2274 0 0.2377 
  C3 -1.2304 0 0.2578 
  C2 -1.5827 0 0.3919 
  C1 -1.2826 0 0 
  C0 N/A N/A N/A 
Interspinous ligament T1 -2.8493 0 -0.2531 
  C7 -3.2226 0 0.3022 
  C6 -2.4342 0 0.5114 
  C5 -2.0162 0 0.3717 
  C4 -1.7278 0 0.2012 
  C3 -1.7017 0 0.3452 
  C2 -1.7249 0 0.178 
  C1 -2.1387 0 0.3018 
  C0 -1.7563 0 0 
Joint capsules T1 -1.4787 1.9361 0.1599 
    -1.4787 -1.9361 0.1599 
  C7 -1.62 1.9824 0.321 
    -1.62 -1.9824 0.321 
  C6 -1.4626 1.9901 0.4124 
    -1.4626 -1.9901 0.4124 
  C5 -1.2075 1.9901 0.2563 
    -1.2075 -1.9901 0.2563 
  C4 -1.0788 1.9129 0.1966 
    -1.0788 -1.9129 0.1966 
  C3 -1.0916 1.9978 0.2488 
    -1.0916 -1.9978 0.2488 
  C2 -1.2804 1.7868 -0.612 
    -1.2804 -1.7868 -0.612 
  C1 -1.0808 1.0567 -0.6695 
    -1.0808 -1.0567 -0.6695 
  C0 -1.57 2.1829 0 
    -1.57 -2.1829 0 
Alar ligament C1 -2.1387 0 0.60086 
  C0 -1.4844 1.7972 0.29 
    -1.4844 -1.7972 0.29 
Apical Ligament C2 -0.61 0 0 
  C1 -0.61 0 0 
  C0 -0.3654 0 0 
Tectorial ligament C2 -0.8479 0 0.3472 
  C1 -0.7995 0 0.3222 
  C0 -0.4877 0 0 
Cruciate Ligament C2 -1.2745 0 0 
  C1 -1.2215 0 0 
  C0 -0.0596 0 0 
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5.2 Model Implementation 
The cervical components were modeled using the Modelica language and the 
Dymola modeling and simulation environment.  In implementing the model of the 
cervical components of the neck, some of the components were partially simplified 
in order to reduce the complexity of the overall model implemented so far.  This was 
done to reduce simulation time as well as accelerate the debugging phase. 

5.2.1 Background 

To outline how the NEXST model was created using Modelica standard library and 
Dymola program, certain background and terminology must be first defined.  These 
are as follows: 
 
• The axis in Dymola do not coincide with the axis that is defined for the human 

body.  The x, y, and z axis for the human body are x, -z, and y, respectively.  In 
the developed model, Dymola coordinate system was utilized; 

 
• Frame in Dymola holds importance in that it provides a local coordinate system 

for a component.  The frame_a associated with any object is the reference 
system of that object with respect to the world frame, and it is defined by the 
origin transformation vector r_0 and an orientation of R_0. Also, frame_b are the 
local coordinates defined as position and orientation on any object that 
represents another position on the object, and is represented by a translation 
vector and rotation angle that are defined with respect to frame_a. 

 
• Using the Modelica MultiBody standard library, two different interfaces were 

used: PartialLineForce and PartialForce3D.  PartialLineForce is used to model a 
line force.  The interface allows measurement of length at any given time (from 
frame_a to frame_b) and allows for a force calculation that would be applied 
along that element.  PartialForce3D is used to model three-dimensional force 
and torque elements.  The interface measures the vector and angle of the 
element from frame_a to frame_b; 

 
• Fixed translations are fixed vectors that extend from frame_a to frame_b in the 

direction of the specified vector. These fixed translations were utilized in the 
NEXST model to define the attachment points;  

 
• The SIunits package was used to define the components of the model.  Two 

main components are used: parameter and variable.  Parameters are used in the 
case of the component having a value that does not change during simulation.  
Parameters may be changed for each individual model that is used.  Variables 
are calculated in the ‘equation’ section of the model, and govern the behaviour of 
the element.  These values cannot be user-defined; 
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• The world object represents the surrounding conditions, of which most important 
one is the global coordinates of a system;  

 
• Most of the models created have external connectors. Through these 

connectors, the model can be used in another model as an element.  For 
example, the muscle model simulates the behaviour of a muscle.  This muscle 
model can then in turn be used in another model, any number of times as 
separate muscle components. 

 

5.2.2 General Implementation of NEXST Expert System 

For the purposes of detailed testing of the NEXST model, the initial position of the 
neck is first set.  In this case, the initial position and angles of the vertebrae must be 
defined.  When the initial position is to be defined, the rest (in upright position) 
lengths, vectors, orientations of the elements are read as an input (see Table 33 to 
Table 35), as the rest lengths are measured from the initial conditions.  Since the 
neck will not be in upright position initially, the measurement will be incorrect unless 
it is read from a file.  
 
Parameters that are between a range are estimated to be the average of the two 
extremes. 
 
Many elements, most notably muscles and some ligaments, come in pairs that are 
symmetric about the sagittal plane.  To differentiate between the right and left sides, 
elements that end in “1” denote the right elements and those that end in “2” denote 
the left elements (e.g. Trapezius1 and Trapezius2). 
 

Table 33 Initial lengths of ligaments and muscles 

 Ligaments  
C0 Alar Ligament 0.0358543 
 Anterior Membrane 0.0303 
 Apical Ligament 0.0171751 
 Cruciate Ligament 0.0205913 
 Interspinous Ligament 0.0164331 
 Joint Capsule 0.0266874 
 Posterior Membrane 0.0246222 
 Tectorial Ligament 0.0141264 
C1 Alar Ligament 0.0185442 
 Anterior Longitudinal Ligament 0.018236 
 Cruciate Ligament 0.0185583 
 Flaval Ligament 0.0146153 
 Interspinous Ligament 0.0187699 
 Joint Capsule 0.0193548 
 Tectorial Ligament 0.0183128 
C2 Anterior Longitudinal Ligament 0.0172117 
 Flaval Ligament 0.0220521 
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 Interspinous Ligament 0.0186417 
 Joint Capsule 0.0124933 
 Posterior Longitudinal Ligament 0.0198892 
C3 Anterior Longitudinal Ligament 0.0173914 
 Flaval Ligament 0.0163593 
 Interspinous Ligament 0.017289 
 Joint Capsule 0.0167855 
 Posterior Longitudinal Ligament 0.0171856 
C4 Anterior Longitudinal Ligament 0.0176983 
 Flaval Ligament 0.0149826 
 Interspinous Ligament 0.0132834 
 Joint Capsule 0.0150882 
 Posterior Longitudinal Ligament 0.0166723 
C5 Anterior Longitudinal Ligament 0.0171823 
 Flaval Ligament 0.0160229 
 Interspinous Ligament 0.0157968 
 Joint Capsule 0.0154331 
 Posterior Longitudinal Ligament 0.0164256 
C6 Anterior Longitudinal Ligament 0.0190895 
 Flaval Ligament 0.0161768 
 Interspinous Ligament 0.0160811 
 Joint Capsule 0.0161136 
 Posterior Longitudinal Ligament 0.0165062 
C7 Anterior Longitudinal Ligament 0.0157563 
 Flaval Ligament 0.0237352 
 Interspinous Ligament 0.0308211 
 Joint Capsule 0.023699 
 Posterior Longitudinal Ligament 0.0209449 
 Muscles  
C0 Longissimus Capitis 0.0839459 
 LongusColli 0.146211 
 Semispinalis Capitis 0.144828 
 Spinalis Capitis 0.14444 
 Splenius Capitis 0.151384 
 Sternocleidomastoid 0.150913 
 Trapezius 0.147901 
C1 Semispinalis Cervicis 0.106103 
 Splenius Cervicis 0.138393 
C2 Spinalis Cervicis 0.0971953 
C3 Longissimus Cervicis 0.0960831 
 Scalenus Anterior 0.100945 
C4 Longus Capitis 0.0865538 
C5 Scalenus Medius 0.0691584 
C6 Scalenus Posterior 0.0582948 

 
Table 34 Initial vectors of joints 

C0 Facet Joint -6.10E-05 0.00401201 -5.18E-12 
 Occipital Condyles And Dens1 3.91E-08 0.00401201 -5.18E-12 
 Occipital Condyles And Dens2 3.91E-08 0.00401201 -5.18E-12 
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 Spinous Process -0.000175961 0.013982 -5.18E-12 
C1 Facet Joint 1 -6.32E-08 0.00229895 -5.66E-12 
 Facet Joint 2 -6.32E-08 0.00229895 -5.66E-12 
 Occipital Condyles And Dens -6.32E-08 0.00229895 -5.66E-12 
 Spinous Process -0.00613806 0.0177379 -5.66E-12 
C2 Disc -0.00382539 0.00481446 -4.39E-10 
 Facet Joint -0.00558064 0.00646165 -4.89E-10 
 Spinous Process -0.00288647 0.0184168 -8.33E-10 
C3 Disc -0.00266175 0.00372086 -2.52E-10 
 Facet Joint -0.00277477 0.00311062 -2.64E-10 
 Spinous Process -0.00289634 0.0170447 1.17E-10 
C4 Disc -0.00244873 0.00386109 -3.14E-12 
 Facet Joint -0.00101185 0.0028561 -2.99E-12 
 Spinous Process -0.000225597 0.0132815 -5.45E-12 
C5 Disc 0.000110626 0.00419999 5.18E-12 
 Facet Joint 0.00278659 0.00397444 -5.15E-12 
 Spinous Process 0.00411821 0.0152506 -5.13E-12 
C6 Disc 0.001011 0.00432856 -4.28E-10 
 Facet Joint 0.00282004 0.00188849 -4.11E-10 
 Spinous Process 0.00338365 0.0157211 -8.51E-10 
C7 Disc -0.00175686 0.0045433 -2.63E-10 
 Facet Joint -0.00258328 0.00289887 -1.75E-10 
 Spinous Process 0.00201093 0.0307555 2.61E-10 

 
Table 35 Initial orientations 
C0 Occipital Condyles And Dens -1.41E-26 1.24E-26 3.25E-21 
 Occipital Condyles And Dens -1.41E-26 1.24E-26 3.25E-21 
C1 Occipital Condyles And Dens -1.41E-26 1.24E-26 3.62E-19 
C2 Disc -3.88E-08 -3.73E-09 -0.121869 
C3 Disc 3.91E-08 -1.02E-09 0.052336 
C4 Disc -3.05E-10 1.33E-11 0.0871557 
C5 Disc -1.51E-13 2.66E-12 0.0174524 
C6 Disc -3.85E-08 1.04E-09 0.156434 
C7 Disc 3.88E-08 5.10E-09 -0.258819 

 

5.2.3 Implementing the Vertebrae 

The vertebrae were modeled as rigid bodies with fixed translations attached to the 
origin of a body to represent the attachment points of different neck elements. 
 
The vertebrae from T1 to C0 were created in this way, each with their specific local 
attachment points (see section 5.1.9). 
 
The coordinates of the fixed translations are declared as variables in the Dymola- 
Modelica text editing window.  Each fixed translation will represent an array of three 
elements for the x, y, and z directions.  The elements that come in pairs use the 
same variable.  When this is the case, the variable is defined for the positive 
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direction (right or top).  The positive element will use the variable directly, while the 
negative element will simply use the negative value of the correct direction (y or z). 
 
The mass, position of centre of gravity, moments of inertia, initial position, and 
orientation of the neck are taken from Table 20.  The initial position and orientation 
values were converted into the world frame to be used in Dymola environment (as 
listed in Table 36). 
 

Table 36 Global Origins and Orientations 

Name Origin Orientation 
 x y z  

T1 0 0.009 0 0 
C7 0 0.027 0 -15 
C6 0.0045293 0.0439037 0 -6 
C5 0.0063063 0.0608106 0 -5 
C4 0.0047558 0.0775093 0 0 
C3 0.0017558 0.0940093 0 3 
C2 -0.0021821 0.1118276 0 -4 
C1 -0.0028868 0.130422 0 -4 
C0 -0.0017009 0.1473806 0 -4 

5.2.4 Implementing the Muscles 

The equations and parameters in section 5.1.3 were used in Dymola to create a 
general model of the muscle using the PartialLineForce interface.  Each muscle has 
specific values of cross-sectional area and sarcomere rest length that are inputted in 
the NeckElements model. 
 
An additional option is to have the muscles kept at a certain position.  In this case, 
the final length of the muscles is to be defined, and the activation of the muscle will 
increase or decrease if the muscle is longer or shorter than the set final length, 
respectively. 

5.2.5 Implementing the Discs 

The equations and parameters in section 5.1.4 were implemented in Dymola to 
model the neck using the PartialForce3D interface.  However, the relative rotational 
and translational velocities are taken at frame_b as opposed to the disc centre. 
 
For the implementation of the static and dynamic force, linear interpolation is used to 
increase the stiffness instead of the use of equation (16).  First, the deformation rate 
is identified.  Next, interpolation is carried out to find the stiffness.  If the deformation 
rate increases by a factor between 0 and 100, the stiffness is interpolated between 
zero and two times.  If the deformation rate increases by a factor between 100 and 
1000, the stiffness is interpolated between two and five times. If the deformation rate 
increases by a factor more than 1000, the stiffness will increase five times. 
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5.2.6 Implementing the Ligaments 

The equation and parameters in section 5.1.5 is used to model the ligaments using 
the PartialLineForce interface.  Each ligament has a specific value of stiffness and 
coefficient of dynamic behaviour that are inputted in the NeckConnections model. 
 
For simplicity, the force-strain curve is estimated to be linear.  Also, to prevent small 
oscillations in strain that affect the force about the 0 point, a buffer is used for very 
small values in the positive and negative directions. 

5.2.7 Implementing the Facet Joints 

The facet joints are modeled using the equation from section 5.1.6 with the 
PartialForce3D interface.  For simplification, instead of using the hysteresis slope to 
correlate loading and unloading of the facet joint, a linear interpolation is used 
between the two curves. 

5.2.8 Implementing the Spinous Process 

The spinous process is modeled the same way as the facet joint, except that it is not 
initially in contact.  The contact point is defined as 3mm below the initial position of 
frame_b. 
 

5.2.9 Implementing the Occipital Condyles and Dens 

The occipital condyles and dens are modeled similar to the facet joints, with a linear 
stiffness in the x and z directions. The dens in the C1-C2 joint are involved in a three 
dimensional rotational stiffness.  The rotational stiffness is modeled for the dens 
only, so it is turned off for the C0-C1 joint (the occipital condyles). 

5.2.10 NeckConnections Model 

In the NeckConnections model the neck components are added to the vertebrae 
model including the muscles, discs, ligaments, facet joints, spinous processes, and 
occipital condyles.  This is done by having a model to represent the attachments of a 
vertebra with the elements directly attached to it.  Each individual element is 
attached to only two different vertebrae.  For consistency, only the elements below 
the vertebrae are directly attached, while above the vertebrae there are connectors 
that are used to connect to the elements of the vertebrae from directly above.  Also, 
each of the elements has their frame_a attached to the bottom vertebrae and 
frame_b attached to the top vertebrae. 
 
In this model, the parameters of individual elements are changed to correspond with 
a specific muscle, ligament, etc.  For example, the cross-sectional area of the longus 
capitis in C4 is 3.54 cm2. 
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A ‘fixed’ model serves as the fixed point which T1 is rigidly attached to.  This fixation 
point coincides with the world frame coordinates, and contains many fixed 
translations to which the muscles are attached. 
 
Since there are many elements and connectors in this model, to make searching 
through these components easier, the following naming system is used: 
 

• CTDW – represents a ‘down’ connector; a connector to the bottom of an 
element; 

• CTUP – represents an ‘up’ connector; a connector to the top of an element; 
• Lig – represents a ligament; 
• Muscle – represents a muscle. 

 

5.2.11 Implementing a Prototype NECSUS Devices in NEXST 

The force-temperature-deflection relationship of a modular NECSUS device 
determined in section 4.4.2.5  was used to model the protection module’s 
functionality and performance.  Using this model, NECSUS can then be tested using 
simulation with the entire neck.  
 
Included in the NEXST package are models for the fixed translations that are 
externally attached to C0 and T1 of the entire neck model (see section 5.2.12).  
These fixed translations represent the contact points on the neck where up to four 
modular support units (MSU) surround the cervical region (see section 2.2.3.3).  
Basically, up to two support modules are being used to provide support in either 
flexion or extension postures. 

5.2.12 Implementing the Entire Neck 

The NeckConnections models are combined in the neck model to model the entire 
neck.  This is done by connecting all the NeckConnections models, including 
muscles, discs, ligaments, etc. as illustrated in Figure 49. This is the final model to 
be simulated.  An additional model is created to connect the full neck model with the 
modular support units for simulation of the neck with the protection device 
(NECSUS). 
 
Included in both the entire neck with and without NECSUS is a 
‘WorldForceAndTorque’ element defined in accordance with the Modelica Multibody 
package. This element is controlled by a constant source and is attached to the 
mass centre of the skull to apply external forces and/or torques. 
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Figure 49 Overall neck model with protection module 
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6 NEXST Simulation 
 
To visualize and simulate the head-neck system’s rotational and translational 
motions on the skeleton model, a motion planning module has been developed and 
implemented for the NEXST Neck Support Expert System. 
 

6.1 Motion Planning Module 
The neck motion planning module is designed using Dymola for the purposes of 
finding positions and orientations of vertebrae and cervical muscles’ lengths based 
on user-defined global position of the head. The neck vertebrae positions and the 
muscle lengths are recorded and sent to neck model as its command inputs. There 
are two main functions in the motion planning module: 
 

1. Computing required position and orientation of each vertebra’s local 
coordinate origin as an absolute vector with respect to the global coordinate; 

 
2. Measuring the muscles’ lengths based on their attachments and vertebrae 

positions and orientations. 
 

6.1.1 Function 1: Vertebrae Positions and Orientations 

6.1.1.1 Input 

The Neck Motion Simulator has four parameters that prompt the user for input (as 
shown in Figure 50). Starting the “neckCompiled” package displays four fields: 
“Global_Extension”, “Global_Lateral”, “Global_Axial” and “Time”. The 
Extension/Flexion, Lateral and Axial fields indicate the head’s final global angle of 
rotation in the respective directions in units of degree. In extension and flexion neck 
motions, a positive angle signifies flexion motion and a negative angle for extension 
motion. If the user enters an angle value greater than the maximum permitted global 
rotation angle, then the angle value will automatically adjust to the maximum 
permitted global rotation angle. The “Time” parameter indicates the time in seconds 
for the simulation model to rotate from an initial position to a user-defined final 
position. When the four parameters are defined, the user can proceed to simulation 
tab and execute the function. 

6.1.1.2 Process 

The global angle input parameters are used to calculate the individual segment 
rotation for each vertebrae element. A step function in each vertebra rotation 
element is activated which moves an actuated revolute joint from initial position to its 
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determined final position, and then back to the initial position. In the upcoming 
revisions of NEXST software, it is planned to implement a source function which 
achieves different neck angles at various points in time during one simulation. 
 

 
Figure 50  Neck Motion Simulator parameter window for global angle and time values 

6.1.1.3 Output 

Results obtained by the neck motion simulator can be found under the simulation 
tab, on the left-side menu under variables. Sensors are measurement tools 
implemented using Dymola/Modelica to produce a vector output between two points 
at any given interval during the simulation. One point of the sensor is attached to the 
global origin and another is attached to the local origin of each vertebra and thereby 
a global position vector relationship of each vertebra’s origin is found. The Cartesian 
coordinates for the global position of each vertebra can be found under 
neckCompiled/SensorV, followed by the number corresponding to the respective 
vertebrae element, with the exception of “8” which refers to the skull C0 element. 
The numbers 1, 2, 3 within the square brackets following the sensor name, denote 
the x, y, z directions respectively. Figure 51 shows an example plot of coordinate 
profile over elapsed time for two sensors. To view the animation of the neck motion, 
a new animation window can be opened. The default view is a side view of the 
model as shown in Figure 52. 
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Figure 51 Neck Motion Simulator plot of sensor coordinate results  

 

 
Figure 52 Neck Motion Simulator Animation Window with Visualizers 

 

6.1.2 Function 2: Computing Muscle Lengths 

6.1.2.1 Input 

The required input is shared amongst the two aforementioned functions defined in 
section 6.1.1.1. 

6.1.2.2 Output 

The muscle lengths can be viewed under the simulation tab, on the left menu under 
variables and are found under the name “Muscle” followed by the letters “L” or “R” to 
indicate the left or right side respectively that the muscle is on. The muscle element 

(Sec)



 

87 

name follows the left/ride side index. The variable browser and plot is shown in 
Figure 53. 
 

 
Figure 53 Neck Motion Simulator plot for muscle length results 

6.2 Implementation of Motion Planning Module and 
Animation 

The Neck motion planning module is implemented using Dymola program. It allows 
the user to input required head motions and view the animation. This model also 
calculates trajectories of position and orientation of each neck vertebrae element 
and each muscle length. 

6.2.1 Vertebrae Elements 

In the model there are seven neck vertebrae elements from C1 to C7, one skull 
component C0 and a fixed point T1. To calculate muscle length, all of the muscles 
are also included in this model. Each vertebrae element is modeled as a rigid body 
with four Modelica library connectors and five fixed translation components. 
Connectors allow external model components to connect with local model 
components and fixed translation elements are used to define a permanent vector 
between two points. Defining the critical points and dimensions of the vertebrae 
element require three parameters: 
 

1) the height of the vertebra; 
2) the distance from the origin to the front surface of the vertebra; 
3) the distance from the local origin to the center of gravity point of the vertebra. 

 
The local positive x-axis of each vertebrae body points from the posterior to the 
anterior, positive y-axis points from the base to the top of the vertebrae and the z-

(Sec)
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axis perpendicular to the x and y axes, follows the right hand conventional rule. 
There are fixed translations from the center of gravity point connecting to the local 
origin of the vertebrae and from the local origin to the front surface of the vertebrae 
in the positive x direction. From the center of gravity, a fixed translation is connected 
to a point one third the of the vertebra’s length. That point has two fixed translations 
half of length A, one extending in the positive y direction and the other in the 
negative y direction. Parameters A, B, C are defined individually each time the 
model is called; to replicate the actual dimensions each distinct vertebra. A diagram 
of the vertebra element is shown in Figure 54. 

 
Figure 54 Neck Motion planning: Vertebrae Element Model - side view 

6.2.2 Positioning of Vertebrae Elements 

The initial positions of the vertebrae elements are defined by displacement of the 
local origins relative to the local origin of the previous vertebrae element. The C7 
element is displaced with respect to the T1 point and the C0 element is displaced 
with respect to C1’s local origin. The dimensions of the vertebra bodies are 
measured from the male skeleton model. The height of the vertebra bodies are 
resized to allow room for the 5mm intervertebral disks [51] between the vertebrae 
bodies from C7 to C2. The positions of each local origin can be found in Table 20 
and the dimensions can be found in Table 37. Due to the intervertebral disc 
coordinate system [52], the vertebrae elements’ contact points with the intervertebral 
discs are simplified to a single point of one third the of the vertebra’s length from the 
vertebra’s center of gravity point. The vertebrae element’s lower contact point is 
connected to the upper contact point of the element below, and its upper contact 
point is connected to the lower contact point of the element above.  
 

Table 37 Skeleton Model Measured dimensions of vertebrae bodies 

Dimension C1 C2 C3 C4 C5 C6 C7 
A: height of the 
vertebra (cm) 1.3124 1.076 1.3588 1.161 1.156 1.2082 1.2595 

B: distance from 
the origin to the 

front surface (cm)  
2.0364 2.3494 1.9285 1.9207 1.89 1.5223 1.3529 

 
The vertebrae elements are connected with a fixed rotation component where it 
allows the vertebra element connected in frame B to be rotated at a particular 
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degree to the element connected in frame A. Initial angles of each vertebra relative 
to the preceding vertebra rotated in the z-axis are measured from the skeleton 
model as listed in Table 38. These angles follow the right hand rule convention. 
 

Table 38 Initial Angles of Vertebrae Elements in degrees 

 C0-C1 C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 C7-T1 
Initial Angles 0 0 -7 3 5 1 9 -15 

 

6.2.3 Rotational Motion of Vertebrae Elements 

The RotationCompiled element is placed between a fixed rotation and lower contact 
point of a vertebra element and can rotate the attached vertebra element in the x, y 
and z directions. The RotationCompiled element is compiled from three other similar 
models: NeckRotator, NeckRotatorLAT and NeckRotatorAXI. The NeckRotator, 
NeckRotatorLAT and NeckRotatorAXI models utilize a step function to activate an 
actuated revolute joint that initiates rotational motion in the local x, y and z directions 
respectively. The actuated revolute joint are activated for a defined period of time 
then reversed, rotating the model to its initial position. 
 
The rotational motions of each vertebra are calculated as a constant percentage 
contribution towards the global rotation motion. As listed in Table 39, the rotation of 
each vertebra element can be observed for: global lateral bending; combined 
flexion/extension; and axial rotation angles of 61, 136 and 77 degrees, respectively.  
 
The rotational percentage contribution of each joint is the rotation contributed by the 
joint divided by the sum of rotation, as shown in Table 40. The rotation of each 
vertebra element can be calculated by multiplying the rotational percent contribution 
by the sum of rotations. 
 
Table 39 Vertebrae Element Rotation from T1 to C0 in degrees [45] 

Motion C0-C1 C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 C7-T1 
Left/Right Lateral 

Bending 5 5 10 11 11 8 7 4 

Combined 
Flexion/Extension 25 20 10 15 20 20 17 9 

Left/Right Axial 
Rotation 5 40 3 7 7 7 6 2 

 
Table 40 Rotational Percent Contribution of Vertebrae Elements 

Motion C0-C1 C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 C7-T1 
Left/Right Lateral 

Bending 8.20% 8.20% 16.39% 18.03% 18.03% 13.11% 11.48% 6.56% 

Combined 
Flexion/Extension 18.38% 14.71% 7.35% 11.03% 14.71% 14.71% 12.50% 6.62% 

Left/Right Axial 
Rotation 6.49% 51.95% 3.90% 9.09% 9.09% 9.09% 7.79% 2.60% 
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6.2.4 Vertebrae Origins and Displacement Sensors 

The displacement of the skull and each vertebrae local origin can be measured with 
respect to the global origin in Cartesian coordinates. The Sensor element 
“GlobalSensorCompiled” consists of eight Modelica library components Relative 
Sensor. A relative sensor shows the vector from the connection in frame A to the 
connection in frame B, where frame A is connected to the global origin, and frame B 
is connected to the local origin of each vertebrae and the skull. The sensors one to 
seven correspond to vertebrae bodies C1 to C7 and sensor eight corresponds to C0. 
This measured vector is stored in a variable SensorV (Figure 51); followed by a 
number in the name corresponding to the vertebrae body it refers to. The numbers 
1, 2, 3 within the square brackets following the sensor’s name, designate the x, y, z 
coordinates respectively.  

6.2.5 Muscle Attachments on Vertebrae Elements 

Muscle attachments are connected between two end points on separate vertebrae 
bodies. On each vertebrae element, there are fixed translations stemming from the 
local origin to one end point of a muscle attachment. The two points of a muscle 
attachment are then connected by a relative sensor to measure their relative 
changes in position, and this allows calculating the length of the muscle by 
calculating the magnitude of the relative vector. The muscle sensor attachments are 
divided into left and right sides of the body, and on each side, the sensors are 
divided into two sections. Section 1 contains the muscle attachments of 
SemispinalisCapitis, SpinalisCapitis, Sternocleidomastoid, Trapezius, 
SpleniusCapitis, LongissimusCapitis and LongusColli. Section 2 contains 
SemispinalisCervicis, SpleniusCervicis, SpinalisCervicis, ScalenusAnterior, 
LongissimusCervicis, LongusCapitis, ScalenusMedius and ScalenusPosterior. The 
muscle lengths can be viewed under the simulation tab and are found under the 
name “Muscle” followed by the letters “L” or “R” to indicate the left or right side 
respectively that the muscle is on. The muscle element name follows the left/ride 
side index. A plot of muscle length against time is shown in Figure 53. The fixed 
translations attached to each vertebra’s local origin were taken from Table 30. 

6.2.6 Animation 

The Neck Motion planning model calls upon the NeckCompiled model, which has 
the simulated neck model with the vertebrae elements and displacement sensors 
attached. 

6.2.6.1 Neck Motion Simulator Logic Flowchart 

The neck motion simulator follows a simple sequence of input, process and output. 
The global angle parameters are received and checked to see if they fall in the 
appropriate range. If the values are beyond the limit values, they are adjusted to the 
respective limit values. The angle and angular velocity of each vertebra is then 
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calculated. A step function initiates the motion of each vertebra element where the 
displacements of the vertebrae origins are recorded at every simulation interval. The 
animation of each vertebra element is loaded in the simulation. The flowchart can be 
seen in Figure 55. 

6.2.6.2 Motion Limits 

The maximum range of motion of the global rotation angle was derived from the 
range of rotation for elements T1 to C2 [52], except for the axial rotation motion. 
These angles defined the range of rotation for T1 to C2, and then the global rotation 
angle was measured in the Neck Motion Simulator model using relative sensors. 
The range of motion for the global rotation angles are shown in Table 41.  
 
 

Table 41 Range of Motions in 3 postures 

Motion Maximum Minimum 
Left/Right Lateral Bending 

Combined 35º -35º 

Flexion/Extension 55º -41º 
Left/Right Axial Rotation [53] 73º -74º 

 
 
In Table 41, the negative value indicates Extension motion and positive value 
indicates Flexion motion. 
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Figure 55 Neck Motion Simulator Flow Chart 
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6.2.6.3 Animation Visualizers 

The NeckCompiled model also has visualizer components attached to each 
vertebrae body from T1 to C0. The visualizer component is attached to the local 
origin of each vertebrae body and imports an AutoCAD .dxf file as a graphical model 
for each element in the simulation. The visualizer components are shown in Figure 
52. 
 
Each visualizer component for the vertebra elements call upon respective .dxf files 
to load an AutoCAD drawing onto each vertebra elements. The .dxf files are 
vertebrae elements taken from the skeleton model and converted into 3dface 
elements. An AutoCAD vertebra skin can be seen in Figure 56. The origin of the 
AutoCAD drawing is placed at the connection point for each visualizer component. 
 
 

 
Figure 56 AutoCAD drawing of a vertebra surface 
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6.3 Evaluation of NECSUS Performance Using NEXST 
 
The effectiveness of prototype NECSUS has been tested under different external 
loading conditions and head-neck postures using the developed NEXST package. 
The force exertion in the individual muscles is then analyzed for comparison with 
and without the support from a neck protection device. Three muscles being studied 
in the following comparative examples include:  trapezius at skull, longissimus 
cervicis at vertebra C3, and trapezius at vertebra C4. These muscles provide the 
most strength in the cases analyzed below. 
 

6.3.1 Simulation Setup 

Two cases are simulated. In both cases the target (required) head position is in 
flexion position about 45 degrees. In the first case, there is no external load on head. 
In the second case there is a 20 N external force acting downward on the head. In 
both cases we compare the muscle forces with and without supporting force from 
the protecting device.  
 

6.3.2 Simulation Results 

In the beginning of the simulation, all muscles are relaxed and head is moving 
downward (flexion) by gravity force until it reaches about 45 degree (around t = 0.45 
sec) position. After this moment the muscles are engaged in control loop to maintain 
this position. Figure 58 shows that there is a change in the muscle forces at the 
moment when muscles are engaged.  
 
Figure 61 shows that after applying the support force, around 2 second after start, 
two muscle forces are reduced significantly and one muscle force increased slightly. 
Figure 59 and Figure 62 show the changes in muscle activation levels, which have 
the pattern similar to muscle forces.  
 
Figure 64 then shows the muscle forces when a 20N external force is applied at 
around 2 second without a supporting force. One muscle force has experienced a 
big jump (red), one has a moderate jump (blue) and another has a very little 
increase (green).  
 
Figure 67 shows the effect of the supporting force. In this simulation, both external 
and supporting forces were applied at about 2 second instant after start. The 
increase in some muscle forces (red and blue) is significantly reduced, while there is 
some increase in another muscle force (green). 
 
The results are summarized in the following: 
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• Case 1:  

o head-neck holding at about 45 (degrees) flexion posture  
o no loading  
o three major muscles’ forces and activation levels: 

 no protection 
• Muscle force: 31, 25, 11 (N) 
• AL: 0.16, 0.1, 0.01 (maximum is 1) 

 with supporting force of 20 N in up and forward direction from 
protection device 

• Muscle force: 22, 20, 18 (N) 
• AL: 0.15, 0.06, 0.01 (maximum is 1) 

 
 

• Case 2:  
o head-neck holding at about 45 (degrees) flexion posture  
o loading of 20 N in downward direction on head  
o three major muscles’ forces and activation levels: 

 no protection 
• Muscle force: 72, 50, 11 (N) 
• AL: 0.53, 0.21, 0.02 (maximum is 1) 

 with supporting force of 20 N in up and forward direction from 
protection device 

• Muscle force: 44, 30, 23 (N) 
• AL: 0.31, 0.1, 0.07 (maximum is 1) 

 
 
The results show that the support force will reduce some of the muscle forces while 
others may increase. Overall, in the case of no external loading, the total muscle 
force is reduced by 10.4% by applying support force. In the case with external 
loading, the total muscle force is reduced by 27%. 
 
In the above simulations, a 20N supporting force exerted by a support device has 
been tried to show the effectiveness in reducing the muscle forces. It is obvious that 
this value could be varied to find the relationship among the supporting force and 
muscle forces with different external loadings.  
 
Figure 57 to Figure 68 show head-neck simulation results from the above-defined 
three cases.  
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Figure 57 Head-neck at about 50 (deg), no external loading, no supporting force 

 
Figure 58 Muscle forces: at final stage are about 31, 25, 11 N (no load and no support) 

 
Figure 59 Muscle activation level: at final stage are about 0.16, 0.1, 0.01 (maximum is 1, no load and 

no support) 
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Figure 60 Head-neck at about 50 (deg), no external loading, with supporting force of 20 N from 

protection device 

 
Figure 61 Muscle forces: at final stage are about 22, 20, 18 N (no load and with support) 

 
Figure 62 Muscle activation level: at final stage are about 0.15, 0.06, 0.01 (maximum is 1, no load 

and with support) 
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Figure 63 Head-neck at about 50 (deg) with an external loading of 20 N 

 
Figure 64 Muscle forces: at final stage are about 72, 50, 11 N (no support) 

 
Figure 65 Muscle activation level: at final stage are about 0.53, 0.21, 0.02 (maximum is 1, no 

support) 
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Figure 66 Head-neck at about 50 (deg) under an external loading of 20 N and supporting force of 20 

N from protection device 

 
Figure 67 Muscle forces: at final stage are about 44, 30, 23 N (with support) 

 
Figure 68 Muscle activation level: at final stage are about 0.31, 0.1, 0.07 (maximum is 1, with 

support)
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7 Graphical User Interface 

7.1 Introduction 
The graphical user interface (GUI) provides an environment where the user can 
change and view selected model parameters without having to define settings 
through accessing the model source code.  This can be done through two main 
windows: GUI-Setup and GUI-Output. GUI-Setup allows the user to define the 
motion for the simulation; vary the parameters of the protection devices, external 
loading, and vertebrae, and run the simulation (as shown in Figure 69).  

 
Figure 69 GUI-Setup window for Motion Definition 

Once the simulation is complete, GUI-Output allows the user to graphically view 
forces, torques, and activation levels of the components of each vertebra (as shown 
in Figure 70). 
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Figure 70 GUI-Output window  

The GUI windows are created using a combination of records and functions written 
in the Modelica language, in addition to C programs that create the required input 
files for the model. The records serve as a database that contains all the parameters 
in the GUI windows. The records are then accessed by functions that send the data 
to the external C programs. 
 

7.2 Using the Graphical User Interfaces 
 
GUI-Setup can be accessed once the neck model is opened, and when Dymola is in 
simulation mode by clicking Commands on the top toolbar. The GUI provides the 
user with four main selections that are displayed on the menu located on the left 
side of the window: 
 
1. Motion Definition; 
2. Protection Devices; 
3. External Loads; 
4. Neck Model; 
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7.2.1 Motion Definition 

Figure 71 displays the Motion_Definition window. The user can specify the amount 
of extension/flexion, lateral movement, and axial movement of the skull and 
vertebrae relative to their initial position. The user must specify the direction of the 
movement by making the appropriate selection from the drop down menu, in 
addition to the degree value of the movement in the accompanying data box. 
 

 
Figure 71 GUI-Setup for Motion Definition 

7.2.2 Protection Devices Setup 

Figure 72 displays the Protection_Devices setup window. The tabs on the right 
section of the window displays the protection devices available for use in the model. 
Presently, the GUI allows setting of the Hooded Collar Vest (HVC), other versions 
can be also added. Under the HVC tab, the user can vary the parameters for the 
frontal and dorsal modules by selecting the matrix button beside each data box. 
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Figure 72 Protection devices setup window 

 
 
Once the matrix icon is selected (as shown in Figure 73), the user can set the length 
of the module; the location of the module; the number of strands integrated on the 
device; and the support level (i.e. from 1-5). The support level will automatically 
increase the temperature setting from 30ºC at level 1 to 50ºC at level 5, in 
increments of 5 degrees.  
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Figure 73 GUI-Setup for Module Parameters 

 
 
The required number of modules for either the frontal or dorsal sections can be set 
by changing the value of Rows in the window shown in Figure 73.  

7.2.3 External Loads 

Figure 74 displays the External_Loads window, where the user can specify all the 
external loads applied to the skull. The user can set all loads resulting from external 
equipment by inputting their mass and moment of inertia. These loads include 
helmet, mask, goggles, communication device, ANVIS and counterweight. 
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Figure 74 GUI-Setup for External Loads 

 

7.2.4 Neck Model 

Selection of Neck_Model displays the parameters of: Body Mass; and Maximum 
Voluntary Contraction (MVC) (Figure 75). Once the body mass is set, the mass of 
each vertebra is automatically being calculated. The MVC for each subject at any 
posture can be measured using an electromyography technique as an input or 
default MVC values, which represent average MVC collected from literature, can be 
loaded from a library file.   
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Figure 75  GUI-Setup Neck_Model 

 
 
Selection of each vertebra will display all of its parameters, which are organized by 
tabs. The first tab, which is always the vertebra name, contains parameters that 
classify the vertebra. These include its Mass; Center of Gravity; Initial Position; and 
Initial Angle, which are all relative to the global origin (as shown Figure 76).  
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Figure 76 GUI-Setup Vertebra parameters 

 
The Disc tab (applicable for vertebra C2-C7) contains: positive and negative 
translation stiffness (k_t_pos/k_t_neg); positive and negative rotation stiffness 
(k_phi_pos/k_phi_neg); translational damping (b_t); and rotational damping 
parameters (b_phi).  
 
The Facet Joint tab contains the compression stiffness (k) for the facet joint, occipital 
condyles, dens and spinous process, depending of the selected vertebra. For the 
facet joint and spinous process, only the y component is available to the user, since 
the x and z components are equal to zero. 
 
The Ligaments’ tab contains the coefficient of dynamic behaviour (C), and linear 
stiffness (rc) for all the ligaments associated with the selected vertebra.  
 
The Muscles’ tab contains the muscle cross-sectional area (PCSA), length of the 
sarcomere at rest (srest), and the activation level of the left and right muscle 
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(Activation Level: Left and Right) for all the muscles associated with the selected 
vertebra. 
 
Each vertebra can further be expanded to display its Attachment Points. The 
attachment points refer to the location (x,y,z) of each component that makes up the 
selected vertebra with reference to the local origin. 
 
Once all the parameters have the required values, either clicking Execute or OK can 
start the simulation. Clicking Execute leaves the GUI open and runs the simulation, 
while clicking OK closes the GUI and runs the simulation. 
 

7.3 Graphical User Interface Output 
GUI-Output can be accessed once the model is opened and when Dymola is in 
simulation mode by clicking Commands on the top toolbar. The output interface 
includes the Neck_Model selection on the left side menu, which expands to display 
each vertebra. The output interface allows the user to graphically view the force 
associated with each muscle, ligament, disc, facets joint, occipital condyles, dens 
and spinous process, the torque associated with each disc, and activation level 
associated with each muscle (Figure 77).  
 

 
Figure 77 GUI-Output Parameter selection 
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Any number of parameters can be selected at a time, since each will be plotted on a 
separate graph. Once the selections are made, the user can either select Execute or 
OK to plot the variables (Figure 78). 
 

 
Figure 78 GUI-Output Example plot 

7.4 Implementation 
The graphical user interface (GUI) and accompanying C programs were created 
using Dymola and Microsoft Visual C++. The GUI was created using a number of 
records, which provide a database for all model variables and functions, which allow 
for data manipulation. The C program receives the data from the functions and 
generates the input text files necessary to run the simulation with the user specified 
values.  
 

7.4.1 Graphical User Interface – Setup 

7.4.1.1 Implementation of the Setup Interface 

A record was created for each vertebra (C0-C7, T1, and Fixed) and was labelled as 
per Table 42: 
 
 

Table 42 Cross-reference labelling of vertebrae 
elements 

Vertebrae Record Name 
C0 VertebraC0 
C1 VertebraC1 
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C2 VertebraC2 
C3 VertebraC3 
C4 VertebraC4 
C5 VertebraC5 
C6 VertebraC6 
C7 VertebraC7 
T1 VertebraT1 

Fixed VertebraFixed 
 
In each record, variables were created to reflect the parameters that needed to be 
changed by the user in the neck model. Each record was then organized by tabs, 
which had been grouped as variables that fell under a similar category. These 
categories included: vertebrae names (i.e. VertebraC2); Discs; Facet Joints; 
Ligaments; and Muscles. Groups were then used to further organize the variables 
under the tabs. Figure 79 shows the record VertebraC2 and the Ligaments tab. The 
variables C and rc for each ligament are grouped according to the ligament name. 
The groups include: Anterior Longitudinal; Flaval Ligament; Interspinous Ligament; 
Joint Capsule; and Posterior Longitudinal.  
 

 
Figure 79 Record for vertebra C2 

 
The tabs and groups were created using annotations and the following is an 
example of the C and rc variables under the Anterior Longitudinal group:  
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“Real AnteriorLongitudinalC "C" annotation 
(Dialog(tab="Ligaments",joinNext=true, group="Anterior 
Longitudinal",descriptionLabel=true)); 
 
Real AnteriorLongitudinalrc(  final unit = "N/m") "rc" annotation 
(Dialog(tab="Ligaments", group="Anterior 
Longitudinal",descriptionLabel=true));” 
 
AnteriorLongitudinalC – Variable name 
"C" – Description label 
Dialog - Allows for customization of the dialog window 
tab="Ligaments" – Creates a tab with the label Ligaments 
 joinNext=true – Boolean that allows the next variable declared to be on the same 
line as the present variable 
group="Anterior Longitudinal" – Creates a group with the label Anterior 
Longitudinal 
descriptionLabel=true – Boolean that sets the description label of the data box 
equal to C 
 
Similarly records were created for the attachment points of each vertebra. Figure 80 
shows the window of vertebra C2’s attachment points under the Ligaments tab. 
 

 
Figure 80 Record for the attachment points for vertebra C2 

The attachment point records are then called in each vertebra record by using the 
following line, which in this case would be used in the record VertebraC2:  
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”C2AttachmentPoints Attachment_Points;” 
Attachment_Points – refers to the record C2AttachmentPoints 
 
Figure 81 and Figure 82 show the results when calling record VertebraC2: 
 

 
Figure 81 Record vertebra C2 (Disc) 

 

 
Figure 82 Record vertebra C2 (Attachment points for Disc) 
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The vertebra records required a method of organization, which was accomplished by 
creating a hierarchy of records. A record named group1 was created that called all 
the records listed in Table 42. Figure 83 displays the resulting window when group1 
is called. 

 
Figure 83 Record group1 

Since records cannot carry out any data manipulation, they must be called within 
functions so that the data inputted by the user can be used. Functions in Dymola 
require inputs, which in this case will be the record group2, since it contains all the 
variables. For this purpose, the function Setup was created, from which the record 
group2 was called. In Setup, the following line was used:  
 
” input group1  Neck_Model;”  
 
Figure 84 shows the result when Setup is executed. 
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Figure 84 Function Setup 

 
In Figure 84, Neck_Model refers to group1. 
 
To complete the interface, records were created for: motion definition; protection 
devices; and external loads. Each record was then called in Setup as an input using 
the following lines: 
 
“input NeckAssembly Motion_Definition; 
   
input Device Protection_Devices; 
   
input Loading External_Loads;” 
 
NeckAssembly – Refers to the record that contains the variables for the motion 
definition 
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Device – Refers to the record that contains the variables for the different devices 
 
Loading – Refers to the record that contains the variables for the application of 
loads to the neck model.  
 
Figure 85 shows the results when Setup is executed. 
 

 
Figure 85 Function Setup 

7.4.1.2 Generating Input Data Files 

A function inputdata was created where the number of inputs equalled the number of 
variables in all the records. The function Setup then sends all the data from the 
records to inputdata. The following is an example using one variable from the motion 
definition record that is sent from Setup to inputdata: 
 
“inputdata(Motion_Definition.global);” 
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Motion_Definition.global – Path that refers to the Extension/Flexion data box 
Figure 85. 
      
Note that “global” is the variable name, where as Extension/Flexion in Figure 85 is 
the label of the data box.  
 
The function inputdata then sends the inputs to the C program called inputdata.c, 
where the data is used to generate an input text file for the neck model. The variable 
paths in the neck model must be known, and can be found using the dsfinal.txt file 
that is created after a simulation has completed. The paths were then copied to 
inputdata.c, and used in the fprintf statements that are used to generate the text file. 
The following is an example that prints one variable path for the neck model and the 
corresponding data value from the Setup function to a text file: 
 
“fprintf(inputNA,"neckCompiled.Global_Extension=%.6f;\n",global);”  
neckCompiled.Global_Extension – Refers to the path in the neck model 
global – Refers to the variable received from Setup 
 

7.4.1.3 Running Setup from the Neck Model 

Once the Neck Model is opened, a call to the function Setup can be made by 
clicking on Command in the Dymola toolbar, followed by clicking Add Command. 
The result is the window shown in Figure 86. 
 

 
Figure 86 Dymola window 

Under Call function, Setup() should be enter, and Prompt for arguments should be 
selected. This allows the user to call the Setup function from the Commands menu.  
 
Once the user selects execute, the data is first sent to the C program that generates 
the text file and then the text file is opened. As the text file is being opened, the 
variables in the neck model are set to the user-defined values. 
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7.4.2 Graphical User Interface Output 

The generation of the output interface as well as the output data files were done in a 
similar manner to the setup interface, so the details will not be repeated. However, 
some differences will be pointed out. 
 
The output interface only displays checkboxes instead of data boxes, this provides a 
Boolean result. The results for each option are then sent a C program, outputdata.c, 
as either a 1 or 0, where 1 equals true and 0 equals false. The following is an 
example that prints a command to plot a variable in the text file: 
 
“if(C0FacetJoint1fy==1){fprintf(outputselection,"createPlot(%d); 
plot({\"C0_Elements.C0.FacetJoint1.frame_a.f[2]\",\"\",\"\"});\n",counter); 
counter=counter+1;}” 
 
if(C0FacetJoint1fy==1) – Refers to the Boolean result received from the function 
Output. If true (or if it is equal to 1) the user has selected to plot a particular variable. 

 
"createPlot(%d); plot({\"C0_Elements.C0.FacetJoint1.frame_a.f[2]\",\"\",\"\"}) – 
Refers to a command in Dymola that is required to plot a variable. 
 
Once the user selects execute, the data is first sent to the C program that generates 
the text file, and then the text file is opened. 
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8 Summary, Conclusions and Future Work 

8.1 Summary and Conclusions 
Prototype Neck Support System (NECSUS) Design Towards Experimental 
Testing at DRDC Toronto 
 
Based on the neck support requirements for pilots and considering the applicability 
of suitable smart and active materials, the total of four categorical designs have 
been introduced and investigated during Phase I of this project. These are different 
in terms of supporting-force strategies and methods of attachment to the pilot’s 
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.  
 
In continuation of the work performed in Phase I of this project, further development 
and integration of electroactive SMA (Shape Memory Alloys) based neck protection 
system designs have been achieved during Phase II, as summarized in this report. 
Two new inactive and three active NECSUS devices have been developed. Pros 
and Cons of each prototype developed so far are considered in development of a 
new subsequent one. 
 
SMA was chosen as an electroactive drive/actuator for active devices defined 
above. Integration of SMA actuators into prototype NECSUS devices demonstrated 
multiple advantages such as variable compliance behaviour. The integrated SMA 
actuators produced gradual resisting force (support force) that could be optimally 
controlled based on the operation duration, desired support, and other desired 
parameters. Experiments on NECSUS prototypes showed that when devices were 
at their maximum activation levels, up to 30% neck support could be gained. Using 
unmanned experiments we observed that SMA-based support devices also provided 
up to 10% support when they were in inactive mode. In the active mode, up to three 
times better protection was achieved in comparison with the inactive mode. 
 
The currently integrated active NECSUS devices rely on multiple SMA-based 
modular support units (MSU) strategically incorporated into a pilot’s neck support 
collar. Gradual-onset activation, compactness, modularity, and ease of packaging 
characterize MSU’s-based prototype NECSUS. One current prototype NECSUS is 
built using the power fed directly through MSU’s SMA elements. The other prototype 
is built using power provided to dedicated high-efficiency micro-heaters that are 
tightly coupled with SMA elements within each MSU. The micro-heaters convey 
activating energy to the SMA wires within each modular support unit. Each method 
has its own advantages. MSU’s characteristics can be controlled using either current 
flow through SMA material itself or micro-heaters packaged into the MSU’s. 
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The new SMA-based NECSUS device provides several key advantages: effective 
neck support; smooth and gradual alteration of the support intensity; no impediment 
of neck motion; good wearability and comfort; self-containment; no attachment to 
pilots’ clothing or aircraft cockpit; auxiliary desirable features, such as neck warmth 
support and compression therapy while maintaining the support.  
 
The compactness and ease of integration of SMA-based modular support units 
(MSU) into properly designed garments can provide both support functionality and 
comfortable operation. MSU demonstrate: 
 

• Ease of placement of the modular units all around the cervical region for 
enhanced comfort and effectiveness. Currently, two modular units have been 
specified to provide support in flexion motions and two for extension 
postures. This arrangement can be augmented and changed based on the 
HMS loads and intensity of neck motions, for instance all four modules can 
be placed in front of the neck for providing support in flexion. This will be 
tested experimentally at DRDC Toronto. 

• Separate calibration parameters can be stored for each modular unit. This 
enable us to customize and optimize activation profiles of the modular units; 

• Optimizing the power consumption through activating any desired number of 
modular units from 1 to 4. This feature is deliberately introduced as the 
majority of helicopter pilots orient their head/neck complex to certain 
directions, and it might be unnecessary to activate all modular support units 
in all operational circumstances. In such scenarios, the unpowered modular 
units only provide passive support; 

• Ease of replacing the individual units due to possible hardware failure; 
 

• Thin, lightweight, anti-vibration, and self-contained modular units; 
 

• Can be combined with other active or inactive components for enhanced 
functionality; 

 
• Several adjustable features are embedded into the units to meet desired 

requirements, such as an adjustable number of SMA wires integrated into 
modular units; activation levels; duration of mission operation; activation 
trend profiles. 

 
 
NECSUS Control Strategy and Control System Design 
 
The real-time NECSUS control system developed so far considers two issues: the 
support ‘activation onset’ and ‘activation duration’. The currently implemented 
control system has been implemented using a real-time microcontroller unit (MCU), 
which can be invoked using either manual or automatic operation modes. The 
developed control circuit and algorithm also support both manual and automatic 
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operational modes. In the manual mode, a pilot can adjust the desired support 
based on his/her support requirements, intensity of HMS loads and frequency of 
cervical movements. In the automatic mode, the embedded bending sensors 
monitor the intensity and frequency of cervical movements and adjust activation 
levels of integrated electroactive components accordingly.  
 
To enhance the functionality of NECSUS in either one of these two modes, a 
calibration procedure has been defined and implemented. Intelligent control 
algorithms have were conceptualized that would enable NECSUS to perform manual 
or automatic adjustment of the required support based on the intensity of angular 
neck motions and/or other operational factors. 
 
For control and power supply purposes, a generic control box has been developed 
to activate the SMA-based NECSUS. In the final version of the control box different 
parameters can be set or adjusted in real time. These include the level of required 
support, the number of connected modular units, operational modes, etc. An LCD 
panel provides feedback information on the modular units operation in terms of 
status of current support achieved and other parameters. The systematic calibration 
procedure designated for MSU is capable to record initial anthropometrical values of 
the individuals such as neck height, neck range of motions, etc. The activation 
support profile can be customized for individual pilots and loaded onto the MCU prior 
to operation of the NECSUS. Power consumption of the entire active NECSUS can 
be initially optimized through systematic experiments and measurements. Two types 
of rechargeable power sources have been designed that can power the whole 
system and SMA-based support modules from 2 to 6 hrs, respectively. 
 
 
Modeling and Simulation of Head-Neck-NECSUS System Using 
Dymola/Modelica 
 
Optimized configuration and arrangement of SMA and SE (Super Elastic) elements 
achieved through unmanned in-house experiments had been accompanied by the 
development of modeling and simulation framework. Numerical and analytical 
modeling and simulation of both, prototype NECSUS and head/neck system were 
conducted using a special integrated neck model and expert system developed 
using Dymola/Modelica package, integrated with AutoCAD based design 
environment. Several experimental test-rigs were built and a testing dummy was 
custom-configured to collect further data being used for the integrated neck model 
and verification stages. 
 
The NEXST (Neck Support Expert System) developed includes graphical user 
interfaces to define neck motions, personal physiological data and head loadings, 
neck animation to show graphically neck motions, and neck model to find 
forces/torques within neck elements. The neck model includes all major cervical 
elements such as vertebrae and their connections, including face joints, muscles, 
disks and ligaments.  
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Certain simplifications in simulating muscles were used in this neck model to reduce 
the complexity and save computation time. This can be rectified for the next version 
of NEXST to avoid any possible reduction in accuracy. 
 
Biofeedback control based on local coordinates (muscle length) has been 
implemented in the muscle models used for head/neck system simulation. Using this 
method, the proper muscle forces are obtained that hold the head-neck system at a 
required position. The effectiveness of the control loop implemented in NEXST is 
demonstrated by simulation. Simulation results are presented in this report. 
 
In addition to simulations already performed using Modelica within NEXST and 
reported herein, many similar simulations can be carried out for evaluation of head-
neck operation and optimization of the efficiency of prototype NECSUS. Such 
simulations can be carried out under controlled conditions including: constant force/ 
torque, sudden loading (or impact), sinusoidal loadings (from shaking), etc.  Based 
on this information, prototype protection devices can then be optimally controlled by 
increasing/decreasing the forces required for ideal support of the neck. An optimal 
protection would minimize the overall muscular efforts under various external 
loading conditions such as weight of HMS, thus reducing fatigue and risk of cervical 
injuries. 
 
Based on simulations, analysis and experimental testing of the prototype NECSUS 
devices developed and implemented so far, the SMA/MSU based Hooded Collar 
Vest (HCV) devices stand out and demonstrate a significant potential for the 
purposes of a pilot’s neck support and protection. 

8.2 Future Work 
In accordance with research and development work planned for Phase II of this 
project and the work accomplished so far on prototyping and modeling NECSUS 
devices, controllers, and NEXST Simulation Framework, the following three work 
domains are to be addressed to complete the development of prototype NECSUS 
and NEXST: 
 
NECSUS Development: 

• Development of optimized SMA-based prototyped NECSUS ready for in-flight 
testing, which includes optimized integration of SMA wires, mini-heaters, 
sensors, inactive materials and upper and lower resting pads of the modular 
support units; 

• Development and Implementation of Minimal-Energy Power Supply Method and 
Power Consumption Strategy for NECSUS prototypes. Currently, the two 
prototype NECSUS devices implemented during Phase II are powered by an 
integrated re-chargeable battery, for which the power consumption must be 
effectively minimized. One current prototype NECSUS is built using the power 
fed directly through SMA elements. The other prototype NECSUS is built using 
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power provided to dedicated high-efficiency micro-heaters that are tightly 
coupled with SMA elements within each MSU. The micro-heaters convey 
activating energy to the SMA wires within each modular support unit. Each 
method has its own advantages and drawbacks. It is essential to perform a 
systematic comparative analysis of these two approaches with respect to 
minimal power consumption, optimal response bandwidth, and in-service 
applicability. Then, the selected powering architecture must be developed into a 
standard experimental NECSUS prototype ready for further manned testing, 
flight experiments, etc. 

• Due to the need to minimize the battery power consumption, an investigation and 
implementation of a hybrid power system should be preformed. This hybrid 
method would use heating/cooling energy retention approach such as utilizing 
Infra-red body heat, moist-heat phenomenon, Peltier effect, and heat 
retention/isolation to maximize the battery life and increase the user’s comfort. 
For instance, special materials such as heat-moist foam/rubber/fabrics will be 
integrated into NECSUS to take advantage of body heat as a continuous and 
accessible power source while maintaining the desired comfort. 

• Also, on-demand powering strategies and “sleep” modes are to be considered 
and developed. One issue, which will be utilized, is that the current NECSUS 
design provides protection in both inactive (non-powered) and active modes. 
Hence, in certain flight situations and prolonged duration missions, which will be 
classified and programmed into the MCU unit, effective protection can be 
achieved at the initial stages of a mission without disbursing valuable power. 

• Integration of inactive and smart substrates such as touch sensitive pom-pom 
dimmers/potentiometers and sensory fabrics for ease of support tuning, and neck 
motions monitoring;  

• Integration of multiple sensory substrate such as artificial skin to measure 
pressure force and temperature simultaneously [35];     

• Using textile based heaters such as polypyrrole-coated PET fabrics [36];  

• Investigations on other power generation techniques such as flexible Denim solar 
panels to take advantage of natural power sources [37]; 

• Further research and investigations on heat distribution through convention, 
conduction and radiation from SMA-based NECSUS to the body. 

 
 

Control System Development (Controller Circuit Design and Control 
Algorithms): 
• Development and Implementation of a Real-time Active Control System using 

Neck Position and Orientation Data from Piezo-material Bending Sensors 
Embedded into the Neck Protection Device. The currently integrated NECSUS 
device relies on multiple SMA-based modular support units (MSU) strategically 
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incorporated into a pilot’s neck support collar. There may be four (standard 
configuration) to six (enhanced configuration) units embedded into the NECSUS 
collar. In its enhanced configuration, each unit will further have flexible piezo 
material based sensors embedded into it that would measure the unit’s bending 
angle. As each MSU is positioned snug against the neck and bends/straightens 
as the neck bends/straightens, the neck bending and motion patterns/positions 
will be indirectly measured using a special model we plan to develop. As multiple 
readings will be collected along the neck circumference by each of the MSU’s 
embedded into the collar at pre-set locations, the neck motion can be modeled 
with the degree of accuracy sufficient for active on-demand control of NECSUS 
operation. The MSU readings will be combined with optional (MEMS-based) 6-
DOF accelerometer readings for enhanced-accuracy modeling and active control 
of NECSUS operation. The appropriate real-time algorithms for 
position/orientation modeling, motion-trend detection/prediction, and 
corresponding active control will be developed, implemented, and incorporated 
into the NECSUS control microprocessor. 

• The control system developed and implemented onto the NECSUS control 
microprocessor unit during Phase II currently considers neck protection 
activation based on ‘onset’ and ‘duration’ support profiles. The current linear 
time-based support profiles are based on first-approximation assumption 
regarding the neck muscle activity during the typical flight operation. Parameters 
of these profiles (slopes, trains of control signals, etc) must be optimally adjusted 
based on real-time-compatible models that will be developed in the next phase 
using test results and other input data, such as mission type difficulty levels, 
weight and inertia of target HMS’s, a pilot’s preferences, etc. Having this 
information, the supporting forces provided by NECSUS can better decrease the 
neck muscles activation levels with respect to the unprotected human 
configuration. In this task, it is required to: 
a) Optimize the default values and default activation profile of the control 

algorithm for activating the SMA wires integrated into NECSUS MSU’s; 
b) Enhance the automatic control algorithm to optimally choose the desired 

support profiles based on specific initial settings and conditional parameters 
such as range and intensity of neck motion expected in a specific mission 
type. Available data on pilots’ physiological parameters (muscle cross-
sections, muscle length, head/neck moment and mass, COG given by age, 
height, weight and gender) and HMS’s biomechanical parameters will be 
used for customization and optimization of support trends preferred by the 
pilots. The customized support trend can be uploaded onto the MCU 
(Microprocessor unit) integrated with prototype NECSUS. 

• Developing an intelligent control strategy possibly using Fuzzy logic algorithm for 
prediction of required support level in different circumstances of a pilot’s neck 
activities. 
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Development of Modeling and Simulation Framework and Neck Support 
Expert System (NEXST): 
 

• Enhance the performance (accuracy and motion capability) of the head/neck 
model by  

o Simulating every muscle in each functional group separately. 
o Simulating each muscle with multiple segments to consider the effect 

of vertebra on the muscle motions. 
• Perform simulations to find relationships of the supporting force with reduction 

of muscle activities under different conditions of external loadings and pilot’s 
physiological status. 

• Based on the above relationships find specific or general protection devices 
that will provide the optimized supporting force to minimize the muscle 
activities in special or general circumstances.  

• Perform simulations to generate a comprehensive database of muscle forces 
and cervical elements’ stresses and be compared with of approved safe 
cervical stress tolerances [50]. This enables to future investigate the causes 
of neck injuries and fatigue issues for helicopter pilots under atypical 
conditions. Knowledge of where and when injury occurs can be used to 
customize or properly adjust the NECSUS support structure for an individual. 

• Enhancement and Experimental Validation of the Integrated Neck Support 
Model and the associated Expert System (NEXST), including the bio-
mechanical/biochemical/genetics models covering all relevant parameters 
and layers. This task involves enhancing and validating the integrated neck 
support model integrated with NECSUS prototype models already developed 
in Phase II within Modelica and Dymola environment. The work will validate 
that all objective and subjective variables, models, and parameters 
considered in the model within a synergistically integrated framework. As 
such, the biochemistry and genetics relates neck model components and 
layers will be generated in the proper format and added into the integrated 
model to increase the accuracy of the simulation framework using 
biochemical and genetic mechanisms pertinent to the neck behaviour (short-
term, mid-term, long-term accumulated damage). Also, using I/O data 
generated by Ryerson University’s FEA and fuzzy logic model generator, 
nonlinear models will be generated that reflect the dependency between the 
neck muscle tissues and damage/behaviour of deep neck tissues such as 
ligaments, bones, and connecting disks. The integrated model will also have 
special provisions to account for in-flight supportive effects of NECSUS 
devices and longer-term protective effects of systematic training, therapy, etc. 

• Systematic training and validation of the integrated neck support models must 
be performed using various types of data collected experimentally and from 
the open sources. 
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8.3 Appendix 1: Prototype NECSUS Developed in Phase I 
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8.4 Appendix 2: HCV Control Box  
Side Connectors 
 
The controller box has a power socket, a 6-pin interface for downloading program to 
MCU, and a 26-pin high-dimension D-Sub connector. The 26-pin connector is 
connected to the thermocouples, bending sensors, and the MSU units using the pin 
assignment shown below, where TC means thermocouple, BS means bending 
sensor, and pin 1 is the top right hole marked in red in the picture. 
 
 
 
 

Pin assignments of High Dimension D-Sub Connector 

 
The wires coming out of the connector are routed into four groups, with each group 
consists of a thermocouple, a bending sensor, and a SMA wire or spring. The pin 
assignment of the white connector for each group is shown below. 
 
 
 
 

White ¼ Connector Pin Assignments 

 
Pin Assignment for the MCU 
 
Pin assignment for the MCU is listed in Table 43 as follows: 
 

Table 43 Pin Assignment for the MCU 

Pin # Pin Info. Input/Output Digital/Analog Functionalities 
2 RA0 Input Analog Thermocouple Amplifier Input 1
3 RA1 Input Analog Thermocouple Amplifier Input 2
4 RA2 Input Analog Thermocouple Amplifier Input 3
5 RA3 Input Analog Thermocouple Amplifier Input 4
7 RA5 Input Analog Bending Sensor Input 1 
8 RE0 Input Analog Bending Sensor Input 2 
9 RE1 Input Analog Bending Sensor Input 3 

10 RE2 Input Analog Bending Sensor Input 4 
37 RB4 Input Analog Regular/Demo/Calibration input

SMA1(9V)

SMA4 SMA3 SMA2 

SMA4(9V)

TC4(-) TC1(-) TC2(-) TC3(-) 

SMA2(9V) SMA3(9V) 

TC4(+) TC1(+) TC2(+) TC3(+) 

SMA1 

BS1(5V) BS2(5V) BS3(5V) BS4(5V)

BS1 BS2 BS3 BS4 

(Pin1) 

SMA(9V) TC(-) TC(+) 

BS(5V) BS SMA 
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34 RB1 Input Analog Mode input 
35 RB2 Input Analog T1 or TempH Input 
15 RC0 Output Digital Control MOSFET 1 
16 RC1 Output Digital Control MOSFET 2 
17 RC2 Output Digital Control MOSFET 3 
26 RC7 Output Digital Control MOSFET 4 
38 RB5 Output Digital LCD RS bit 
39 RB6 Output Digital LCD RW bit 
40 RB7 Output Digital LCD E bit 

19~22, 27~30 RD0~7 Output Digital LCD data bus 
11, 32 Vdd    
12, 31 Vss    
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modes, a calibration procedure has been defined and implemented. Intelligent control 
algorithms have were conceptualized that would enable NECSUS to perform manual or 
automatic adjustment of the required support based on the intensity of angular neck motions 
and/or other operational factors. Several in-house electro-mechanical experiments were carried 
out to minimize the power consumption involved in actuating the SMA elements. 
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