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Summary  
 
 
This report reviews the key biomechanical issues that cause the functional capacity declines 
seen as people age that have an impact on the ability to perform daily activities and reduce 
quality of life. Muscle strength declines systematically with age, with the greatest reductions 
in the lower limb seen at the ankle plantarflexors and then hip flexors. Increased joint 
stiffness leads to reduced range of motion systematically with the greatest reductions also 
seen at the ankle and hip. Older adults are less stable and experience greater fatigue in a 
range of daily activities. Falls is a major cause of injury and death in older people. Stair 
descent accounts for 75% of stair-related falls and the greater foot clearance variability seen 
in older people is a causal factor.  
 
Reduction in ankle plantarflexion power with age has been shown to be a key deficiency in 
mobility, resulting in a hip pull-up compensation strategy in overground gait and ramp 
negotiation. The high power demands on the knee during stair descent are also highlighted.  
 
To assess the efficacy of new powered hip, knee or ankle orthosis, a range of outcome 
measures are reviewed. No systematic methods for assessing gait were found to be in 
routine use in general practice or in NHS falls services in the UK. However a number of tests 
have been recommended for use with older people and are reported in the literature.  An 
outcomes package is suggested to enable assessment of a hip, knee or ankle device within a 
range of studies. The package comprises the use of instrumented analysis (kinetics, 
kinematics and EMG) and qualitative tools (the Dynamic Gait Index, Timed-Up-and-Go, Berg 
Balance Scale and Borg perceived exertion scale).  
 
Recommendations are made to focus development on an ankle orthosis to provide power 
assistance in push-off during overground gait and ramp use. Powered dorsiflexion control 
would also increase foot clearance and potentially reduce incidence of falls. It is believed an 
ankle device will present the greatest improvement to mobility in a range of tasks.  
 
Secondary to this assistance to stabilise the knee during stair descent is suggested. In 
addition to reducing energy demands during stair negotiation, the device may also produce 
a subsequent in falls risk reduction.  
 
A range of comparative normative data are included in the Appendices for reference, from 
older and younger populations undergoing overground gait and stair negotiation. Muscle 
strength and joint range of motion data are also included.   
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1. The Ageing Population 
 
With an increasing ageing population and change in attitudes towards ageing, the EC has focused on 
encouraging active ageing, which they define as a process of “optimising opportunities for health, 
participation and security in order to enhance quality of life as people age” (Commission of the 
European Communities. 2002).  
 
There is no universal definition of healthy ageing (McLaughlin et al. 2011) and no consistent 
definition of age bands. Definitions are problematic since they are a function of health, which has 
global variation and changes over time with mortality. For example the World Health Organisation 
(WHO) currently define 50 as the start of old age in Africa, this was the figure used for the UK 
population in 1875 (WHO 2013). 65 years of age is now used by most developed countries, and 
corresponds with retirement or pensionable age. The subgroups “young-old”, “middle-old” and 
“oldest-old” have also been used but with no consistency (Forman et al. 1992; Harris et al. 2008; 
Zizza et al. 2009) (see Figure 1). At the higher end Speechely et al. (1991) differentiated vigorous and 
frail older adults using a range of health and lifestyle factors, with those over 80 years considered 
frail.  
 
The UK population in 2012 was estimated to be 63 million, as shown in Figure 1 – the key ages after 
60 years and an increasing gender bias with age are also shown (right).  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1 Total UK population 2012 (left). Population by gender from 60 to 89 years of age (right). No 2012 data 
are currently available from the age of 89 years and over. Source (ONS 2013). Additional references: 

1
(Bingham 

2012), 
2
(OECD. 2012), 

3
Meeting minutes for IAA Ageing mobility project 6th August, 

4
(Speechely et al. 1991), 

5
(ONS 2012).   

 
The UK mortality rate has nearly halved since the 1980s, from 2 million deaths in 1980 to 1.1 million 
in 2010 (ONS 2012), this is attributed to advances in healthcare and lifestyle changes (WHO 2012). 
Males showed the greatest improvement in mortality with a reduction of 0.6 million deaths 
compared to 0.3 million for females (ONS 2012).  
 
This year adults aged over 60 account for 22% of the UK population (approximately 6.4 million male, 
7.5 million female). It is estimated that by 2047, for the first time in human history, a higher 
proportion of people in the world will be over the age of 60 (Vojak 2013).  
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2. Physiological Changes with Age 
 
2.1 Muscle composition and strength   
 
Muscle morphology changes in a process known as sarcopenia, which causes a systemic loss of 
muscle mass, a decline in contraction speed and a reduction of type II muscle fibres with age. Causal 
factors include: a reduction in motor neurons, a decrease in the concentrations of growth hormones, 
testosterone, and growth factors, a decrease in the body's ability to synthesise proteins, and an 
inadequate intake of calories or proteins (Morley et al. 2001). Sarcopenia can lead to a 30 – 50 % 
loss of skeletal muscle by the age of 80 (Bunn 2011).  
 
Muscle strength declines from approximately 25 years, reducing by about one third of peak by aged 
65 (Ashton-Miller 2005). In the knee extensors for example Jubrias et al. (1997) reported a 39% 
decline in force generating ability from the ages of 65 to 80 years - an estimated decrease of 10 N 
per year. Lanza et al. (2003) also reported isometric torque reductions with age in the knee 
extensors and ankle dorsiflexors of 32% and 26% respectively. Peak knee extensor power was 41% 
lower and peak dorsiflexor power was 28% lower compared to a younger adult group. Table 1 and 2 
summarise data from a retrospective cross-sectional muscle strength study of 240 healthy females 
(aged 50 – 89), showing the greatest decline in ankle plantarflexion strength. Muscle strength was 
also assessed against falls history, and a significant relationship was found between falls and hip 
flexor / abductor weakness (Trudelle-Jackson et al. 2006). 
 

Table 1 Muscle strength mean (SD) from 50 to 89 years of age. From (Trudelle-Jackson et al. 2006) 

 50 – 59 60 – 69 70 – 79 80 - 89 

 n=91 n=76 n=57 n=16 

Body weight (kg) 63.0 (15.8) 62.2 (10.8) 59.0 (10.3) 30.1 (8.2) 

Height (cm) 163.8 (6.5) 162.3 (6.0) 160.2 (6.3) 157.0 (7.0) 

Hip flexors (Nm) 41.7 (10.1) 36.5 (9.8) 30.1 (9.9) 24.6 (7.5) 

Hip extensors (Nm) 40.7 (11.2) 40.3 (11.2) 34.7 (12.9) 28.0 (5.7) 

Hip abductors (Nm) 49.7 (32.9) 41.9 (11.5) 34.6 (11.9) 26.5 (7.7) 

Knee extensors (Nm) 51.0 (18.5) 50.1 (16.0) 46.6 (13.6) 41.2 (12.3) 

Plantarflexors (reps)* 15.5 (13.3) 13.0 (6.2) 10.2 (7.3) 5.4 (5.3) 

Postural stability (%) 91.7 (12.9) 85.4 (17.9) 69.8 (32.0) 18.2 (24.8) 

*Plantar flexor strength was assessed using a unilateral heel raise test 
 

Table 2 Percentage decline in muscle strength per decade. From (Trudelle-Jackson et al. 2006) 

 6
th

 to 7
th

  7
th

 to 8
th

  8
th

 to 9
th

  Total 

Hip flexors (% decline) 12.6 10.4 28.5 39.0 

Hip extensors (% decline) 3.2 6.9 21.7 29.4 

Hip abductors (% decline) 14.2 13.0 25.8 44.6 

Knee extensors (% decline) 0.2 2.0 14.1 16.0 

Plantarflexors (% decline) 16.0 15.5 48.8 63.7 

Note: Decline between any two decades was calculated by taking the difference between mean body weight-
adjusted strength in the two decades of comparison and dividing by the mean body weight adjusted strength 
of the younger decade. This value was then multiplied by 100 to yield percent decline.  
 

2.2 Neuromuscular response  
 
The time taken to develop a joint torque increases with age, for example Thelen et al. (1996) found 
that when required to actively plantarflex the ankle to a torque of 60 Nm, older men and women 
took 161 ms and 42 ms longer respectively (increases of 52% and 16%) compared to younger people 
(Thelen et al. 1996). Thelen also reported that myoelectric activation latencies were 10 - 25 ms 
longer in older adults.  
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The time to reach fixed target velocities increases with age (Lanza et al. 2003), as does time to target 
position, which is reported to increase by 2 ms per decade from the ages of 20 to 100 years (Ashton-
Miller 2005). Despite statistically significant changes the impact of increased reaction times on daily 
activities is dependent on the nature and timing of the task. For example the dynamic phase of 
tandem standing, during which postural adjustments are made (described in Section 3.1) occurs in 
an approximate five second window. A 2 ms increase in reaction time would not have a noticeable 
effect in that task.   
 
Considering proprioceptive acuity, the ability to reproduce a passive knee angle was achieved with a 
2 degree error in 20 years olds and a 6 degree error in 80 year olds (Ashton-Miller 2005).  
 
2.3 Joint range of motion (ROM)  
 
Joint ROM diminishes systemically with age (Prince et al. 1997; Holland et al. 2002; Ashton-Miller 
2005), and is thought to be associated with greater stiffness of collagen fibres, and joint wear over 
lifetime leading to increased presence of osteophytes and irregularities on the articular surfaces 
(Prince et al. 1997). Reductions in lower limb active ROM from two comparative studies are shown in 
Table 3 and Table 4. A breakdown of data from Roach et al. (1991) is included in Appendix A1.  
 

Table 3 Active ROM for hip and knee joints for different age groups. From (Roach et al. 1991) 

 Range of motion (degrees) Reduction* with age 
degrees (and %) Aged 25-39 (n=433) Aged 60-74 (n=523) 

Hip flexion  122 118 4 (3) 

Hip extension  22 17 5 (23) 

Hip abduction  44 39 5 (11) 

Internal hip rotation  33 30 3 (9) 

External hip rotation 34 29 5 (15) 

Knee flexion 134 131 3 (2) 

*reduction figures calculated from the published data  

 
Table 4 Active ankle dorsiflexion ROM for different age groups and genders. From (Holland et al. 2002) 

n=214 
55-60 61-65 66-70 71-75 76-80 81-85 

Total reduction* 
degrees (and %) 

Male 20.0 ± 4.0 19.4 ± 3.6 15.7 ± 2.1 13.8 ± 3.5 13.1 ± 4.1 13.5 ± 4.1 6.5 (33) 

Female 20.7 ± 4.8 13.8 ± 3.8 12.0 ± 5.5 12.3 ± 3.6 10.8 ± 4.8 10.1 ± 5.2 10.6 (51) 

*reduction figures calculated from the published data  
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3. Activities of Daily Living (ADLs) 
 
The consequence of these neuromuscular changes are now summarised for standing balance, over-
ground gait, ascending and descending ramps, and stair negotiation.  
 
3.1 Standing balance 
 
The ability to maintain posture and balance deteriorates with age (Cohen et al. 1996; Arampatzis et 
al. 2008). Models of standing posture have predominantly been based on that of a single inverted 
pendulum, with postural stability determined by the regulation of activity about the ankle joint, and 
stiffness of the ankle in order to oppose gravity (Baratto et al. 2002; Masani et al. 2007; Gunther et 
al. 2009). 
 
The literature therefore focuses on ankle instability. For example, older adults are more susceptible 
to the effects of ankle muscle fatigue when the reliability of proprioceptive feedback is reduced 
(Bisson et al. 2013). In a study of muscle strength, functional balance and falls (with 50 subjects aged 
65-91 years) Daubney et al. (1999) reported that ankle dorsiflexor and hip extensor force were 
significantly lower in fallers, and ankle dorsiflexion strength was a predictor of fall status.  
 
In a study of the standing balance Prado et al. (2011) found significantly narrower limits of stability, a 
reduced base of support and fewer weight transfers in 19 older people (aged 65-80) compared to a 
younger group. Similar findings have been reported in tandem standing trials (standing with one foot 
directly in front of the other). Measuring force variability (and EMG from the tibialis anterior and 
gastrocnemius) Jonsson et al. (2005) observed two phases in tandem standing: a dynamic phase, 
during which postural adjustments are made due to weight transfer, which presents the greatest 
challenge to postural steadiness; followed by a static phase typified by a steady-state force 
variability. In an older group Jonsson et al. found a smaller decrease in force variability during the 
dynamic phase, greater variability during the static phase, and greater tibialis anterior activity 
compared to a younger group. Both studies conclude that older people are more unsteady than 
younger adults, and work harder to maintain standing balance, using a stiffer strategy (Jonsson et al. 
2005; Jonsson et al. 2007; Prado et al. 2011).  
 
In addition to the muscle weakness, peroneal nerve reaction time (latency) has been shown to 
diminish with age (Rein et al. 2010). Onambele et al. (2006) have also reported correlations between 
tandem and single leg stance instability, and reductions in calf muscle strength, size, activation 
capacity and a range of mechanical properties for the gastrocnemius and tendon with age. The 
mechanical properties and changes with age are included in Appendix A2.  
 
The biomechanical focus on standing balance was on the relative displacement and movement of 
centre of pressure (COP) and centre of mass (COM) against patterns in lower limb muscle activity. 
Few studies reviewed quote data for joint kinetics. It is possible that the errors inherent in 
calculating joint moments and powers, particularly for the small stabilising torques seen in quiet 
standing, prevent the acquisition of meaningful data for the current arguments. During overground 
gait errors increase in joint kinetics as walking speed reduces (Holden et al. 1997). Inaccuracies have 
also been observed in calculation method (McGibbon et al. 1998), use of 2D or 3D (Alkjaer et al. 
2001), and use of different coordinate references (Liu et al. 2006).  
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3.2 Over-ground gait 
 
Salzman (2010) notes that most changes in gait that occur in older adults are related to underlying 
medical conditions (particularly as conditions increase in severity) and should not be viewed as an 
inevitable consequence of ageing(Salzman 2010). Despite this, a number of key issues emerged in 
the literature.  
 
Kinetics  
Older people have a significant reduction in power available at the ankle, due to plantarflexor 
weakness (Winter et al. 1990; Judge et al. 1996; DeVita et al. 2000; Kirkwood et al. 2007; Monaco et 
al. 2009; Cofre et al. 2011; Alcock et al. 2013). Older adults compensate with increased use of hip 
flexor pull-up torque to propel the swinging limb. This is shown in the data from Cofre (Figure 2) 
which is representative of other work (Winter et al. 1990; DeVita et al. 2000; Monaco et al. 2009; 
Cofre et al. 2011; Sadeghi 2011; Alcock et al. 2013). 
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Figure 2 Power curves for an older group (OG) left, and younger group (YG) right, walking over-ground at three 

matched walking speeds. Corresponding numerical values are taken from all walking speeds. Positive values 
represent an increase in older people. From (Cofre et al. 2011). 

 
DeVita et al. (2000) suggests that depletion of fast fibres and a decline in citrate synthase activity in 
the gastrocnemius (compared to the vastus lateralis) are partly responsible for the reduction in ankle 
power. The diminished push-off force results in significantly reduced step and stride length (Winter 
et al. 1990; Judge et al. 1996; DeVita et al. 2000; Monaco et al. 2009).  
 
Older adults also have a lower walking speed and stance time (Hageman et al. 1986; Winter et al. 
1990; Ostrosky et al. 1994), a higher cadence (Hageman et al. 1986; Blanke et al. 1989), reduced hip 
and knee extension, and a reduced ankle dorsiflexion angle at initial contact (Kerrigan et al. 2001). 
Higher levels of muscle co-activation have been reported in gait and a range of daily activities. This is 
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thought to provide greater joint stabilisation (Hortobagyi et al. 2003; Peterson et al. 2010) and is a 
contributory factor in the higher metabolic energy cost of walking (Peterson et al. 2010), which is 
characteristic for older adults (Martin et al. 1992; Malatesta et al. 2003; Ortega et al. 2007).   
 
3.3 Ramp ascent and descent  
 
Normal  
The kinematics of ramp walking follow broadly similar patterns to over-ground gait, but typically 
with increased flexion throughout the gait cycle during ascent (notably during stance). The power 
demands for each joint are exacerbated, with an increased plantarflexion moment with slope, larger 
knee extensor moment in early stance and a larger hip extension moment in stance (Lay et al. 2006).  
 
Older people  
In a study by Franz et al. (2013) older people walked with smaller peak ankle joint kinetics and larger 
peak hip kinetics than younger adults, notably in late stance in level and uphill walking (Figure 3). 
Older people also performed two to three times more single support positive work than young 
people via muscles across the knee. Franz’ work suggests ramps place a greater demand on the 
ankle-hip compensation mechanism seen in over-ground gait in older people, and recommends 
assistance for ankle power generation for limb propulsion for ramp ascent.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Kinematic and Kinetic data from young and older adults during level walking (solid lines) and 9 degree 
ramp ascent (dashed lines). From (Franz et al. 2013) 
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3.4 Stair ascent and descent 
 
Normal ascent  
Ascent is achieved predominantly through concentric extensions of knee and hip to raise the body, 
and plantarflexor demands throughout stance, and can be divided into the stages shown in Figure 4. 
During stance phase weight acceptance, transfer of bodyweight is controlled under activity of the 
contralateral plantarflexors. The body is then raised up and over the stance limb by extending the 
knee predominantly using concentric activity of the extensor muscles in pull-up. Forward 
continuance or progression of the body is maintained using power generation from the ipsilateral 
plantarflexors. Increased ankle dorsiflexion and knee flexion then raise the swinging foot above the 
nose of the next step to ensure foot clearance. The foot is then placed on the step by plantarflexing 
the ankle and extending the knee, hip extensors then assist in controlling foot placement. Positive 
power is generated throughout ascent, primarily from the knee and hip during stance, at the ankle 
during forward continuance, and the hip in swing. See Figure 5 for normal kinematics and kinetics.   
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Stages of normal stair ascent (A) and descent (B). From (Novak et al. 2010) 
 

Normal descent  
Descent predominately involves eccentric contractions of the quadriceps to control the downwards 
movement of the body against gravity. As the contralateral knee flexes (at the end of controlled 
lowering) bodyweight is transferred to the stance limb and energy absorbed at the knee and ankle 
during weight acceptance. This continues into single-limb forward continuance with an increasing 
demand on the knee extensors to absorb power. The power absorption demand peaks during 
controlled lowering of the swinging limb and is controlled by eccentric activity of the knee extensors 
(rectus femoris and vastus lateralis). This is the greatest single joint moment in stair, ramp and 
overground gait, and potentially a factor in the high rate of stair descent falls (described later in 
Section 4.1). At the start of swing the hip flexes, lifting the thigh to enable leg pull-through. The 
swinging limb is then lowered and the hip, knee and ankles extend for foot placement. Stair descent 
is characterised by the high negative joint powers at the ankle and knee during weight acceptance, 
and the knee during controlled lowering (McFadyen et al. 1988; Costigan et al. 2002; Riener et al. 
2002; Nadeau et al. 2003).  
 
Older people  
Older adults walk more slowly on stairs (Hsue et al. 2009; Novak et al. 2011) with  increased stance 
and double-support times during ascent and descent (Stacoff et al. 2005; Benedetti et al. 2007; Hsue 
et al. 2009; Novak et al. 2011). Tiedemann et al. (2007) associate the following factors with walking 
speed on stairs: Knee extensor and flexor strength, lower limb proprioception, edge contrast 
sensitivity, reaction time, leaning balance, fear of falling, and the pain and vitality scores from the 
Short-Form 12 Health Status Questionnaire. Sagittal plane kinematics are broadly similar with age 
during stair ascent and descent (Reeves. et al. 2009).  
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The prominent features of stair kinetics are typified by concentric contraction of the knee extensors 
during ascent, and eccentric contraction during descent (Novak et al. 2011; Samuel et al. 2011). 
Reeves. et al. (2009) reported that older adults have significantly lower knee extensor moments, and 
operate at a greater proportion of their knee joint isometric capacity than younger people.  
 
During descent older people display a significant reduction in knee flexion angle during weight 
acceptance, in the contralateral limb (Mian et al. 2007; Saywell et al. 2012) and significantly more 
vastus lateralis activity (James et al. 1989; Saywell et al. 2012) throughout, aided by increased 
coactivation of the hamstrings about the knee, as described earlier. In younger adults hamstring 
activity only occurs during the first half of the cycle (McFadyen et al. 1988). This suggests greater 
stiffening of the knee joint compared to young people during descent. Muscle strength is generally 
lower during eccentric compared to concentric contractions in older people (Ashton-Miller 2005), 
however there is limited work in knee muscle activity during impulse attenuation during stair 
descent (Saywell et al. 2012).  
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Normal kinematics, joint moments and powers, and ground reaction forces for stair ascent, descent 
and overground gait. From (Riener et al. 2002) 
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4. Falls and Foot clearance 
 
Falls and fall prevention strategies were by far the most prominent issue reported in the literature 
relating to the biomechanics of older people.  
 
4.1 Fall statistics  
 
Incidence - Approximately 28-35% of community-dwelling adults over the age of 65 (Scuffham et al. 
2003), and 50% in residential care (WHO 2007) fall every year. About half of those fall repeatedly 
(Scuffham et al. 2003). The community-dwelling figure increases to 32-42% for those over the age of 
70 (WHO 2007), and to 50% for those over the age of 80 (NICE 2004). In 1999 fall-related injuries in 
people aged 60 or over accounted for 0.8 million admissions to hospital in the UK (Scuffham et al. 
2003).  
 
Impact - Falls cause distress, pain, loss of confidence, loss of independence, injury and mortality. 
Injuries are predominantly hip and wrist fractures, with approximately 95% of hip fractures caused 
by a fall (Prince et al. 1997; Youm et al. 1999). 40% of all injury-related deaths are caused by a fall 
(WHO 2007). In a survey of 194 women over the age of 75, 80% said they “would rather be dead” 
than experience the loss of independence and quality of life that results from a bad hip fracture and 
subsequent admission to a nursing home (Salkeld et al. 2000).  
 
Cost - Cost estimates vary. Scuffham et al. (2003) places the total cost of unintentional falls to the 
NHS in 1999 at £1 billion and the National Institute for Health and Clinical Excellence estimated the 
cost to be £2.3 billion per year in 2004 (NICE 2004).  
 

Where do falls occur? - The majority of falls (58%) in a study of 96 fallers in Oxford by Berg et al. 
occurred in and around the home (see Table 5) from Campbell et al. (1990). Within the home most 
falls occurred in the bedroom, kitchen and dining rooms (Campbell et al. 1990).  
 

Table 5 Location and time of day of falls in people aged 60 to 88. (Campbell et al. 1990) 

Location % of falls Time of day % of falls 

At home outside 35 Morning 30 

At home inside 23 Afternoon 52 

Away from the home in a familiar place 23 Evening 14 

Away from the home in a strange place 19   Night 4 

 
Falls during stair negotiation frequently occur during descent rather than ascent (Svanstrom 1974; 
Hemenway et al. 1994; Startzell et al. 2000). Tinetti et al. (1988) reported 75% of stair falls occurred 
during stair descent in a study of 272 older fallers. Descent falls may result from a trip on the stair 
edge or the tread surface (Cohen 2000).  
 
Falls that occur outdoors are typically associated with compromised health in more active people 
(Bath et al. 1999) and more likely to result in a distal forearm fracture (Nordell et al. 2000). Whist 
indoor falls are associated with frailty (Bath et al. 1999) and lead to higher rates of hip fracture 
(Nordell et al. 2000).  
 
In a review of 19890 reports of in-patient falls in the UK, Hignett et al. (2013) found that patients 
were less likely to be harmed from a fall from the bed whilst transferring, or when falling from a 
chair; but were more likely to be harmed when mobilising to communal and bathroom areas, and 
when unintentionally falling from bed. Frail patients were more likely to be witnessed falling, the 
converse was reported for confused patients. 
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When? - 94% of the fallers surveyed by Berg et al. (1997) fell during the day (Table 5), with the 
majority in the afternoon. Colder winter days increase the rate of falls, and incidence of fractures for 
women (Campbell et al. 1988). The pattern across the other seasons remained relatively constant 
(Campbell et al. 1990; Berg et al. 1997).  
 
Self-reported falls data should be treated with caution because a disparity has been observed 
between what has been reported by older people and by healthcare providers (Zecevic et al. 2006). 
This is indicated in the responses given during telephone interviews with 477 community-dwelling 
adults aged 55 and over, and a group of 31 healthcare providers serving that community (Figure 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Reasons for falling reported by older people and healthcare providers. From (Zecevic et al. 2006) 

 

 

Risk factors in falls are numerous and include (WHO 2004; WHO 2007):  
 

 Biological factors: Age, gender and race, muscle weakness, impaired balance and gait, visual 
deficits, cognitive impairment, postural hypotension, depression, incontinence, low BMI, foot 
conditions such as bunions, toe deformities and ulcers.  

 Behavioural factors: Sedantary behaviour, multiple medication use, alcohol misuse, inappropriate 
footwear. 

 Environmental factors: Poor building design, slippery floors and surfaces, loose rugs, insufficient 
lighting, cracked or uneven roads. 

 Socioeconomic factors: low income and education levels, inadequate housing, lack of social 
interactions, limited access to health and social services, lack of community resources.   
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4.2 Fall mechanisms 
 

A fall can occur as a result of a slip or trip. A slip occurs when the frictional force opposing the 
contact foot is less than the shear force immediately after initial contact. Perkins (1978) examined 
the ratio of horizontal to vertical ground reaction forces (FH/FV) defining the peaks shown in Figure 7, 
and identified that slips are most likely to occur at peak 3. This peak is termed the Required 
Coefficient of Friction (RCOF) - the minimal frictional requirement to prevent slipping. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7 Typical example of the normal force and calculated instantaneous coefficient of friction during over-
ground walking from (Chang et al. 2008) 

 
Slower walking speed should lower the RCOF (due to a reduction of FH with speed) and hence 
likelihood of slipping (Winter 1990), but this is not the case in older people, who have a lower 
walking speed yet higher incidence of a falls than younger people. In a study of older people 
Lockhart et al. (2003) found significantly higher horizontal heel velocities, shorter step lengths and a 
slower transitional acceleration of the centre of mass. Lockhart and others suggests these are also 
important factors in RCOF and the initiation of slips in older people, rather than walking speed alone 
(Lockhart et al. 2003; Kressig et al. 2004; Kim et al. 2005).  
 
A trip occurs when the foot makes unexpected contact with the floor or object on the floor, and is 
consequently the result of inadequate foot clearance (described in further detail in section 4.3).  
 
A stumble is an attempt at recovering balance following a slip or trip, with an unsuccessful attempt 
resulting in a fall. Two recovery strategies have been observed, which depend on the time the 
perturbation occurred. An elevating strategy in early swing consists of elevating the obstructed 
swing limb to overtake the obstacle, whilst a lowering strategy seen in late swing consists of 
immediately placing the obstructed foot on the ground, followed by a step with the contralateral 
limb (Eng et al. 1994). A stumble can involve a short sequence of unsteady steps in an attempt to 
regain balance (Mille et al. 2005).  
 
Of the falls-related Accident and Emergency (A&E) admissions in the UK in 1999, slips, trips and 
stumbles at the same level accounted for the highest rate of admissions, and increased with age 
(Table 6).  
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Table 6 Accident and Emergency attendance rate per 10000 population in 1999 (Scuffham et al. 2003) 

Age 
Fall on the same level 

(slip/trip/stumble) 
Falls on or from 
stairs or steps 

Fall from one 
level to another 

Unspecified fall Total 

60-64 113.4 76.7 36.7 46.7 273.5 

65-69 141.4 77.5 18.9 49.5 287.3 

70-74 159.6 65.7 37.9 104.7 367.9 

≥75 397.0 110.8 117.1 320.4 945.3 

Mean 229.7 86.9 61.8 156.4 534.9 

 
4.3 Foot clearance 
 
The greatest potential for falling as a result of a trip is thought to occur at minimal foot clearance 
(MFC) (Winter 1992). This is to be expected given the definition of a trip. MFC is the shortest vertical 
distance between the lowest point of the foot and the floor during mid-swing, as indicated in (Figure 
8). This assumes normal gait. Measurement and modelling techniques also vary in the literature 
(Winter 1992; Karst et al. 1998; Begg et al. 2007; Nagano et al. 2011), but generally involve 
modelling the position of the hallux from the positions of reflective markers.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 Vertical displacement of toe during swing, indicating the first peak vertical displacement (Mx1), 
minimal foot clearance (MFC) and the maximum displacement (Mx2). From (Nagano et al. 2011) 

 
A systematic review of MFC in older people walking over-ground and on a treadmill was carried out 
by Barrett et al. (2010). 12 articles were reviewed and the mean MFC was reported to be unchanged 
by age, but greater variability exists in older people (Barrett et al. 2010). An example of which is seen 
in data collected by Begg et al. (2007) from 17 young females (with a mean age of 26.4 years) and 16 
older females (aged 72.1 years) who walked for 20 minutes on a treadmill wearing their own shoes 
(Figure 9).    
 
 
 
 
 
 
 
 
 
 
 

Figure 9 MFC histograms of young (n=25633 strides) and older people (n=17102 strides) whilst treadmill 
walking. From (Begg et al. 2007) 
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Begg observed 2-3 sub-groups in the data, and suggested different styles or control strategies were 
employed. Barrett et al. (2010) also noted that MFC variability was significantly greater for fallers 
compared to non-fallers from two studies that reported MFC variability and falls history. 
 
A limb dominance affect was reported by Nagano et al. (2011) in a study of treadmill vs. over-ground 
walking in younger and older people (Nagano et al. 2011). MFC and Mx1 (Figure 8) were greater in 
the non-dominant side of both age groups, whilst Mx2 reduced in the older group. Nagano suggests 
the reduction of Mx2 is associated with reduced dorsiflexion in the older group. Mills et al. (2008) 
reported similar conclusions and also found MFC variability in older men (aged 71.1) was correlated 
to variability of stance phase ankle adduction / abduction angle of the contralateral limb.  
 
Studies of foot clearance during stair descent have quote MFCs ranging from 5 to 58 mm (Cohen 
2000). In a study of 12 young and 10 older adults Hamel et al. (2005) reported that the older 
participants walked with significantly greater variation in MFC compared to the younger group, with 
more steps below 5 mm - the minimal variation requirement for the distance between adjacent 
treads and riders for American building standards. Also the younger subjects increased their foot 
clearance under reduced ambient lighting, whilst the older group did not make an adjustment, thus 
increasing their risk of a trip related fall.  
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5. Assessment and Outcome Measures  
 
5.1 Tasks under consideration 
 
A range of possible biomechanical studies could include developmental studies (focused on for 
example, developing the physical components and optimising power assistance), device efficacy 
studies (principally to determine the effect of the device on user’s mobility), and longer-term cross-
sectional studies (aimed at assessing changes in quality of life). Device efficacy studies are 
considered here.  
 
The aim of device efficacy studies would be to highlight effects caused by use of powered orthoses 
on the biomechanics, health and behaviour of users under different environmental and task 
constraints. The tasks (activities of daily living) are limited to those defined for the EXO-LEG Project 
(shown in Table 7) since they also cover common ADLs in which more general powered orthotics 
may have a beneficial impact. The nature of the “exercising” task has not been specified by the EXO-
LEG group and may introduce a wider range of factors into an assessment than the other tasks. It is 
therefore excluded.   
 

Table 7 EXO-LEG task requirements arranged according to nature of task and level of device support.  
From (Virk 2013) 

 Basic Standard Deluxe 

Transfer  Sit-to-stand  
Stand-to-sit 

  
 

Balance Standing Bending down to floor Using leg to open / close door 

Gait  Crouching with support 
Walking on flat ground 

Crouching without support 
Walking & turning on flat ground 
Walking on ramps 
Stair ascent / descent 
Stepping over objects 

Speed walking 
Walking on uneven ground 
Walking on slippery ground 

 
 
 
 

Other   Exercising 

 
The majority of tasks can be divided into standing tasks with additional conditions (such as reaching, 
bending down, standing on one leg, presence of perturbation, for a length of time); and gait tasks in 
set environments (for example overground, stepping over obstacles, ramp and stair negotiation, 
walking at speed, turning, walking on uneven or slippery ground). In considering outcome tool 
requirements, the following key questions can be addressed:  
 

 Changes to power flow – how does assistance modify the user’s joint power contributions? What 
assistance is provided by the device and when? 

 Changes to stability – does the device improve the user’s ability to maintain posture, reduce falls 
risk, or extend the limits of stability?   

 Changes to kinematic strategy – how does the assistance modify the user’s kinematic strategy?   

 Interaction between the user and device – does the device work with the user? 

 Fatigue – does the device extend the time available to perform the given task? 

 Temporal-spatial changes – does the device improve MFC (and hence falls risk)? Does the device 
change base of support? Does the device change the speed with which tasks can be carried out? 

 
The primary focus of each biomechanical study will in-part be determined by the nature of the input 
provided by a powered device. For example, the primary outcome of standing trials would be to 
understand changes to postural stabilisation, whilst power flow would be of greater interest in gait-
related studies.   
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5.2 Outcome tools in clinical use  
 
From the literature and from discussions with clinicians in the NHS working with older people, no 
systematic methods for assessing gait were found to be in routine use in general practice or in NHS 
falls services in the UK. This was supported by email correspondence with Dr Jonathan Treml, 
Consultant Geriatrician and author of the 2010 National Audit on Falls and Bone Health and Dr 
Victoria Goodwin, Research Officer for the Chartered Society of Physiotherapy.   
 
However, in addition to the use of instrumented analysis, a wide range of qualitative and 
quantitative outcome tools were reported in the biomechanics literature. The tools covered 
assessment for postural control (standing), functional tests of balance and mobility, gait speed, 
participation in ADLs, falls risk, general health, cognitive function and quality of life. A number of 
recommendations have also been given for ‘outcome packages’ to assess mobility and falls risk in 
older people.  
 
The NICE guidelines “for assessment and prevention of falls in older people” identified the following 
as the most frequently reported tools administered in community dwelling and extended care 
settings:  
 

 Dynamic gait index (DGI)  

 Timed up and go test (TUG) 

 Performance-Oriented Mobility Assessment (POMA) (to assess balance and gait in ADL) 

 Berg Balance Scale (to identify falls risk, and rate balance in ADL) 

 Turn180 test (to assess dynamic postural stability) 

 Functional reach test (to assess balance that may contribute to falls risk) 
 
The guidelines state: “It is unclear which tool or assessment instrument is the most predictive and 
therefore useful. Many tools have undergone testing and exploration of measurement properties 
and predictive ability. The clinical utility, feasibility for clinicians and acceptability to patients often 
guides the choice of tools, but some appear more useful than others. These tests cannot be 
recommended for use in all settings and may be more useful during a comprehensive assessment by 
a multidisciplinary team.” (NICE 2004).  
 
AGILE, the group within the Chartered Society of Physiotherapy working with older people, also 
suggest the DGI and TUG form part of a general assessment of older people, in addition to the 10-
metre walk test (10MWT) and measures of step and stride length, walking speed and cadence. The 
Barthel Index and Elderly Mobility Scale (EMS) are currently recommended by the Royal College of 
General Practice. Each of these tools are now described in more detail.  
 
The Dynamic Gait Index (DGI) assesses balance whilst walking in the presence of external demands. 
The tool is an observer rated form using four-point ordinal scales of 8 functions: Gait level surface, 
change in gait speed, gait with horizontal head turns, gait with vertical head turns, gait and pivot 
turn, step over obstacle, step around obstacles and stairs. The DGI has been shown to predict falls 
risk in older adults (Shumway-Cook et al. 1997; Whitney et al. 2000), with intrarater and interrater 
reliabilities of ICC = 0.90 and ICC = 0.92 respectively, in hospital settings, and intrarater and 
interrater reliabilities of ICC = 0.89 and ICC = 0.82 respectively, in outpatient rehabilitation (Jonsson 
et al. 2011). The DGI has high criterion and construct validities (against the Berg Scale and Balance 
Self-Perceptions Test, in a study of 44 community dwelling older adults, aged 65 to 94 years) 
(Shumway-Cook et al. 1997). The DGI requires two obstacles, a step, the use of stairs and a 6 m (20 
foot) walkway. Normative data are available for older adults, by gender (Vereeck et al. 2008).  
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The Berg Balance Scale (BBS) is used to assess static and dynamic during a range of ADLs. It is a 14-
point observer rated tool using five-point ordinal scales of the following functions: Sit to stand, 
standing unsupported, sitting unsupported, stand to sit, transfers, standing with eyes closed, 
standing with feet together, reaching forward with outstretched arm, retrieving object from floor, 
turning to look behind, turning 360 degrees, placing alternate foot on stool, standing with one foot 
in front, standing on one foot. The BBS is widely used and has been validated as a means of assessing 
falls risk in older people (Berg et al. 1992; Berg et al. 1992; Shumway-Cook et al. 1997), with 
interrater and intrarater reliabilities of ICC = 0.91 and ICC = 0.97 respectively for community dwelling 
older adults (Berg et al. 1992). The BBS has been shown to have a correlation with Dynamic Gait 
Index of r = 0.67 (Shumway-Cook et al. 1997). The BBS requires a chair with arm rests, an object to 
pick up, a stool, stop watch and 4.6 m (15 foot) walkway. Normative data also exist for healthy older 
people, aged 60 – 89 (Steffen et al. 2002).  
 
The Performance-Oriented Mobility Assessment (POMA) is used to assess balance, falls risk and 
gait in older people. It is an observer rated tool of the following 16 items (with predominantly binary 
responses): Sitting balance, sit-to-stand, attempts to rise, immediate standing balance, standing 
balance, nudged, eyes closed, Turn 360, stand-to-sit, gait initiation, step length and height, step 
symmetry, step continuity, path, trunk sway and walking ‘stance’ (heels apart or touching). The 
POMA was developed for older people; however there are similarities in the gait-related items 
covered by the POMA and the DGI, and in the balance-related items between the POMA and the 
BBS. The DGI and BBS are more comprehensive in the individual areas. The POMA requires a chair 
with arm rests, stopwatch and a 4.6 m (15 foot) walkway.  
 
The Turn180 test is a test of dynamic postural stability in frail older adults, where the number of 
steps used to turn 180 degrees indicates falls risk (Simpson et al. 2002). A stability component based 
on a 360 degree turn is also included in the Berg Balance scale and Performance-Oriented Mobility 
Assessment.  
 
The Functional reach test assesses standing balance by asking subjects to raise an arm to 90 degrees 
and reach as far forward as possible from a standing position, without taking a step forwards. The 
displacement of the hand (3rd metacarpal) is measured (Duncan et al. 1990). A modified version is 
used for people unable to stand (Katz-Leurer et al. 2009). A functional reach task is also included in 
the Berg Balance and Elderly Mobility scales.  
 
The Elderly Mobility Scale (EMS) is a 20 point tool for the assessment of gait, balance and postural 
changes in frail older people. The domains overlap with those assessed by the DGI and POMA and 
include: lying from sitting, sitting from lying, sit to stand, standing, gait, timed 6 metre walk and 
functional reach (Smith 1994). The functional reach component is the same as above and has been 
shown to indicate falls risk (Duncan et al. 1992).  
 
The Barthel Index uses self-reporting and observation to assess the ability of individual with 
neuromuscular or musculoskeletal disorders to care for themselves. Components include: feeding, 
bathing, grooming, dressing, bowels, bladder, toilet use, transfers (bed to chair and back), mobility 
(on level surfaces) and stairs (Mahoney et al. 1965). Validation been carried predominantly with the 
stroke population. A review of validation studies with older people suggested the BI is less reliable in 
older people with cognitive impairments, than the wider pathological older population (Sainsbury et 
al. 2005).  
 
10-metre walk test (10MWT). Walking speed reduces with age (as discussed in Section 3.2), 
indicating physiological changes and biomechanical adaptations (Fritz et al. 2009). The 10-metre 
walk test assesses walking speed over a short distance by measuring the time taken for the subject 
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to walk 10 metres (Perera et al. 2006). Normative gait speed data for older people have been widely 
reported (Winter et al. 1990; Oberg et al. 1993; Bohannon 1997; Watt et al. 2010; Cofre et al. 2011; 
Hollman et al. 2011), examples of which are included in Appendix 3.1. Walking speed is also assessed 
within the DGI, EMS and the TUG.  
 
The Timed up and go test (TUG) assesses static and dynamic balance, by measuring the time taken 
for the subject to rise from a chair, walk three metres forward, turn around, walk back to the chair 
and sit down. The TUG has excellent interrater and intrarater reliability (both ICC = .99) and 
correlates well with the BBS and BI (Ng et al. 2005). The TUG has been shown to identify those 
community-dwelling adults who are at risk for falls (Shumway-Cook et al. 2000).  
 
The qualitative tools described have been developed to optimise the value of data collected against 
the time and resources available to carry out an analysis (in scenarios requiring high throughput 
routine testing) (Wade 2003). This trade-off is less of a requirement in experimental biomechanical 
testing, where selected participants may attend instrumented laboratory sessions for longer periods 
of time.  
 
5.3 Suggested outcome package  
 
The following outcome tools (Table 8) are presented to address the research question themes listed 
in Section 5.1. The tools listed are indicative for use in a series of studies with a variety of specific 
protocols, not a single study or protocol. The package assumes the use of an instrumented gait 
laboratory with embedded force plates, a motion capture camera system and electromyography.  
 

Table 8 Tasks under consideration, research themes and associated outcome tools 

Major Tasks Research themes Tools 

Standing (reaching, 
bending down, on 
one leg, experiencing 
a perturbation, for a 
length of time, eyes 
closed) 

Principal  Changes to stability 
COP-COM displacement and 
separation, Berg Balance Scale 

Secondary  

Changes to power flow  
Power flow analysis: kinetics, GRF, 
orthosis instrumentation  

Changes to kinematic strategy Joint kinematics 

Interaction between the user 
and device 

EMG (muscle group dependant on 
nature of device) 

Fatigue 
Borg perceived exertion scale 
Measures of energy expense 

Temporal-spatial changes  From kinematics 

Gait (overground, 
stepping over 
obstacles, ramp and 
stair negotiation, 
walking at speed, 
turning, walking on 
uneven or slippery 
ground)  

Principal  Changes to power flow  
Power flow analysis: kinetics, GRF, 
orthosis instrumentation 

Secondary  

Changes to stability TUG (+ DGI if non-instrumented) 

Changes to kinematic strategy Joint kinematics 

Interaction between the user 
and device 

EMG (muscle group dependant on 
nature of device) 

Fatigue 
Borg perceived exertion scale 
Measures of energy expense  

Temporal-spatial changes  From kinematics 

 
However in the absence of instrumentation a number of qualitative tools are listed, which could 
provide an indication for preliminary analysis. The Dynamic Gait Index and Berg Balance Scale 
encompass many of the domains assessed within the other tools (such as the Turn180, functional 
reach and walking speed tests). They also assess a comprehensive range of motor tasks, including 
those listed in Table 7. The Borg perceived exertion scale would provide an indicator of fatigue in the 
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absence of an expired gas analyser or heart rate index-based tools. The Timed-up-and-go test and 
walking speed measures would indicate dynamic balance and overall performance changes.  
 
Quantitative measures of static and dynamic stability, such as the COP-COM-based measures 
described by Vieira et al. (2009), can be calculated from force plate data, whilst subjects undergo a 
range of balance tasks with and without the use of orthotic devices.  
 
Forces and moments data measured using conventional kinetic techniques (force plates and 
cameras), whilst a subject is wearing an assistive device would not discriminate the power output 
from the wearer and the device. It is therefore recommended that orthotic devices be provided with 
a means of logging or outputting in real-time the device power consumption, in order to enable 
power flow analyses.  
 
It is possible that user muscle effort could undesirably oppose the power delivered by the orthosis 
(notably during developmental testing). Pressure sensing between the orthosis and skin could be 
used to assess the interaction between the user and device. Alternatively changes to muscle activity 
(with and without the orthosis) could provide an indication of regions of increased user effort during 
the gait cycle. The validity of this analysis could be assessed in normal walkers with simulated joint 
constraints. The selection of muscle groups would be device-type specific.  
 
The choice of joint kinematic and temporal-spatial parameters will be task and device-type specific. 
For example it would be beneficial to assess minimal foot clearance during over-ground gait, ramp 
and stair negotiation tasks, but not as critical during a turning whilst walking task. Length of time 
may be informative during fatigue trials whilst standing; whilst trunk, hip and knee kinematics may 
be more pertinent in informing kinematic changes, when participants bend down to pick up an 
object.  
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6. Recommendations and Design Matrix 
 
6.1 Recommendations    
 
Two biomechanical issues emerged from the literature, where older people may benefit from the 
assistance of powered orthotics:  
 

 The loss of ankle power (in over-ground, ramp and stair use) is significantly reduced in older 
people, as a result of plantarflexor weakness (described in Sections 2.1 and 3.2) 

 The demand on the knee extensors (notably during stair descent, Sections 3.4)  
 
It is recommended that the focus of development be on separate ankle, knee and hip orthosis, 
initially providing assistance at the ankle during gait, and then support for the knee to aid stair use.  
 
Whilst a number of methods currently exist to improve foot clearance (a summary of which is 
included in Appendix B1), these recommendations suggest the development of a new device to 
provide more direct assistance at the ankle for active plantarflexion and dorsiflexion.  
 
The ankle plays a key in many biomechanical challenges in mobility; the plantarflexors provide the 
propulsive force in overground gait and ramp negotiation and stabilise the contralateral swinging leg 
during stair ascent and gait. The muscles also experience the greatest loss of bulk and strength with 
age. Overground gait will remain a more highly occurring task in comparison to use of stairs and 
ramps, particularly in later years when older people adapt homes and move into single floor and 
supported housing. The majority of falls also occur near the home, outside in cluttered 
environments highly variable foot clearance requirements. Addressing the primary issue of reduced 
plantarflexion power may therefore lead to greater improvements in general mobility throughout 
daily life.  
 
Supporting active dorsiflexion has potential to improve foot clearance and reduce the high fall-
related mortality rates. Whilst an active ankle orthosis may present the greatest technical challenge, 
the need for an active device in foot drop also exists for neurological patients (those who have 
experienced a stroke, multiple sclerosis and cerebral palsy for example).  
 
Providing assistance to the knee (specifically the quadriceps) may have a beneficial impact on the 
neuromuscular demands seen in stair descent. The role of the knee during descent (notably in 
controlled lowering) was highlighted in Section 3.4. Falls during stair negotiation were found to 
occur most commonly during descent (75% of falls during descent, from Section 4.1), resulting from 
trips on the trailing step edge (Section 4.3). The knee musculature play a crucial role in foot 
clearance by regulating the transition from high stance phase moments during controlled lowering 
into the rapid flexion of the knee (alongside ankle dorsiflexion) to avoid step contact. Active knee 
flexion alongside active ankle dorsiflexion has potential to support descent biomechanics.  
 
Providing power assistance to one joint will change the power demands and engineering 
requirements of non-assisted joints, potentially introducing secondary benefits to mobility. Analysis 
of the compensatory mechanisms from assisting one joint is recommended before reviewing 
potential development of additional devices. A final stage could be the integration of three orthoses 
into an exoskeleton (for the EXOLEG project).  
 
The functional demands on the lower limbs are task dependant (Hermmerich et al. 2006) requiring 
different control strategies at each joint. Therefore an exoskeleton will require means of task 
detection and managing transitions into different modes of operation.    
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It is recommended that device prototypes be fitted with a means of measuring the torque or power 
provided to the wearer, in order to perform power flow analysis. Embedding torque and joint angle 
sensing into the orthosis would also enable closed-loop learning for initial set-up in power-off ‘teach 
pendant’ modes with the user, or in real-time during daily use. A method of falls detection (as briefly 
summarised in Appendix B2) is also recommended.  
 
6.2 Design Matrix 
 

The chart shown in Figure 10 is presented to guide the choice of lower joint for further development 
of a powered orthosis, based on one key issue for each joint.  
 

 The loss of ankle power (in over-ground, ramp and stair use) is significantly reduced in older 
people, as a result of plantarflexor weakness (Sections 2.1 and 3.2) 

 The demand on the knee extensors (notably during stair descent)  
 
Providing power assistance at the hip may also cause a beneficial redistribution of joint torques and 
demands on the knee and ankle. The compensatory role of the hip in providing pull-off power during 
overground gait was identified and described in Section 3.2. Whilst this is a compensation for poor 
propulsive power at the ankle, providing assistance at the hip may lead to reduced energy demands 
for older people in overground and ramp gait.  
 
The following design factors were selected, with feedback from Blatchford Ltd, to represent the key 
issues in the early life cycle a new device (from concept development to after sales support).  
 
User factors:  
 
1. Impact of use – to the wearer in terms of improvement to gait, ADLs, and potentially QOL. An 

example of the score range used would be from having potentially no impact (1) to being life-
changing (10).      

2. Utility – represents the specificity of the device in the user’s daily life. An example of the score 

could include those with potentially no use (1) to continuous use (10).  

3. Aesthetics / ergonomics – potential for the device to look and feel nice and be user acceptable. 

An example of the score range would be from an ugly or painful device (1) to a desirable and 

iconic design (10).   

4. Usability – the ease with device could potentially integrate into a user’s life. A score example 

would be from a device that causes greater disruption to the user’s everyday life (1), to one that 

is an invisible part of the user’s life (10). 

 
Commercial factors: 
 
5. Potential markets – including general consumer, pathological and other age ranges. For 

example from no potential markets (1) to widespread needs in multiple markets (10). 

6. Cost – initial and ongoing costs (development, manufacture, assembly, marketing, training). For 

example from prohibitive (1) to no cost (10)  

7. Servicing – anticipated demands for maintenance and ongoing support. An example of the 

score range would include devices with ongoing demands, costs and risks (1), to those with 

none (10).  
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Technical factors: 
 

8. R&D simplicity – the theoretical possibility and R&D demand of realising the device. For 

example from a device concept that is very difficult to realise requiring new techniques and 

tools (1), to a standard piece of technical work (10).  

9. Power demand and storage – the demand on power capacity, cost and safety. From high risk / 

demand (1) to low (10). 

10. Manufacturing simplicity – the ease with which a product could be manufactured and 

assembled. For example from devices that potentially require new tooling and expertise (1) to 

those requiring existing or standard methods (10).  

 
Each factor is scored (from 1 to 10) with 10 indicating a desirable quality. The scores are also 
weighted against the relative significance of each factor (from 1 to 5). The total score is the sum of 
(individual score x importance).  
 
Three indicative charts are included in Appendix B3. One each completed by Blatchford Ltd and 
University of Surrey do not have factor weightings, the third from the University of Surrey is 
weighted.  
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Joint 
Suggested 
operation 

Factor 
User Commercial Technical  

Impact of use Length of use 
Aesthetics / 
ergonomics 

Usability 
Potential 
markets 

Cost 
Servicing / 
Warranty 

R&D 
complexity 

Power 
requirement 

Manufacturing 
complexity 

Total 
Score 

Importance:             

Hip 
 

“Pull-up” 
power 
assistance 
during 
gait  

Comment  
 
 
 
 

          

Score 
           

Knee 
 

Stability 
assistance 
during 
stair 
descent 

Comment  
 
 

    
 
 
 
 

      

Score 
           

Ankle 
 

“Push-off” 
power 
assistance 
during 
gait  

Comment  
 
 

    
 
 
 
 

      

Score            

 

 

Figure 10 Design guide for further development work 
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APPENDIX A - NORMAL DATA  
 
A1 Muscle Strength  

Table A1.1a Muscle forces (kg) for 50 older subjects. From (Daubney et al. 1999) 
 Fallers (n=11) Non-Fallers (n=39) 

MVCs Mean and (SD) Range Mean and (SD) Range 

Hip flexion 10.26 (3.49) 5.87 - 18.29 12.96 (5.72)  5.63 - 28.70 

Hip extension  20.70 (6.60) 13.95 - 34.26 24.75 (8.57) 8.62 - 39.36 

Hip abduction 7.88 (2.44)  4.25 - 11.98 8.89 (3.85) 3.61 - 19.38 

Hip adduction 8.94 (2.79) 4.41 - 12.97 10.75 (4.46) 3.29 - 24.71 

Hip medial rotation  7.61 (2.92)  4.43 - 12.12 8.18 (3.49) 3.69 - 20.94 

Hip lateral rotation  6.57 (1.96) 4.42 - 9.76 7.12 (2.81) 3.51 - 17.06 

Knee flexion 9.84 (3.53) 4.92 - 15.43 11.34 (4.92) 3.85 - 27.88 

Knee extension 15.53 (8.65) 7.90 - 33.68 16.82 (6.80) 5.41 - 38.87 

Dorsiflexion 6.36 (1.75) 3.35 - 9.51 9.49 (4.21) 3.59 - 19.33 

Plantarflexion 15.70 (5.21) 9.62 - 26.04 19.61 (9.06) 6.25 - 37.75 

Inversion  5.93 (1.96) 3.55 - 8.90 6.90 (2.80) 2.27 - 12.20 

Eversion  5.68 (1.93) 3.44 - 9.33 6.34 (2.92) 3.08 - 18.04 

 
Table A1.1b Muscle-tendon parameters. From (Onambele et al. 2006) 

 Young (aged 24 ± 1 years) Middle-Aged (aged 46 ± 1 years) Older (aged 68 ± 1 years) 

 n=24 n=10 n=36 

Plantar flexion MVC (Nm) 144.2 ± 8.9 93.6 ± 9.6* 69.2 ± 3.0*† 

Antagonist muscle co-contraction (%) 5 ± 1 9 ± 2 23 ± 6*† 

AC (%) 95.1 ± 1.5 87.8 ± 2.0* 82.4 ± 2.7* 

Maximal gastrocnemius tendon force (N) 684 ± 42.4 440 ± 28.1* 375 ± 16.6*† 

Maximal gastrocnemius tendon elongation (mm) 14.7 ± 1.3 15.1 ± 1.8 17.3 ± 1.6*† 

Resting gastrocnemius tendon length (mm) 215 ± 4 177 ± 5* 180 ± 7.5* 

Resting gastrocnemius tendon CSA (mm
2
) 30.5 ± 2.8 28.5 ± 4.5 24.8 ± 0.5* 

Achilles tendon moment arm (mm) 51.6 ± 0.9 50.8 ± 0.8 49.4 ± 1.0 

Maximal gastrocnemius tendon stress (MPa) 22.4 ± 1.5 15.4 ± 0.6* 15.1 ± 3.1* 

Maximal gastrocnemius tendon strain (%) 6.8 ± 0.4 8.5 ± 0.3* 8.8 ± 0.5* 

K (N/mm) 53.3 ± 7.5 39.5 ± 3.9* 32.5 ± 4.1*† 

YM (GPa) 0.36 ± 0.05 0.26 ± 0.03* 0.26 ± 0.03* 

Mt (mm) 15.9 ± 0.47 14.7 ± 0.98* 13.8 ± 0.93* 
Values are means ± SE. Stress is the ratio of tendon force over resting tendon cross-sectional area (CSA). Strain is the ratio of tendon elongation over the tendon resting length. MVC, maximal voluntary 
contraction; AC, activation capacity; K, tendon stiffness; YM, tendon Young’s modulus; Mt, muscle thickness. *P < 0.05 compared with the younger group. †P < 0.05 in middle-aged vs. older subjects 
comparisons. 
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A2 Joint range of motion 
 
 
 
 

Table A2.1a Active ROM (degrees) for hip and knee joints for different age groups. From (Roach et al. 1991) 

 White male White female Black male Black female 

Age range 40-59 60-74 40-59 60-74 40-59 60-74 40-59 60-74 

Sample size  n=165 n=190 n=271 n=212 n=74 n=63 n=88 n=58 

Knee flexion  133 (8) 131 (10) 132 (13) 131 (11) 130 (15) 125 (12) 128 (10) 126 (10 

Hip flexion 121 (8) 118 (10) 121 (16) 119 (11) 118 (15) 118 (10) 110 (16) 106 (19) 

Hip extension  18 (7) 17 (7) 19 (8) 16 (8) 18 (6) 16 (6) 16 (6) 12 (6) 

Hip abduction  43 (10) 39 (13) 41 (11) 40 (11) 45 (19) 38 (14) 41 (9) 37 (11) 

Hip internal rotation  33 (7) 31 (8) 30 (7) 29 (7) 28 (7) 27 (7) 25 (7) 25 (7) 

Hip external rotation 31 (9) 27 (9) 34 (8) 32 (8) 29 (8) 27 (9) 33 (8) 28 (6) 
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A3 Overground Gait  
 
A3.1 Temporal-spatial parameters 

 
Table A3.1a Temporal-spatial parameters for overground gait. From (Hollman et al. 2011) 

 
Male Female 

Age range 70-74 75-79 80-84 85+ 70-74 75-79 80-84 85+ 

Sample size n=27 n=30 n=37 n=14 n=33 n=77 n=43 n=33 

Walking speed (m/s) 1.17 ± 0.16 1.22 ± 0.15 1.12 ± 0.17 1.01 ± 0.22 1.16 ± 0.2 1.12 ± 0.17 1.01 ± 0.15 0.98 ± 0.2 

Step length (m) 0.69 ± 0.08 0.68 ± 0.07 0.65 ± 0.08 0.59 ± 0.1 0.61 ± 0.09 0.59 ± 0.07 0.55 ± 0.07 0.54 ± 0.09 

Stride length (m) 1.39 ± 0.14 1.37 ± 0.12 1.31 ± 0.17 1.19 ± 0.21 1.23 ± 0.17 1.18 ± 0.15 1.11 ± 0.14 1.09 ± 0.18 

Step width (m) 0.097 ± 0.03 0.089 ± 0.052 0.112 ± 0.04 0.099 ± 0.048 0.07 ± 0.035 0.077 ± 0.04 0.079 ± 0.041 0.091 ± 0.026 

Step width SD (m) 0.031 ± 0.022 0.029 ± 0.019 0.033 ± 0.023 0.028 ± 0.012 0.034 ± 0.024 0.032 ± 0.025 0.036 ± 0.031 0.03 ± 0.011 

Cadence (steps/min) 102 ± 8 106 ± 10  103 ± 8 102 ± 11 113 ± 20 114 ± 13 110 ± 9 108 ± 10 

Step time (s) 0.59 ± 0.05 0.56 ± 0.05 0.59 ± 0.04 0.59 ± 0.08 0.53 ± 0.06 0.53 ± 0.06 0.55 ± 0.05 0.56 ± 0.05 

Stride time (s) 1.18 ± 0.08 1.13 ± 0.09 1.16 ± 0.08 1.19 ± 0.14 1.06 ± 0.13 1.06 ± 0.12 1.1 ± 0.09 1.12 ± 0.11 

Swing time (s) 0.43 ± 0.03 0.41 ± .003 0.42 ± 0.04 0.42 ± 0.05 0.39 ± 0.05 0.38 ± 0.05 0.39 ± 0.04 0.4 ± 0.04 

Stance time (s) 0.75 ± 0.07 0.72 ± 0.06 0.74 ± 0.06 0.78 ± 0.11 0.68 ± 0.1 0.67 ± 0.08 0.71 ± 0.07 0.72 ± 0.09 

Single support time (s) 0.44  ±0.03 0.42 ± 0.03 0.42 ± 0.04 0.42 ± 0.04 0.39 ±0.06 0.38 ± 0.06 0.39 ± 0.04 0.4 ± 0.04 

Swing phase (%GC) 36.6 ± 1.5 36.7 ± 1.5 36.6 ± 2.8 35.1 ± 2.69 36.6 ± 2.6 36.1 ± 3 35.5 ± 2.5 35.7 ± 2.6 

Stance phase (%GC) 63.2 ± 2.1 64 ± 2.5 63.8 ± 2.7 64.9 ± 2.7 63.3 ± 3.1 63.9 ± 3 64.5 ± 2.6 64.5 ± 2.5 

Single support (%GC) 37.1 ± 1.8 37 ± 1.7 36.5 ± 2.2 35.2 ± 2.1 37 ± 3.2 35.8 ± 4.8 35.6 ± 2.4 35.7 ± 2.8 

Double support (%GC) 26.3 ± 3 26.5 ± 2.3 27.4 ± 4.7 30.3 ± 3.5 27.14 ± 4 28.4 ± 6.4 29 ± 4.6 28.7 ± 4.8 

Double support time (s) 0.31 ± 0.05 0.3 ± 0.04 0.32 ± 0.06 0.36 ± 0.08 0.29 ± 0.06 0.3 ± 0.06 0.32 ± 0.06 0.32 ± 0.08 

Variability:         

Step length (%CV) 4.6 ± 6.7 5.4 ± 2.7  5.1 ± 2.8 5.8 ± 3.5 7.7 ± 11.6 5.7 ± 7.2 5.9 ± 2.7 6.2 ± 2.4 

Step time (%CV) 5.2 ± 6.9 4.1 ± 2.9 4.7 ± 2 5 ± 1.7 7.1 ± 8.6 5.9 ± 6.4 5.5 ± 2.6  5.5 ± 2.6 

Stride length (%CV) 2.9 ± 1.1 4.2 ± 4.6 3.8 ± 2 5.7 ± 3.2 4.1 ± 4.7 4.7 ± 5.6 4.3 ± 2.1 5.2 ± 5.2 

Stride time (%CV) 3.5 ± 2.2 3.8 ± 4.4 3.3 ± 1.9 5.3 ± 3.7 3.9 ± 3.9 5.2 ± 6.9 4.4 ± 1.9 4.9 ± 5.3 

Swing time (%CV) 4.5 ± 2.2 4.5 ± 7.8 5.1 ± 2.2 8.6 ± 11.4 6.2 ± 10.5 8.5 ± 9,5 6.2 ± 2.2 8 ± 9.7 

Stance time (%CV) 4.9 ± 4.6 5.9 ± 7.0 4.7 ± 3 5.3 ± 2.9 5.7 ± 4.4 5.3 ± 5.1 5.3 ± 2.9 5.6 ± 4.1  

Stride speed (%CV) 5 ± 2.9 5.5 ± 4.4 5.5 ± 3.2 7.3 ± 3.8 5.6 ± 3.4 5.5 ± 2.7 6.8 ± 3.2 6.9 ± 3.3 
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Table A3.1b Temporal-spatial parameters at 4 different walking speeds: n=8 OP (aged 66.8 ± 5.4 years) and n=12 YP (aged 26.6 ± 2.9 years). From (Cofre et al. 2011) 

 
1.0 m/s 1.3 m/s 1.6 m/s Self-selected 

OP YP OP YP OP YP OP YP 
Walking speed (m/s) 1.007 ± 0.046  1.013 ± 0.040 1.313 ± 0.035 1.306 ± 0.050 1.597 ± 0.044 1.601 ± 0.029 1.394 ± 0.143 1.375 ± 0.174 

Cadence (steps/min)  99.2 ± 2.6 98.2 ± 3.7 113.3 ± 3.3 111.9 ± 3.8 127.1 ± 3.4 124.0 ± 2.7 117.6 ± 3.4 115.9 ± 3.1 

Step length (m) 0.623 ± 0.047 0.627 ± 0.054 0.702 ± 0.050 0.706 ± 0.042 0.762 ± 0.051 0.784 ± 0.037 0.718 ± 0.068 0.713 ± 0.069 

Stride length (m) 1.233 ± 0.083 1.248 ± 0.099 1.404 ± 0.079 1.408 ± 0.075 1.492 ± 0.144 1.557 ± 0.067 1.431 ± 0.126 1.422 ± 0.131 
Step width (m) 0.097 ± 0.042 0.080 ± 0.036 0.097 ± 0.043 0.082 ± 0.039 0.096 ± 0.039 0.090 ± 0.038 0.090 ± 0.044 0.080 ± 0.038 

Stance (%) 63.0 ± 3.5 62.6 ± 2.4 61.2 ± 2.2 60.9 ± 1.896 60.1 ± 2.4 59.6 ± 1.6 61.0 ± 2.2 60.6 ± 2.0 

Swing (%) 36.9 ± 3.5 37.4 ± 2.4 38.8 ± 2.2 39.1 ± 1.896 39.9 ± 2.4 40.4 ± 1.6 39.0 ± 2.2 39.4 ± 2.0 

Single stance (%) 37.5 ± 2.5 37.5 ± 2.5 39.1 ± 2.0 39.1 ± 1.896 40.0 ± 3.2 40.5 ± 1.8 39.3 ± 1.9 39.4 ± 2.1 

 
 

Table A3.1c Temporal-spatial parameters for overground gait at 3 different walking speed, n=15 subjects in each group. From (Oberg et al. 1993) 

 Age range Slow Male Slow Female Normal Male Normal Female Fast Male Fast Female 

Walking speed (m/s) 50-59 0.858 (0.161) 0.729 (0.157) 1.252 (0.177) 1.105 (0.097) 1.640 (0.246) 1.471 (0.181) 

60-69 0.879 (0.133) 0.739 (0.183) 1.277 (0.124) 1.157 (0.167) 1.639 (0.202) 1.555 (0.232) 

70-79 0.795(0.137) 0.735 (0.101) 1.182 (0.154) 1.113 (0.125) 1.586 (0.249) 1.418 (0.173) 

Cadence (steps/s) 50-59 1.53 (0.15) 1.54 (0.29) 1.96 (0.18) 2.03 (0.13) 2.33 (0.31) 2.49 (0.23) 

60-69 1.55 (0.19) 1.50 (0.28) 1.95 (0.14) 2.06 (0.18) 2.32 (0.19) 2.53 (0.24) 

70-79 1.49 (0.14) 1.53 (0.12) 1.91 (0.14) 2.03 (0.14) 2.27 (0.23) 2.40 (0.21) 

Step length (m) 50-59 0.554 (0.074) 0.468 (0.028) 0.635 (0.060) 0.535 (0.026) 0.722 (0.057) 0.603 (0.045) 

60-69 0.560 (0.035) 0.475 (0.045) 0.650 (0.036) 0.553 (0.042) 0.736 (0.053) 0.625 (0.056) 

70-79 0.527 (0.052) 0.471 (0.041) 0.615 (0.051) 0.542 (0.037) 0.715 (0.074) 0.604 (0.039) 

 
 

Table A3.1d Temporal-spatial parameters for overground gait with two different walking speeds. From (Bohannon 1997) 

Walking speed (m/s) Age range  Normal Male Normal Female Max Male Max Female 

Actual 50s 1.393 (0.229) 1.395 (0.151) 2.069 (0.364) 2.010 (0.258) 

60s 1.359 (0.205) 1.296 (0.213) 1.933 (0.364) 1.774 (0.254) 

70s 1.330 (0.196) 1.272 (0.211) 2.079 (0.363) 1.749 (0.281) 

Height-normalised 50s 0.794 (0.119) 0.863 (0.104) 1.182 (0.259) 1.243 (0.158) 

60s 0.777 (0.116) 0.808 (0.131) 1.104 (0.198) 1.107 (0.157) 

70s 0.762 (0.105) 0.807 (0.131) 1.192 (0.201) 1.110 (0.176) 
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Table A3.1e Temporal-spatial parameters for overground gait. From (DeVita et al. 2000)  

 OP aged 69.0 ± 6.5 years YP aged 21.6 ± 2.7 years 

n=12 n=14 

Cadence (steps/min) 124 ± 5 119 ± 6 

Swing time (%) 35.8 ± 1.5 38.8 ± 2.8 

Stance time (%) 64.2 ± 1.5 61.2 ± 2.8 

Step length (m) 0.72 ± 0.04 0.75 ± 0.04  

 
 

Table A3.1f Temporal-spatial parameters for treadmill and overground gait. From (Watt et al. 2010) 

 OP Treadmill OP Overground 

Walking speed (m/s) 1.25 (0.21) 1.27 (0.20) 

Cadence (steps/min) 116.88 (10.63) 110.10 (7.60) 

Stride time (s) 1.04 (0.09) 1.30 (0.08) 

Stride length (m) 1.30 (0.24) 1.39 (0.19) 

 
 

Table A3.1g Temporal-spatial parameters for overground gait. From (Winter et al. 1990) 

 
OP aged 68.0 (3.9), 10m/5f YP  aged 26.6 (2.2), 7m/5f 

n=15 n=12 

Cadence (steps/min) 110.5 (7.3) 111 (8.7) 

Stride length (m) 1.39 (0.14) 1.55 (0.103) 

Stride length (statures) 0.808 (0.082) 0.895 (0.047) 

Stance time (%) 65.5 (1.67) 62.3 (1.55) 

Toe clearance (m) 0.111 (0.053) 0.127 (0.0588) 
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A3.2 Joint kinematics  
 

Table A3.2a Joint kinematics (degrees) for overground gait n=8 OP (aged 66.8 ± 5.4 years) and n=12 YP (aged 26.6 ± 2.9 years). From (Cofre et al. 2011) 

 
1.0 m/s 1.3 m/s 1.6 m/s Self-selected 

OP YP OP YP OP YP OP YP 

Maximum hip extension -12.1 ± 7.7 -12.6 ± 4.2 -15.1 ± 7.0 -14.9 ± 4.3 -17.0 ± 7.0 -17.4 ± 4.5 -15.4 ± 6.9 -14.7 ± 4.1 

Maximum hip flexion  30.1 ± 8.5 27.0 ± 4.7 33.4 ± 8.6 29.5 ± 5.7 35.7 ± 7.9 32.5 ± 5.6 33.8 ± 8.2 30.4 ± 5.9 

Maximum ankle plantarflexion  -9.1 ± 4.7 -13.1 ± 6.1 -11.3 ± 4.2 -16.16 ± 6.1 -12.0 ± 3.9 -17.3 ± 5.5 -11.0 ± 5.0 -15.8 ± 5.9 
Maximum anterior pelvic tilt 11.1 ± 6.4 9.0 ± 6.1 11.2 ± 6.3 9.2 ± 3.8 12.2 ± 6.1 9.3 ± 3.8 1137 ± 5.9 9.5 ± 3.5 

 
Table A3.2b Joint kinematics (degrees) for treadmill and overground gait. From (Watt et al. 2010) 

 Treadmill Overground 

Hip extension  -11.04 (5.53) -8.2 (6.27) 

Hip flexion  36.98 (5.40) 36.06 (5.30) 

Hip Abduction  -7.32 (2.78) -7.95 (2.90) 

Hip Adduction  6.34 (2.08) 3.93 (2.02) 

Hip internal rotation 1  21.66 (16.04) 15.97 (16.83) 

Hip internal rotation 2 36.79 (18.28) 34.33 (20.02) 

Knee flexion 1  14.44 (6.75) 16.43 (8.03) 

Knee Flexion 2 49.06 (11.00) 47.52 (12.33) 

Knee Varus 1  7.10 (5.78) 6.37 (6.67) 

Knee Varus 2  31.83 (15.66) 29.35 (17.20) 

Knee external rotation  -7.71 (9.07) -5.03 (10.16) 

Knee internal rotation  5.23 (6.52) 6.65 (8.41) 

Ankle plantarflexion  -10.62 (6.52) -8.06 (6.23) 

Ankle dorsiflexion  15.49 (4.57) 13.99 (4.26) 

Ankle eversion 1  5.87 (2.55) 4.90 (2.52) 

Ankle eversion 2  8.40 (4.20) 7.61 (2.52) 

Ankle external rotation 1  -26.04 (9.19) -22.43 (10.06) 

Ankle external rotation 2  -33.21 (10.14) -31.08 (9.79) 

Anterior pelvic tilt  12.18 (4.60) 13.26 (5.17) 

Pelvic obliquity (min)  -3.65 (0.89) -3.09 (0.95) 

Pelvic obliquity (max)  3.70 (0.84) 3.10 (0.96) 

Pelvis rotation (min)  -3.49 (1.77) -2.82 (1.20) 

Pelvis rotation (max)  3.65 (1.50) 2.80 (1.22) 
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Table A3.2c Joint kinematics (degrees) for overground gait. From (DeVita et al. 2000) 

 OP aged 69.0 ± 6.5 years YP aged 21.6 ± 2.7 years 

n=12 n=14 

Hip mean in stance  -11.9 ± 4.7 -3.9 ± 4.1 

Hip ROM in stance  39.5 ± 3.6 36.2 ± 3.9 

Knee flexion at IC  -8.3 ±5.9 -4.4 ± 5.6 

Knee flexion after IC   -21.3 ± 5.5 -26.3 ± 4.7 

Ankle mean in stance  -1.9 ± 3.8 -4.2 ± 3.4 

Ankle ROM in stance  26.7 ± 2.4 29.4 ± 3.9 

Maximum plantarflexion  13.8 ± 4.0 17.4 ± 5.4 

 
 
 
 
 
A3.3 Ground reaction forces 
 
 

Table A3.3a Ground reaction forces (%BW) for treadmill and overground gait. From (Watt et al. 2010) 

 Treadmill Overground 

AP GRF min  -18.86 (2.97) -16.11 (2.86) 

AP GRF max  17.37 (3.81) 15.93 (3.65) 

ML GRF min 1  -6.55 (1.51) -9.84 (1.58) 

ML GRF min 2  -5.22 (1.42) -7.37 (1.13) 

ML GRF max  4.04 (1.44) 3.23 (1.71) 

Vertical GRF 1  111.91 (10.5) 111.25 (8.00) 

Vertical GRF 2  108.02 (6.19) 100.23 (6.80) 
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A3.4 Joint moments 
 
 

Table A3.4a Joint moments (Nm/kg m) for treadmill and overground gait. From (Watt et al. 2010) 

 Treadmill Overground 

Hip extension moment  -0.49 (0.15) -0.38 (0.15) 

Hip flexion moment  0.80 (0.28) 0.65 (0.23) 

Hip adduction moment  0.64 (0.14) 0.54 (0.09) 

Hip external rotation moment  -0.09 (0.03) -0.08 (0.06) 

Hip internal rotation moment  0.09 (0.03) 0.17 (0.06) 

Knee extension moment  -0.33 (0.12) -0.34 (0.14) 

Knee flexion moment  0.07 (0.14) 0.03 (0.13) 

Knee varus moment 1  0.35 (0.10) 0.31 (0.08) 

Knee varus moment 2  0.21 (0.08) 0.14 (0.07) 

Knee internal rotation moment  0.11 (0.03) 0.19 (0.06) 

Ankle dorsiflexion moment   0.95 (0.10) 0.93 (0.09) 

Ankle eversion moment  0.08 (0.03) 0.06 (0.02) 

Ankle internal rotation moment  0.12 (0.03) 0.19 (0.06) 

 
 
A3.5 Joint angular impulse  
 
 

Table A3.5a Joint angular impulse and torque for overground gait. From (DeVita et al. 2000) 

 OP aged 69.0 ± 6.5 years YP aged 21.6 ± 2.7 years 

n=12 n=14 

Support extension angular impulse (Nms) 33.9 ± 13.7 34.3 ± 11.2 

Hip extension angular impulse (Nms) 17.1 ± 9.3 10.8 ± 4.1 

Hip flexion angular impulse (Nms) -8.4 ± 7.2 -13.4 ± 6.9 

Knee extension angular impulse (Nms) 5.1 ± 3.3 8.4 ± 4.6 

Ankle plantarflexion angular impulse (Nms) 24.6 ± 7.5 32.0 ± 9.8 

Ankle maximum plantarflexion torque (Nm) 102 ± 29 136 ± 27 
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A3.6 Joint work 
 
 

Table A3.6a Joint work for overground gait at 4 different speeds. n=8 OP (aged 66.8 ± 5.4 years) and n=12 YP (aged 26.6 ± 2.9 years) From (Cofre et al. 2011) 

 
1.0 m/s 1.3 m/s 1.6 m/s Self-selected 

OP YP OP YP OP YP OP YP 

H1 peak work 0.08 ± 0.074 0.047 ± 0.077 0.101 ± 0.057 0.072 ± 0.084 0.146 ± 0.084 0.102 ± 0.074 0.127 ± 0.074 0.097 ± 0.072  

H2 peak work -0.049 ± 0.040 -0.044 ± 0.049 -0.078 ± 0.032 -0.058 ± 0.057 -0.082 ± 0.035 -0.075 ± 0.051 -0.083 ± 0.051 -0.06 ± 0.032  

H3 peak work  0.157 ± 0.026 0.154 ± 0.032 0.224 ± 0.046 0.211 ± 0.052 0.311 ± 0.050 0.276 ± 0.049 0.268 ± 0.049 0.23 ± 0.050 
K0 peak work 0.022 ± 0.010 0.015 ± 0.016 0.034 ± 0.013 0.027 ± 0.020 0.047 ± 0.017 0.042 ± 0.018 0.038 ± 0.018 0.035 ± 0.017 

K1 peak work -0.017 ± 0.010 -0.021 ± 0.022 -0.039 ± 0.028 -0.053 ± 0.026 -0.062 ± 0.036 -0.088 ± 0.024 -0.042 ± 0.024 -0.058 ± 0.033 

K2 peak work 0.02 ± 0.013 0.025 ± 0.021 0.046 ± 0.034 0.051 ± 0.026 0.075 ± 0.041 0.088 ± 0.025 0.05 ± 0.025 0.057 ± 0.031 

K3 peak work 0.04 ± 0.024 0.037 ± 0.025 0.037 ± 0.022 0.03 ± 0.026 0.04 ± 0.029 0.033 ± 0.024 0.042 ± 0.024 0.037 ± 0.027 
K4 peak work -0.089 ± 0.022 -0.089 ± 0.023 -0.134 ± 0.038 -0.133 ± 0.033 -0.195 ± 0.046 -0.192 ± 0.040 -0.164 ± 0.040 -0.147 ± 0.044 

K5 peak work -0.083 ±0.015 -0.096 ± 0.030 -0.114 ± 0.038 -0.126 ± 0.042 -0.13 ± 0.043 -0.148 ± 0.033 -0.124 ± 0.033 -0.128 ± 0.037 

A1 peak work -0.188 ± 0.044 -0.195 ± 0.039 -0.17 ± 0.056 -0.172 ± 0.044 -0.13 ± 0.050 -0.163 ± 0.048 -0.163 ± 0.048 -0.177 ± 0.053 

A2 peak work 0.208 ± 0.059 0.243 ± 0.060 0.247 ± 0.054 0.29 ± 0.059 0.263 ± 0.061 0.348 ±0.068 0.251 ± 0.068 0.298 ± 0.058 

 
 

Table A3.6b Joint work for overground gait. From (DeVita et al. 2000) 

 OP aged 69.0 ± 6.5 years YP aged 21.6 ± 2.7 years 

n=12 n=14 

Hip positive work (≈ 40-65% GC) 19.5 ± 13.5 7.0 ± 3.9 

Knee negative work (≈ 45-55% GC) -2.8 ± 2.3 -5.6 ± 2.7 

Knee positive work (≈ 55-65% GC) 2.3 ± 1.8 4.7 ± 3.2 

Ankle positive work (≈ 85-100% GC) 23.0 ± 4.5 32.2 ± 6.5 
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Table A3.6c Joint work (J/kg) for overground gait. From (Winter et al. 1990) 

 
OP aged 68.0 (3.9), 10m/5f YP aged 26.6 (2.2), 7m/5f 

n=15 n=12 

A1 work absorption dorsiflexion after heel contact  -0.0028 (0.0037) -0.0074 (0.0072) 

A2 work generation by dorsiflexors to pull the leg forward over foot 0.0029 (0.0051) 0.0036 (0.0046) 

A3 work absorption by plantarflexors as leg rotates forward over foot  -0.115 (0.030) -0.111 (0.042) 

A4 work generation of energy by plantarflexors at push-off  0.191 (0.050) 0.296 (0.051) 

K1 work absorbed by knee during weight acceptance  0.191 (0.050) 0.296 (0.051) 

K2 work generated by quadriceps as knee extends during mid-stance  0.037 (0.019) 0.0186 (0.026) 

K3 work absorbed by quadriceps as knee flexes during late stance and early swing  -0.087 (0.048) -0.047 (0.015) 

K4 work absorbed by knee flexors as knee extends late in swing -0.092 (0.021) -0.114 (0.015) 

H1 work generated by hip extensors as hip extends (hip flexion reduces) during weight acceptance  0.072 (0.043 0.103 (0.047) 

H2 work absorbed by hip flexors in mid-stance as backward rotating thigh is decelerated  -0.070 (0.056) -0.044 (0.029) 

H3 work generated by hip during late stance and early swing  0.090 (0.032) 0.090 (0.027) 
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A3.7 Joint power 
 
 

Table A3.7a Joint power for overground gait at 4 different speeds, n=8 OP (aged 66.8 ± 5.4 years) and n=12 YP (aged 26.6 ± 2.9 years). From (Cofre et al. 2011) 

 
1.0 m/s 1.3 m/s 1.6 m/s Self-selected 

OP YP OP YP OP YP OP YP 

H1 peak power 0.511 ± 0.308 0.386 ± 0.219 0.793 ± 0.602 0.652 ± 0.346 1.321 ± 0.682 1.096 ± 0.523 1.02 ± 0.609 0.862 ± 0.509 

H2 peak power -0.384 ± 0.186 -0.303 ± 0.123 -0.676 ± 0.252 -0.483 ± 0.188 -0.917 ± 0.337 -0.738 ± 0.231 -0.811 ± 0.317 -0.557 ± 0.219 

H3 peak power 1.099 ± 0.272 0.978 ± 0.228 1.759 ± 0.400 1.55 ± 0.368 2.591 ± 0.596 2.268 ± 0.475 2.219 ± 0.641 1.777 ± 0.447 
K0 peak power 0.933 ± 0.314 0.73 ± 0.407 1.667 ± 0.613 1.57 ± 0.781 2.56 ± 0.991 2.657 ± 1.184 2.115 ± 1.011 1.946 ± 1.012 

K1 peak power -0.346 ± 0.170 -0.356 ± 0.233 -0.847 ± 0.376 -1.039 ± 0.539 -1.515 ± 0.495 -1.992 ± 0.823 -0.98 ± 0.491 -1.272 ± 0.795 

K2 peak power 0.225 ± 0.109 0.271 ± 0.200 0.591 ± 0.215 0.668 ± 0.399 1.076 ± 0.285 1.276 ± 0.527 0.692 ± 0.294 0.826 ± 0.448 

K3 peak power 0.394 ± 0.169 0.316 ± 0.158 0.456 ± 0.210 0.348 ± 0.195 0.607 ± 0.304 0.456 ± 0.356 0.532 ± 0.221 0.435 ± 0.277 
K4 peak power -0.84 ± 0.235 -0.745 ± 0.208 -1.362 ± 0.277 -1.175 ± 0.334 -2.119 ± 0.407 -1.77 ± 0.394 -1.739 ± 0.607 -1.386 ± 0.408 

K5 peak power -0.925 ± 0.282 -1.185 ± 0.420 -1.704 ± 0.624 -1.942 ± 0.745 -2.184 ± 0.787 -2.63 ± 0.767 -1.937 ± 0.679 -2.073 ± 0.621 

A1 peak power -0.788 ± 0.260 -0.864 ± 0.282 -0.866 ± 0.257 -0.978 ±0.360 -0.927 ± 0.236 -1.16 ± 0.385 -0.924 ± 0.317 -1.069 ± 0.372 

A2 peak power 2.592 ± 0.556 2.895 ± 0.496 3.501 ± 0.616 3.958 ± 0.640 4.119 ± 0.697 5.287 ± 0.797 3.793 ± 0.951 4.376 ± 0.792 

 
 

Table A3.7b Joint power (W/kg)for treadmill and overground gait. From (Watt et al. 2010) 

 Treadmill Overground 

Hip power min.  -0.67 (0.24) -0.78 (0.35) 

Hip power max. 1  1.62 (1.14) 1.22 (0.78) 

Hip power max. 2  1.94 (0.61) 1.37 (0.62) 

Knee power min. 1   -0.90 (0.57) -0.77 (0.44) 

Knee power min. 2  -1.59 (0.58) -1.04 (0.49) 

Knee power max. 1  0.57 (0.35) 0.47 (0.36) 

Knee power max. 2  0.65 (0.25) 0.72 (0.33) 

Ankle power min. -1.18 (0.30) -1.29 (0.44) 

Ankle power max. 3.53 (0.70) 3.09 (0.79) 
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A4 Stair Ascent  
 
A4.1 Temporal-spatial parameters 
 
 
 

Table A4.1a Temporal-spatial parameters during stair ascent. From (Novak et al. 2011) 
 YP  OP  

 Mean ± SD Range Mean ± SD Range 

Cadence (steps/min) 102.50 ± 8.86 87.16 – 119.42 94.76 ± 13.03 72.53 – 122.27 

Dominant side stance time (s) 0.74 ± 0.08 0.58 – 0.90 0.82 ± 0.13 0.59 – 1.12 

Non-dominant side stance time (s) 0.74 ± 0.07 0.62 – 0.91 0.81 ± 0.12 0.51 – 1.08 
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A4.2 Joint kinematics  
 
 
 

Table A4.2a Peak joint angles (degrees) during stair ascent n=16 Young (aged 28.7 ± 5.6), n=11 Older (70.4 ± 4.4). From (Hsue et al. 2009) 

 
Flexion  Extension  Abduction Adduction Internal rotation External rotation 

Trunk 
O 4.70 ± 4.49 -1.69 ± 3.33 6.15 ± 1.71 5.59 ± 3.52 3.25 ± 3.25 1.16 ± 3.88 

Y 5.68 ± 7.83  -1.98 ± 7.17 5.47 ± 2.56 5.76 ± 2.19 3.33 ± 4.26 3.49 ± 4.35 

Hip 
O 82.61 ± 2.94 -26.00 ± 2.81 0.41 ± 1.83 14.65 ± 3.66 6.33 ± 5.49 6.96 ± 5.05 
Y 64.98 ± 7.97 -12.80 ± 7.87 -1.59 ± 2.76 17.96 ± 4.41 7.12 ± 9.46 7.43 ± 8.46 

Knee 
O 93.66 ± 7.13 -16.36 ± 6.91 0.99 ± 3.06 8.12 ± 2.04 -11.00 ± 3.06 26.23 ± 3.00 

Y 88.34 ± 5.10 -12.31 ± 5.08 5.07 ± 3.17 7.00 ± 2.50 -13.56 ± 7.01 34.96 ± 8.52 

Ankle 
O 15.24 ± 6.08 20.6 ± 46.06 4.87 ± 5.75 6.20 ± 3.50 2.48 ± 5.96 8.46 ± 7.66 
Y 14.60 ± 5.12 21.20 ± 6.82 2.11 ± 8.12 13.37 ± 6.66 2.65 ± 10.61 12.37 ± 14.41 
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A4.3 Ground reaction forces  
 
 
 

Table A4.3a Peak Forces (N/kg) during stair ascent n=16 Young (aged 28.7 ± 5.6), n=11 Older (70.4 ± 4.4). From (Hsue et al. 2009) 

 
Anterior Posterior Lateral  Medial  Proximal Distal 

Hip 
O 5.76 ± 2.10 0.52 ± 0.13 1.87 ± 0.62 0.74 ± 1.12 -0.88 ± 0.24 11.75 ± 3.81 

Y 6.41 ± 0.90 0.87 ± 0.68 1.72 ± 0.66 1.50 ± 0.55 1.03 ± 0.24 13.57 ± 0.89 

Knee 
O 0.20 ± 0.99 4.06 ± 1.01 0.09 ± 0.20 0.93 ± 0.84 -0.55 ± 0.13 10.48 ± 3.53 
Y -0.10 ± 0.15 4.49 ± 0.82 -0.00 ± 0.07 1.96 ± 0.41 -0.50 ± 0.18 12.40 ± 0.91 

Ankle 
O 12.30 ± 0.93 -0.23 ± 0.15 0.24 ± 0.27 0.56 ± 0.40 0.25 ± 0.19 1.69 ± 0.87 

Y 12.30 ± 0.93 -0.24 ± 0.17 0.97 ± 0.96 0.50 ± 0.38 0.30 ± 0.20 2.26 ± 1.01 

 
 
 

Table A4.3b Ground reaction forces during stair ascent n=36 older females (aged 60-83 years). From (Alcock et al. 2014) 

 Continuous STA Transitional STA 

Medial Fx1 (N/kg) 0.03 (0.01) 0.03 (0.02) 

Lateral Fx2 (N/kg) −0.06 (0.02) −0.06 (0.02) 

Posterior Fy2 (N/kg) −0.12 (0.03) −0.17 (0.06) 

Anterior Fy2 (N/kg) 0.07 (0.02) 0.12 (0.03) 

Vertical Fz1 (N/kg) 1.02 (0.06) 1.17 (0.09) 

Vertical Fz2 (N/kg) 0.73 (0.07) 0.75 (0.08) 

Vertical Fz3 (N/kg) 1.24 (0.09) 1.31 (0.13) 

Load rate (N/kg/s) 3.79 (1.19) 6.37 (1.72) 

Decay rate (N/kg/s) 7.78 (1.41) 8.22 (2.17) 

Continuous stair ascent (STA) refers to stair negotiation from step to step, whilst transitional STA refers to transition 
from overground gait. 
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A4.4 Joint moments 
 
 

Table A4.4a Peak Moments (Nm/kg) during stair ascent n=16 Young (aged 28.7 ± 5.6), n=11 Older (70.4 ± 4.4). From (Hsue et al. 2009) 

 
Flexion  Extension  Abduction Adduction Internal rotation External rotation 

Hip 
O 0.13 ± 0.05 1.24 ± 0.44 0.65 ± 0.33 0..01 ± 0.14 0.20 ± 0.12 0.01 ± 0.04 

Y 0.15 ± 0.14 1.12 ± 0.21 0.77 ± 0.24 0.02 ± 0.07 0.26 ± 0.13 0.06 ± 0.03 

Knee 
O 0.16 ± 0.12 0.75 ± 0.36 0.28 ± 0.17 0.04 ± 0.14 0.05 ± 0.04 0.04 ± 0.05 

Y 0.25 ± 0.13 1.22 ± 0.24 0.29 ± 0.22 0.16 ± 0.17 0.09 ± 0.06 0.05 ± 0.03 

Ankle 
O 1.21 ± 0.14 0.11 ± 0.35 0.06 ± 0.02 0.02 ± 0.04 0.06 ± 0.05 0.11 ± 0.07 

Y 1.30 ± 0.20 0.00 ± 0.02 0.06 ± 0.03 0.08 ± 0.06 0.04 ± 0.04 0.16 ± 0.08 

 
 
 
 

Table A4.4b Joint moments (Nm/kg) during stair ascent n=36 older females (aged 60-83 years). From (Alcock et al. 2014) 

 Continuous STA Transitional STA 

Hip extensor (weight acceptance) 0.93 (0.35) 0.66 (0.22) 

Hip flexor (forward continuance)  −0.49 (0.23) −0.66 (0.27) 

Knee extensor (weight acceptance)  0.91 (0.32) 0.77 (0.31) 

Knee flexor (forward continuance)  −0.23 (0.09) −0.31 (0.12) 

Ankle dorsiflexor (weight acceptance)  −0.04 (0.04) −0.13 (0.11) 

Ankle plantarflexor (forward continuance)  1.29 (0.38) 1.54 (0.26) 
Continuous stair ascent (STA) refers to stair negotiation from step to step, whilst transitional STA refers to transition from overground gait. 

 
 
 
 
 
 
 
 
 
 



 

Page 49 of 58 

 

A4.5 Joint power 
 
 
 
 

Table A4.5a Joint powers (W/kg) during stair ascent n=36 older females (aged 60-83 years). From (Alcock et al. 2014) 

 Continuous STA Transitional STA 

H1 Hip power generation (weight acceptance)  1.83 (1.11) 0.58 (0.33) 

H3 Hip power generation (foot clearance)  0.80 (0.43) 0.81 (0.34) 

K1 Knee power generation (weight acceptance)  1.70 (0.64) 0.58 (0.27) 

K2 Knee power generation (foot clearance)  1.25 (0.98) 1.00 (0.36) 

K3 Knee power absorption (foot clearance)  −0.29 (0.20) −0.16 (0.12) 

K4 Knee power absorption (foot placement)  −0.85 (0.42) −0.77 (0.39) 

A1 Ankle power absorption (pull up)  −0.36 (0.36) −0.37 (0.18) 

A2 Ankle power absorption (pull up)  −0.56 (0.39) −0.86 (0.34) 

A3 Ankle power generation (forward continuance)  3.40 (0.90) 3.76 (1.12) 
Continuous stair ascent (STA) refers to stair negotiation from step to step, whilst transitional STA refers to transition from overground gait. 
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A5 Stair Descent 
 
A5.1 Temporal-spatial parameters 
 
 

Table A5.1a Temporal-spatial parameters during stair descent. From (Mian et al. 2007) 

 
OP aged 73 ± 4 years YP aged 27 ± 3 years 

n=34 n=23 

Descent time (s) 2.33 ± 0.31 2.09 ± 0.26 

Stride time (s) 1.10 ± 0.16 0.96 ± 0.12 

Single support (s) 0.84 ± 0.12 0.72 ± 0.08 

Double support (s) 0.26 ± 0.06 0.25 ± 0.06 

Stance (% stride) 62.9 ± 2.6 62.9 ± 2.5 

Step width (cm) 19.9 ± 3.0 20.7 ± 3.1 

Left TOECL (cm) 11.3 ± 1.9 11.2 ± 1.6 

Left HEECL (cm) 8.1 ± 2.2 8.5 ± 1.5 

Right TOECL (cm) 11.6 ± 1.7 10.9 ± 1.1 

Right HEECL (cm) 9.2 ± 1.7 8.7 ± 1.6 
Note: Step width was defined as the distance, along the axis orthogonal to the direction of progression, between the ankle markers at foot 
contact. Foot clearance was defined as the vertical distance between the toe and heel markers and the step at the instant when the marker was 
directly above the front edge of the step during swing (TOECL and HEECL, respectively). Clearance was measured for both left (over middle step) 
and right (over bottom step) feet. 

 

 
Table A5.1b Temporal-spatial parameters during stair descent. From (Novak et al. 2011) 

 YP  OP  

 Mean ± SD Range Mean ± SD Range 

Cadence (steps/min) 110.64 ± 10.24 87.48 – 134.90 103.68 ± 15.64 74.01 – 130.51 

Dominant side stance time (s) 0.70 ± 0.08 0.54 – 0.92 0.74 ± 0.14 0.51 – 1.07 

Non-dominant side stance time (s) 0.69 ± 0.07 0.53 – 0.87 0.74 ± 0.12 0.53- 0.98 
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A5.2 Joint kinematics  
  

Table A5.2a Joint angles (degrees) during stair descent n=23 Young adults (aged 27 ± 3 years), n=34 Older adults (73 ± 4 
years). From (Mian et al. 2007) 

 Max (degrees) Min (degrees) Range (degrees) 

Pelvic tilt 
Y 3.8 ± 2.9 -1.2 ± 3.7 5.0 ± 1.7 

O 3.5 ± 5.2 -1.0 ± 4.9 4.5 ± 1.3 

Hip flexion / extension 
Y 32.0 ± 5.0 1.6 ± 5.1 30.4 ± 3.6 

O 30.9 ± 7.2 2.1 ± 6.4 28.8 ± 4.5 

Knee flexion / extension 
Y 92.6 ± 3.7 6.5 ± 4.3 86.1 ± 5.4 

O 86.8 ± 4.9 5.6 ± 5.0 81.2 ± 4.8 

Ankle dorsi-/plantar-flexion  
Y 32.1 ± 4.5 -23.8 ± 5.2 55.9 ± 6.6 

O 33.3 ± 6.3 -22.4 ± 6.4 55.7 ± 9.3 

Pelvic obliquity 
Y 2.9 ± 1.9 -3.7 ± 2.2 6.6 ± 2.5 

O 4.9 ± 2.1 -4.4 ± 2.7 9.3 ± 2.6 

Hip adduction /abduction  
Y 4.7 ± 2.2 -5.4 ± 2.8 10.1 ± 2.2 

O 9.4 ± 4.3 -3.5 ± 4.7 12.9 ± 3.2 

Pelvic rotation 
Y 5.0 ± 3.5 -2.7 ± 3.0 7.8 ± 2.5 

O 6.0 ± 7.3 -3.5 ± 7.0 9.5 ± 3.2 

Hip rotation 
Y -0.9 ± 6.5 -18.0 ± 8.1 17.1 ± 5.4 

O 3.4 ± 8.3 -20.2 ± 7.9 23.6 ± 6.6 

 
Table A5.2b Joint angles during stair descent. From (Reeves et al. 2008) 

 
OP 74.8 ± 2.8 years YP 24.6 ± 4.1 years 

n=15 n=17 

Maximum knee flexion angle (degrees) 90.2 ± 6.4 91.8 ± 5.9 

Maximum knee extension angle (degrees) 12 ± 4.9 12.7 ± 4.2 

Knee joint angular velocity at max moment demand (degrees/s) 143 ± 44.2 209.6 ± 47.1 

Maximum ankle dorsiflexion angle (degrees) 33.9 ± 5.7 33.2 ± 4 

Maximum ankle plantarflexion angle (degrees) -22.5 ± 4.9 -20.6 ± 5.4 

Ankle joint angular velocity at max moment demand (degrees/s) 148.4 ± 38.4 173.4 ± 67.2 

Maximum norm dorsiflexion angle (%) 107 ± 18 91 ± 11 
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A5.3 Ground reaction forces 
 
 
 

Table A5.3a Ground reaction forces (N/kg) during stair descent. From (Reeves et al. 2008) 

 
OP aged 74.8 ± 2.8 years YP aged 24.6 ± 4.1 years 

n=15 n=17 

Vertical GRF 1st peak 1.28 ± 0.22 1.27 ± 0.23 

Vertical GRF 2nd peak 0.89 ± 0.05 0.86 ± 0.1 

Anterior–posterior GRF 1st peak -0.12 ± 0.05 -0.1 ± 0.03 

Anterior–posterior GRF 2nd peak 0.1 ± 0.03 0.12 ± 0.03 

Medial–lateral GRF 1st peak -0.07 ± 0.03 -0.08 ± 0.04 

Medial–lateral GRF 2nd peak -0.06 ± 0.02 -0.07 ± 0.02 
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A5.4 Joint moments 
 
 
 

Table A5.4a Joint moments during stair descent. From (Reeves et al. 2008) 

 
OP aged 74.8 ± 2.8 years YP aged 24.6 ± 4.1 years 

n=15 n=17 

Maximum knee moment (Nm/kg) 0.83 ± 0.17 0.91 ± 0.29 

Maximum ankle moment (Nm/kg) 1.03 ± 0.14 1.32 ± 0.34 

Maximum norm knee moment (%) 42 ± 16 30 ± 13 

Maximum norm ankle moment (%) 77 ± 24 74 ± 33 

 
 

Table A5.4b Dynamometry-based maximum capacity measures. From (Reeves et al. 2008) 

 
OP aged 74.8 ± 2.8 years YP aged 24.6 ± 4.1 years 

n=15 n=17 

Maximum eccentric knee moment (Nm) 149.4 ± 49.6 231.7 ± 73.9 

Maximum eccentric knee moment (Nm/kg) 2.16 ± 0.69 3.18 ± 0.85 

Knee joint angular velocity (degrees/s) 152 ± 38 205 ± 30 

Maximum eccentric ankle moment (Nm) 100 ± 33.4 138.9 ± 44.2 

Maximum eccentric ankle moment (Nm/kg) 1.45 ± 0.45 1.92 ± 0.54 

Ankle joint angular velocity (degrees/ s) 144 ± 38 162 ± 66 

Maximum assisted dorsiflexion (degrees) 31.9 ± 4.6 36.7 ± 4 
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B1 Existing devices to assist foot clearance   
 
Devices broadly fall into two categories: Ankle-Foot Orthoses (AFOs) and Functional Electrical 
Stimulators (FES) and are notably used by people with dropped foot following a neurological injury, 
to passively prevent the foot from dropping, or to actively raise the foot during swing. Examples of 
AFOs are shown in Figure 11.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 11 Typical orthotic devices used to prevent foot drop, from left to right: a) Ypsilon from Allard USA, b) 
Dynamic Walk Orthosis from Fillauer LLC USA, c) EZstride dorsi-assist from Spinal Solutions USA, and d) Foot-up 

from Ossur Iceland   

 
Semi-rigid AFOs (such as the Ypsilon) fit inside the shoe, passively prevent the foot from dropping 
and can provide some energy storage and return during gait. These can restrict the choice of 
footwear, so the supports can be attached to the wearers own shoes and provide similar 
functionality (as is the case with the EZ-stride dorsi-assist). At the simplest level, a band attaching 
the shoe and the shank prevents the foot dropping, a commercial example of this is the foot-up. 
Surgical AFOs (not shown) also prevent the foot from dropping by holding the foot at a fixed angle.  
 
FES devices aim to produce a sustained muscle contraction through nerve stimulation timed to the 
gait cycle with body-worn sensors.  
 
B2 Fall alert systems   
 
Alert systems range from community alarms and pendants that the wearer uses to alert a relative or 
healthcare worker after the fall, to systems that monitor a fall and do not require user input, to 
more predictive devices (Ward et al. 2012). Monitoring devices typically use an accelerometer worn 
on the wrist or waist (Degen et al. 2003; Bourke et al. 2010). A range of other sensing methods have 
also been used with varying success including: vibration, sound, passive infra-red, thermal imaging 
and video. Predictive devices typically use accelerometry with more advanced algorithms to detect 
behaviours in movement during daily life (Ward et al. 2012).  

a) b) d) c) 
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B3 Design Guides  
 
 
 

Joint 
Suggested 
operation 

Factor 

User Commercial Technical  

Impact of 
use 

Length of 
use 

Aesthetics / 
ergonomics 

Usability 
Potential 
markets 

Cost 
Servicing / 
Warranty 

R&D 
complexity 

Power 
requirement 

Manufacturing 
complexity 

Total 
Score 

Hip 
 

 Comment  
 
 
 
 

          

Score 7 6 9 7 8 5 8 7 3 8 68 

Knee 
 

 Comment  
 
 
 
 

    
 
 

      

Score 6 6 6 6 6 4 6 5 5 6 56 

Ankle 
 

 Comment  
 
 
 
 

    
 
 

      

Score 8 8 2 3 3 3 2 3 7 1 40 

Score: 1 low / bad - 10 high / good  (-cost =high is good , -complexity = high is simple, -power req = high is low consumption – manufacture complex = bad) 

 
 

Figure 12 (Factor unweighted) Design guide completed by Saeed Zahedi, Technical Director Blatchford Ltd 
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Joint 
Suggested 
operation 

Factor 

User Commercial Technical  

Impact of 
use 

Length of 
use 

Aesthetics / 
ergonomics 

Usability 
Potential 
markets 

Cost 
Servicing / 
Warranty 

R&D 
complexity 

Power 
requirement 

Manufacturing 
complexity 

Total 
Score 

Hip 
 

 Comment  
 
 
 

          

Score 6 6 4 8 4 4 5 5 4 5 51 

Knee 
 

 Comment  
 
 
 

    
 
 

      

Score 7 4 3 8 5 5 6 6 5 6 55 

Ankle 
 

 Comment  
 
 
 

          

Score 9 9 4 8 8 3 5 4 3 4 57 

Score: 1 low / bad - 10 high / good  (-cost =high is good , -complexity = high is simple, -power req = high is low consumption – manufacture complex = bad) 
 
 

Figure 13 (Factor unweighted) Design guide completed by David Ewins and Graham Webb, University of Surrey  
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Joint 
Suggested 
operation 

Factor 
User Commercial Technical  

Impact of use Length of use 
Aesthetics / 
ergonomics 

Usability 
Potential 
markets 

Cost 
Servicing / 
Warranty 

R&D 
complexity 

Power 
requirement 

Manufacturing 
complexity 

Total 
Score 

Importance:  5 3 4 5 5 4 3 3 2 3  

Hip 
 

“Pull-up” 
power 
assistance 
during 
gait  

Comment  
 
 
 
 

          

Score 
6 6 4 8 4 4 5 5 4 5 193 

Knee 
 

Stability 
assistance 
during 
stair 
descent 

Comment  
 
 

    
 
 
 
 

      

Score 
7 4 3 8 5 5 6 6 5 6 208 

Ankle 
 

“Push-off” 
power 
assistance 
during 
gait  

Comment  
 
 

    
 
 
 
 

      

Score 9 9 4 8 8 3 5 4 3 4 225 

Score: 1 low / bad - 10 high / good  (-cost = high is good , -complexity = high is simple, -power req = high is low consumption – manufacture complex = bad) 
 
 

Figure 14 (Factor weighted) Design guide completed by David Ewins and Graham Webb, University of Surrey  

 


