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List of abbreviations 

ABL  Axial body loading 

BDC  Bottom dead centre 

BR   Breathing rate 

BF  Biceps Femoris muscle 

BW  Bodyweight 

COM  Centre of mass 

CP  Cerebral Palsy  

CPG  Central pattern generators 

CWS  Chest-wall strapping 

ECG  Electrocardiography 

EMG  Electromyography/ic 

GAS  Gastrocnemius muscle (in the absence of specification as to which one) 

GCT  Ground contact time 

GL  Gastrocnemius Lateralis muscle 

GLCS  Gravity-Loading Countermeasure SkinSuit 

GM  Gastrocnemius Medialis muscle 

GMAX Gluteus Maximus muscle 

GRF  Ground reaction force 

Gz  Force of gravity acting in the head-to-toe direction 

HR  Heart rate 

HS  Heel strike  

ISS  International Space Station 

MDF  Median Frequency 

PTS  Preferred walk to run transition speed 

QUAD  Quadriceps muscle (in the absence of specification as to which one) 

RER  Respiratory exchange ratio 

RF  Rectus Femoris muscle 

RMS  Root mean square 

RPE  Rating of perceived exertion 

ROM  Range of motion 

SCI  Spinal cord injury 

SEM  Standard error mean 

SOL  Soleus muscle 

TA  Tibialis Anterior muscle 
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Gravity produces a type of mechanical loading that plays an essential role in regulating the 

function of numerous physiological systems (Whalen, 1993). The most fundamental skeletal 

loading condition in 1G is caused by the static weight of the body. This static loading varies 

most prominently along the z-axis, as the load at any point is equal to the bodyweight (BW) 

above it; thus, gravity on Earth is referred to as 1Gz. The load carried at the shoulders is 

therefore equal to the weight of the head and neck, and gradually increases to full BW at the 

soles of the feet (Churchill et al, 1978; Table 1.1).  

 

Table 1.1: Body segment data from males, depicting the proportion of body weight carried at each major body 

segment (Taken and adapted from Churchill et al, 1978). 

 

Measurements of living subjects under 1Gz conditions have established that the centre of mass 

(COM) of the whole body is always in close proximity to the pelvis and appears to remain, 

regardless of body configuration, approximately at the level of the anterior superior iliac spine 

(Churchill et al, 1978). Normal daily activities, such as standing, walking, and running impose 

two external forces on the body: BW (constant), and the ground reaction force (GRF) composed 
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1.3 Mechanisms responsible for the maintenance and regulation of bipedal (upright) 
locomotion 
 
1.3.1 Hemodynamic/cardiovascular mechanisms 
 
The act of standing is a challenge taken for granted in humans. Due to gravity, 500-700ml of 

blood translocate from the upper body to venous capacitance vessels of the lower limbs and 

splanchnic circulation within a few seconds of standing (Mathias, 2002). This results in a 

decrease of venous return, right ventricle filling pressure, and ultimately cardiac output by 

~20%, with a resultant drop in blood pressure. Humans developed evolutionary adaptive 

mechanisms to overcome this gravitational stress and became the only animals capable of 

maintaining the erect posture for prolonged periods of time, by means, primarily, of the 

autonomic nervous system (Victor, 2015). First, the shift in blood volume towards the lower 

part of the body is counteracted by muscle contractions which not only increase venous return 

by compressing capacitance vessels and preventing lower-body blood-pooling, but also 

increase vascular resistance (Joseph et al, 2017). Modifications in blood pressure are detected 

immediately by baroreceptors, located in the carotid sinus. These sense small reductions in 

arterial pressure or central blood volume, through deformations of the vessel wall, which 

trigger compensatory adjustments in the heart and vessels through the parasympathetic and 

sympathetic nervous systems (Sanders et al, 1988) including: arterial and venous constriction 

leading to elevated peripheral arterial resistance and venous return; increased cardiac muscle 

contractility leading to improved cardiac output and increased renal sympathetic activity 

resulting in renal vasoconstriction, renin synthesis, decreased glomerular filtration rate and 

greater sodium reabsorption (Joseph et al, 2017). 
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1.4.1 Loading paradigms in 1Gz 

 

1.4.1.1 Backpacks 

Backpacks are routinely worn in numerous populations, including but not limited to the 

military, recreational hikers, travellers and students. Most of the literature within the backpack-

carrying domain focuses on walking and marching, the reasons for which are likely twofold; 

the prevalence of such endeavours and the impact that prolonged carriage may impart onto 

their physiological wellbeing. 

  

Early work by Han et al (1992) studied 15 participants walking at 4.7km·h-1 with backpack 

loads of 6kg, 20kg, 33kg and 47kg and observed increased activation of the leg extensor 

muscles, namely VL and GAS. A more recent study observing female hikers walking for 8km 

at a self-selected pace carrying backpack loads equating to 20%, 30% and 40% additional BW 

showed generally linear increases in GAS activity (22%, 27% and 33% respectively), 

compared to BW alone (Simpson et al, 2012). The addition of backpack load equivalent to 20-

50% BW has also been shown to induce a longer muscle burst duration of the VL when walking 

between 3.5-4.75km·h-1 (Ghori & Luckwill, 1995) as well as a later onset of VL activation 

when walking with similar load magnitudes compared to BW alone (Simpson et al, 2012; 

Stastny et al, 2014).  

 

It is accepted that hip flexion increases with increasing backpack load (Seay et al, 2014), but 

the results are less conclusive with regards to the ankle and knee. Some studies have observed 

greater knee and ankle flexion with increased load, whereas others have found little or no 

change (Kinoshita, 1985; Tilbury-Davis et al, 1999). These discrepancies are likely linked to 
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weight bearing stresses on the skeleton and resistive exercise to the musculature (Severin, 

1991; Kozlovskaya et al, 1995). Upper and lower body loading along the vertical axis (z-axis) 

are imposed by bungee cords above and below a leather belt: from the shoulders to the belt 

(upper body), and from the belt to the feet (lower body; Severin, 1991). The suit, therefore, 

creates axial loading along the z-axis for skeletal maintenance, and resistance to the normal 

postural position for weight-bearing muscle stimulation and was used in conjunction with other 

countermeasures. 

 

Yamashita-Goyo et al (2001) studied the effect of wearing the Penguin Suit for 10h/day as an 

intervention to prevent decrements in muscle size and function during a 2month bed rest, 

compared to a control group. The intervention group were sub split, where one group received 

full body loading from the suit which specifically loaded the distal tarsals of the foot by 60-

70N (Penguin-1), whereas the other group wore the full ensemble but the elastic elements at 

the foot were disconnected (Penguin-2). The findings from the Penguin-2 group were no 

different to the control group. However, both fibre diameter and muscle force per cross-

sectional area in the SOL were found to have been preserved in Penguin-1 compared to control; 

these results were attributed to the passive stretch induced by the foot loading, which may have 

induced a level of constant tonic SOL activity.  

 

Nonetheless, anecdotal reports from cosmonauts express that they found the suit to be 

thermally intolerable and have hence cut the bungee cords as the 1-or 2-stage loading is highly 

uncomfortable (Waldie, 2005). Furthermore, this 2-stage loading regime does not accurately 

recreate the nature in which gravity is experienced in 1Gz (Churchill et al, 1978) and thus 

remains subject to the aforementioned pitfalls of loading paradigms in 1Gz (section 1.4.1.4).  
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Figures 1.3 a-d: The Russian Penguin Suit: a) the front of the suit (left); b) the back (middle), c) donning with its 

full assembly and ankle attachments (right) and d) The Adeli Suit. The images of the Penguin Suit are made 

a b c 

d 



http://www.maxuta.com/maxuta/collections/034_space_zvezda/034033_penguin.htm
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Figure 1.5: The Mk VI SkinSuit application through the human body. The securing of the stirrups around the 

ankle ensures graduated 1Gz-like loading from the shoulders to the feet. Material up to the armpit-line is non-

stretch; beneath this point, material is made of a bi-directional weave, where the tension in the vertical material 

increases from the shoulders to the feet, creating an additional axial load in proportion with the % BW load each 

segment should be experiencing.  

 

Although the axial load provision is lower than originally intended, which is equivalent to 

~20% BW loading by virtue of the Mk VI SkinSuit, such a magnitude of additional load in 1Gz 

is capable of inducing alterations to both the cardiorespiratory and neuromuscular systems (e.g. 

Borghols, 1978; Ghori and Luckwill, 1985; Martin, 1985; Quesada, 2000; Puthoff et al, 2006; 

McGowan et al, 2008; Simpson et al, 2011b; Simpson et al, 2012).  

 

1.6 General summary of the literature 

Locomoting bipedally against the force of gravity on Earth (1Gz) is capacitated via 

evolutionary mechanisms pertaining primarily to the autonomic nervous system for 

hemodynamic and cardiovascular regulation and sensory receptors (i.e. Ib afferents from Golgi 





      
  48 
 

biomechanical adaptations (aim 2). Chapters 5 and 6 will also target the third aim by 

introducing and implementing partial-gravity paradigms whilst examining the range of 

physiological variables. Chapter 7 is dedicated purely to the third aim, investigating only the 

neuromuscular system.  
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function-specific movements to accurately select the electrode location, confirmed by 

palpation. These included: knee flexion for identification of hamstring muscles (i.e. BF); knee 

extension for quadricep muscles (i.e. VL, RF); plantarflexion for calf muscles (i.e. SOL, GM, 

GL); dorsiflexion for shin muscles (i.e. TA) and a deliberate contraction of the gluteal muscles, 

where the instruction was given to squeeze the buttocks, for GMAX. Once the muscle was 

clearly identified, bipolar surface EMG electrodes (1mm width, 10mm pole spacing; 

CMRR>80dB; model DE2.1, Delsys Inc, USA) were attached to the skin above the muscle 

belly with double-sided adhesive interfaces (Delsys Inc, USA). Visual inspection of the 

strength of the EMG signal confirmed the electrode placement for each muscle. Prior to 

sampling, the EMG signals were pre-amplified x100 for VL, RF, GMAX and BF and x1000 

for TA, GL and SOL, and band-pass filtered (20-450 Hz) at the main unit (Bagnoli-8, Delsys 

Inc., USA). 
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Figures 2.3 a-h: Electrode placement for the nine studied muscles within the thesis studies in accordance with 

Surface Electromyography for the Non-invasive Assessment of Muscles recommendations; a) Vastus Lateralis 

(VL); b) Rectus Femoris (RF); c) Biceps Femoris (BF); d) Gastrocnemius Lateralis (GL); e) Gastrocnemius 

Medialis (GM); f) Soleus (SOL); g) Tibialis Anterior (TA) and h) Gluteus Maximum (GMAX).    

 

The skin area under each electrode was shaved, exfoliated and cleaned with an alcohol swab 

(ethyl propanol) prior to placement. The grounding electrode was placed over the patella in all 

studies (Dermatrode, Biosence Medical LTD, UK). Transpore and zinc oxide medical tape was 
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