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ABSTRACT

The concept of designing/modifying home environments plays an
important role in maintaining safety for older adults. Poor staircase architectural
design could contribute to increasing the risk of falling for older adults. This
research provides an integrated evidence-based assessment of staircase
architectural design to support independent living for older adults (65 years and
older). The staircase assessment has been developed through dividing the staircase
into four design elements: staircase geometrical design, handrail design, lighting,
and step design. Each element is divided into a number of features that define its
architectural design; for instance, step design is divided into four features: 1)
going depth; 2) riser height; 3) nosing; and 4) steps finishing material. A rating
factor is assigned to each feature representing how much it reduces the risk of
falling for older adults based on previous evidence-based studies. Moreover, the
aim of this research is to provide the proposed methodological approach to assess
the staircase design and not the value or true meaning of the rating numbers.
Different staircase types, shapes and architectural design are investigated and
presented in this thesis. The proposed methodology for staircase assessment has
been incorporated into a mathematical model that is represented through a
decision tree analysis module called “Design Assessment Tree” (DAT). Case
studies are presented in order to illustrate the effectiveness of the proposed

methodology.
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CHAPTER 1: INTRODUCTION

1.1 Research Motivation

The older adult population (those aged 65 and older) formed 14.1% of the
total Canadian population in 2010, which amounts to 4.8 million of a total 34
million people. The older adult population is projected to increase to 22.8% of the
total population in 2031, and continue accelerating to 25.5% of the total Canadian
population by 2061 (HRSDC 2011). In Alberta, the older adult population formed
10.5% of the total population in 2005, and is expected to reach 19.2% by 2026
(Turcotte and Schellenberg 2007). The same study reported that 7.9% of older
adults aged 65 to 74 in Canada have mobility challenges and require physical
support. This percentage increases to 22.9% for older adults aged 75 to 85, and it
increases to 46.6% for those over 85 (Turcotte and Schellenberg 2007). This
reality makes normal daily activities difficult for older adults and promotes the
need for older adult friendly environment. This thesis refers to this group of the

population (65 years and older) as older adults.

Climbing staircases is one of the daily activities that has been reported as being
difficult for older adults and a cause of falling (Turcotte and Schellenberg 2007).
Descending and ascending staircases contributes to 26% of falls, which means
one out of four seniors are expected to fall on staircases (Scott et al. 2005); this
creates a need to study the staircases as it leads to more than a quarter of falling
incidents. Moreover, 70% of people who die in an accident on staircases are older
adults 65 years and older (Health-Canada 2002). By improving staircase design,
however, falls for older adults could be reduced (Haslam and Stubbs 2006; Roys
2001). This research focuses on developing a staircase assessment based on an
evidence-based architectural approach to support older adults who are living

independently in their homes.



1.2 Research Objectives

The objective of this research is to provide an evidence-based assessment for
the staircase architectural design through investigating the risk of falling
associated with staircase elements (staircase geometrical design, handrail design,
lighting, and step design). This objective will be addressed through three phases:

a. Develop staircase elements and features analysis.

b. Build a rating system for staircase architectural design, represented by
a mathematical model.

c. Develop the Design Assessment Tree (DAT), which represent a

complete vision of different staircase design scenarios.

1.3 Thesis Organization

Chapter 2, the literature review, consists of three sections: 1) background on
home design opportunities for older adults, which addresses three alternatives:
home modifications, lifetime home design and smart homes; 2) background on
falling for older adults on staircases; 3) background on staircases’ architectural
design and history. Chapter 3, proposed research methodology and
implementation, consists of three stages: 1) develop staircase elements analysis
constructed through four elements (staircase geometrical design, handrail design,
lighting, and step design), followed by staircase feature analysis representing the
division of each element, for example, the lighting element is divided into three
features (illumination level, consistency of lighting amount, and lighting
switches); 2) build a rating system for staircase design elements and features
which represented by a mathematical model; 3) develop a Design Assessment
Tree (DAT) to represent different staircase design scenarios. This chapter also
includes case studies as an implementation of the developed rating system.
Chapter 4, conclusion, summarizes the research, proposes the research

contribution, and also recommends future areas of research.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This literature review provides a background on older adult friendly home
architectural design to define an integrated staircase design that might reduce the
risk of falling for older adults. This chapter consists of three subjects: 1. Background
on home design for older adults, which discusses home modifications, life time home
design and smart home opportunities. 2. Background on falling for older adults on
staircases, which discusses the consequences of and the reasons for falling for older
adults. 3. Architectural approach, focusing on staircase design and history, which
discusses different staircase designs and shapes throughout history and their

associated challenges.

2.2 Background on Home Design Opportunities for Older adults

Although some people age with significant health challenges, others have a
relatively healthy life, depending on a number of factors, including their preferred
life styles (Byerts et al. 1982; Martel et al. 2005). As a result of these different
backgrounds, older adults experience varying degrees of sensory and mobility
impairment which may increase their risk of accidents and falling (Rogers et al.
2004). This increased risk supports the need for a safe, aging-friendly
environment (Edwards and Mawani 2006). In the context of this research, older
adult friendly architectural home design is the design that ensures safety, comfort
and accessible spaces (zones) so that older adults can live independently in their
homes. The importance of independent living is supported by older adults’ desire
to avoid being “segregated” from their communities (Lawton 1986). Furthermore,
in addition to being a place that provides shelter and comfort, a house may also
become associated over time with one’s family history and sentimentalities
(Lanspery and Hyde 1997). Despite that older adults have a personal attachment
to their homes, they are not completely satisfied with the current aging-friendly
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home modification methods. Bayer indicates that 21% of older adults believe that
the current home modification philosophy will not improve their homes’ aesthetic
(Bayer 2000). In addition, most older adults do not feel comfortable with the
home modifications in their houses, such as rearranging the furniture, or
increasing the lighting level in different spaces (Lord et al. 2001). Older adult
friendly architectural home design should thus focus on enhancing and respecting

the original home style.

2.2.1 Home modifications, life time home design and smart homes

Although healthcare facilities play an important role in satisfying older adults
accommodation requirements, 93% of older adults prefer aging at their own
homes rather than moving to continuing care retirement communities, assisted
living facilities, or other personal care facilities (Turcotte and Schellenberg 2007).
This section discusses home design alternatives in order to accommodate older
adults’ desire to reside at home. These home design alternatives include home

modification, life time home design and smart homes as follows:

1) Home modification, adapts the existing home to improve functionality for
older adults by inserting new objects and adjusting the original design (Gitlin
2009). As growing independently is a genuine need for older adults (Butler-Jones
2010; Pynoos et al. 2009; Vander-Burg 2008), adapting the home environment
(home modification), plays an important role in maintaining safety for older
adults (Bakker 1999; Bayer 2000). The concept of home modification and its
implementation has been applied by replacing or adding existing design elements,
such as replacing the steps’ finishing material with uniform, non-slip material
(Pauls 1982; Templer 1992b), and adding a second handrail to each side of the
staircase (Ishihara et al. 2002).

2) Life time home design, also known as flexible housing or universal design
(DCLG 2008), is to build to meet future demand (Ostroff and Preiser 2001). This

12



concept adapts the design environment to allow inexpensive adjustments related
to aging-friendly design to be made in the future. Examples of life time home
design include lowering the height of window sills and building non-structural
walls which can be removed in the future to improve accessibility, such as the
wall between the washroom and master bedroom, as shown in Figure 2.1 (Barlow
and Venables 2004; DCLG 2008). Although Ostroff and Preiser (2001) argue that
“Universal design is not yet a coherent and systematic approach to designing for
people, it has many missing pieces in its complex jigsaw puzzle”, lifetime home
design is now an applicable concept for new home design, which is expected to

suit the upcoming older adult generations (DCLG 2008).

Non- structure wall between

bathroom and bedroom,

Figure 2.1 Design flexibility of the life time home design

3) Smart homes, involves inserting devices in an existing or new home
which work as an internal network, such as sensors to control lighting and water
outlet temperature controls (Demiris et al. 2004; Warren et al. 1999). Vertical

mobility, movement up and down staircases, is a challenge for older adults,
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especially those with disabilities (Lord et al. 2001). One smart home application
involves creating electromechanical devices for vertical movement, such as the
independence IBOT mobility system, which is an electronic wheelchair which can
climb staircases. However, these mobile robots are expensive and are still
associated with technical challenges (Stefanov et al. 2004; Watanabe 2009). A
cheaper alternative is the wheelchair staircase lift; however, the wheelchair
staircase lift can be challenging to implement depending on the staircase design
and the older adult’s ability to independently manipulate the chair (Lorentsen
1995). Currently, the smart applications that are easily installed for staircase home
modifications for a large sector of older adults are remote-controlled devices for
staircase lighting. These devices could be applied to control doors and lighting in
other home spaces, such as the bathroom (Stefanov et al. 2004).

2.3 Background on Falling for Older adults

As people age, the risk of falling increases; a minimum of 33% of older
adults (65 years and older) living independently in their homes experience falling
every year (Donald and Bulpitt 1999; Kannus et al. 1999; Scott et al. 2005).
Approximately 1.4 million older adults experienced a fall at least once in 2005,
and this number is expected to increase to 3.3 million older adults in 2036 (Scott
et al. 2010). In addition to experiencing harm, older adults who fall might
develop a Fear of Falling (FOF) that decreases their confidence and activity level
(Rogers et al. 2004; Scott et al. 2005; Vellas et al. 1997). In this research, the risk
of falling is defined as the probability of falling for older adults (Lord et al. 2001).

In addition to the possibility of developing a fear of falling, falling was the
greatest cause of injuries in 2000/2001 (Turcotte and Schellenberg 2007), and
caused the highest number of hospital admissions and emergency department
visits due to injury in 2006 (ACICR 2009). Older adults with additional medical
conditions, such as dementia, cancer, or heart disease, might experience a higher
rate of falling (Rowe and Fehrenbach 2004; Turcotte and Schellenberg 2007). In
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addition, Voermans et al. (2007) mentioned that chronic diseases are frequently
associated with older adults falling without preceding loss of consciousness or
with transient loss of consciousness, such as cataracts or cardiac arrhythmias,
respectively (Voermans et al. 2007). According to Statistics Canada (2009),
approximately 63.7% of older adult Canadians are injured every year from falling.
As illustrated in Figure 2.2, approximately 50% of older adults who fall
experience minor injuries and from 5% to 25% experience major injuries; 37% of
the injuries that are caused by falling are in the leg, including the hip (falling
causes 90% of hip fractures for older adult Canadians), knee, ankle, and foot
(ACICR 2009; Scott et al. 2005). The dangers of falling are further highlighted
when one considers that most fall-related injuries in the older adult population
result in death (Kannus et al. 1999; Rogers et al. 2004).

Multiple sites

Chest/abdoment/
pelvis

7% Hip/Thigh/Knee/
Lower

Leg/Ankle/Foot

37%

Elbow/Lower arm
4%

Sholder/uper arm
12%

upper or lower
back/spine
14%

Wrist/Hand
17%

Figure 2.2 Injuries resulting from falls (Scott et al. 2005)

The reasons older adults fall could be related to either a) physical and/or
psychological impairment, and/or b) the physical surrounding environment, and
how older adults behave within that environment. The risk of falling for older
adults has been found to increase with physical impairment, such as vision
impairment and reduced muscle strength; and/or psychological impairment such
as developing Fear of Falling (FOF) or loss of confidence because of health
problems (Haslam and Stubbs 2006; Rogers et al. 2004; Vellas et al. 1997).
Tinetti (2003) mentioned that physical problems, such as gait unsteadiness and

decreased muscle strength, could be treated by a physical therapist or it might
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require the diagnosis and treatment of the underlying cause. One of the
psychological problems that has been investigated recently is developing a fear of
falling for older adults. A recent study by Oh-Park, M., et al. (2011) investigating
the incidence of fear of falling for 380 participants aged 70 and older, found that
as the risk factors increase, the number of older adults who gain fear of falling
also increases. The risk factors in the previous study are represented by older
adults’ limitations, such as obesity, visual limitation, depression, and balance
problems. This study concluded that further investigation and understanding of
risk factors of developing the fear of falling is needed for older adults (Oh-Park et
al. 2011). That emphasizes the need for investigating the home environment
modifications as one of the risk factors that could reduce the development of fear
of falling for older adults. It should be noted that the physical and the

psychological impairment of older adults is not the focus of this research.

Physical surrounding environment, and how older adults behave within that
environment; this research identifies the temporary or permanent home design
features as a physical surrounding environment, which may increase the risk of
falling for older adults. There are a number of design-related reasons for falling in
the physical surrounding environment including unsuitable older adult home
design or poor long-term home maintenance. As illustrated in Figure 2.3, slipping,
tripping and stumbling on different surfaces form 44% of the common causes of
falling for older adult Canadians; however, falling on staircases contributes to
26% (more than a quarter of falling accidents) (Scott et al. 2005). Moreover, in
one study, about 50% of the subjected group of older adults reported difficulties
ascending staircases, and about 25% reported difficulties descending staircases
(Verghese et al. 2008). As an example of unsuitable staircase design for older
adults, having an inappropriate lighting intensity or placing objects on staircases
act as a barriers for older adults while ascending or descending staircases (see
Figure 2.4). As an example of poor maintenance, a slippery staircase surface
increases the risk of falling for older adults. The way older adults behave within

the physical surrounding environment also might result in increasing the risk of
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falling; these behaviours include speeding up or lifting objects while ascending or
descending staircases (Hill et al. 1999). It is important to note that staircase
design, as part of the physical surrounding environment, contributes to older
adults’ behaviour (Lawton et al. 1982). Commonly, unsuitable design such as
inappropriate lighting, hand railing or staircase finishing material, could orient
older adults to behave in ways which could increase the risk of falling (Haslam
and Stubbs 2006; Hill et al. 1999; Horstman and Fanning 2004; Rogers et al.
2004; Voermans et al. 2007)

Slipping,
Tripping, or
Stumbling

44%

slipping, tripping

or stumbling on
ice/snow

20%

Going Up or
Down Stairs

26%

Figure 2.3 Common causes of falling for older adults (Scott et al. 2005)

Figure 2.4 lllustration of objects in the staircase (Hill et al. 1999)
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2.4 Background on Architectural Staircases’ Design and History

Since this research is mainly concerned with the staircase design, it is
necessary to study the concept of staircases, and how they have reflected the
image of human needs through history. Developing staircases is a unique element
that has played a central role in the history of humanity. Throughout history,
people have used staircases as a movement element toward a higher virtual or
tangible point in space. The concept of using staircases to a virtual point was clear
since ancient civilization; the pyramid of Zoser, Egypt, 2750 B.C.E, illustrated in
Figure 2.5, is known to be one of the first buildings that modeled the conceptual
approach of using staircases as a formation of movement toward the after death
world, and that concept was urbanized later for the Giza pyramids (2680-2560
B.C.E) (Helmy 2004; Roth 2007). Staircases have been used to direct the user
through a certain path to a tangible point, usually sacred place; in the temple of
Khonsu, Egypt, staircases has been used as an interior design tool to elevate a
human being to the most spiritual sacred place that connect people with god, the
Holy of Holies (or Sanctuary). The perspective section of the Temple of Khonsu,
shown in Figure 2.6, emphasizes the ceremonial boat of khons by elevating the
ground level and dropping the ceiling level simultaneously, which emphasizes the

sacred place’s importance (Roth 2007).

Figure 2.5 Pyramid of Zoser, Saqqgara, Egypt, 2750 B.C.E (Roth 2007)

18



Figure 2.6 Modified perspective section of temple of Khonsu (Roth 2007)

Away from the huge historical building that formed the history of the world,
ancient staircases have been used as a functional element in houses and other
related facilities. In late Egyptian architecture, staircases have appeared in the
dwelling as a connection between the ground floor and the roof in its regular
shape. As illustrated in Figure 2.7, a prototype of artisans’ houses in Deir el
Madineh in 1530 B.C.E., staircases were found to be functional: straight staircases
had no landing slab, a wall on one side and handrail on the other, risers were very
high (about 200 m and the tread were regular sizes (about 280 mm) (Roth 2007).
Staircases have not only been considered as an interior or an exterior element in
the home space, but also as a part of the architectural space formation, as
illustrated in Figure 2.8. Scala Regia, Vatican (1663-1666 B.C.E.), shown in
Figure 2.8, is one of the unique buildings that illustrates the use of staircases as a

complete floor for the entire building space (Templer 1992a).
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Figure 2.8 Plan, section and interior view for Scala Regia (Templer 1992a)
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Staircases have taken different shapes in houses throughout history, such as
straight shaped staircases, helical shaped staircases, and composite shaped
staircases. Straight functional staircases were one of the most important elements
in introducing functional linearity in modern architecture, emphasizing the rule of
“less is more”, Ludwig Mies van der Rohe (Robertson 1952; Roth 2007).
Staircases have been inspirational focal points that provide a distinctive theme to
a building, which appears clearly through the concept of helical staircases design.
Helical staircases were one of the most remarkable elements at the end of the
Renaissance period, and in the Baroque period, they appeared in palaces as a focal
point emphasizing the artistic direction of staircase formation, as shown in Figure
2.9, Barberini Palace, Rome in 1638 (Templer 1992a). Helical staircases are still
an artistic modern element as shown in Figure 2.10, Palace of the Arches, Brasilia
(Templer 1992a). Composite staircases contain a different step combination, such
as inconsistency of color or material of staircase steps, as illustrated in Figures
2.11a (House and House 2008). Composite staircases also might be formed with
inconsistent step dimensions, as demonstrated by the interior staircase design of
the House + House Architects firm in Figures 2.11 b and ¢ (House and House
2008). Composite staircases have appeared in both historical and modern
buildings, as they provide both design flexibility and an artistic value that could
be suitable for different spaces in the home. For older adults, helical staircases are
not the best choice, as the inconsistent tread could cause confusion while they
ascend or descend the staircase. Ultimately, this inconsistency found in composite
staircases increases the risk of falling for older adults (Haslam and Stubbs 2006;
Templer 1992b).
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Figure 2.10 Palace of the Arches, Brasilia (Templer 1992a)
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Legend:

(@) House in San Miguel, Mexico,
shows inconsistency in the color of
the steps (House and House 2008)
(b) House in California, US, shows
inconsistency in the first four steps
(House and House 2008)

(c) House in San Francisco, US,
shows inconsistency in the first three

steps (House and House 2008)

Figure 2.11 The composite staircases
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CHAPTER 3: PROPOSED METHODOLOGY AND
IMPLEMENTATION

3.1 Introduction

In order to create a staircase integrated architectural design approach aiming
to reduce the risk of falling for older adults, the research process is divided into
three stages. Stage 1 constructs a set of four elements which represent the
architectural design of the staircase as follows: 1) staircase geometrical design; 2)
handrail design; 3) lighting; and 4) step design, listed from highest to lowest
impact of reducing the risk of falling for older adults. A rating number will be
assigned to each of the elements representing the importance of each element
from the perspective of reducing the risk of falling for older adults. Each element
will be divided to a number of features; for example, staircase geometrical design
has two features: 1) staircase geometry; and 2) number of steps per flight. Each
feature will be divided into number of scenarios representing the different
architectural design alternatives for that feature. For example, the feature of
geometry feature in the staircase geometrical design element will contain 7
scenarios that represent different types of staircase geometry: 1) straight flight
staircases with landing; 2) straight flight staircases without landing; 3) quarter
turn staircases; 4) U-Shape staircases; 5) spiral staircases; 6) helical staircases; 7)
composite staircases. A rating factor will be assigned to each scenario in each
feature to represent the degree of reducing the risk of falling for older adults.

Stage 2 develops a rating system for the analyzed staircase elements and features
which present the degree to which each element and its features reduce the risk of
falling for older adults. A mathematical model is developed to calculate the rating
value for different staircase design scenarios. Stage 3 develops a Design
Assessment Tree (DAT), a computer model which represents a complete vision

for different staircase design scenarios.
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The proposed research methodology is summarized in Figure 3.1 which consists
of the following: 1) the input parameters for the proposed staircase design, which
is based on the staircase geometric design, handrail design, lighting, and step
design information. These input parameters are needed for the three stages of the
research process which are: 1) develop a staircase elements and features analysis;
2) build a rating system for staircase design; and 3) develop the Design
Assessment Tree (DAT). In order to achieve the following output: friendly
staircase design and assessment of the proposed staircase design, these outputs are
proposed satisfying research criteria such as building code specifications and
design and space limitations. For each design element and its associated features,
building code specifications is checked to get a background about the actual
design specifications that’s been followed by designers and architects. However,
in this research, the selected features specifications have been selected based on
previous evidence-based research. If there is no previous evidence-based research

for a specific feature, the building code specifications are followed.

Inbut Criteria /
P Constraints
e————————
4 Y .
Staircase Main Research Process

Geometrical info (G)

- Staircase geometry

- No of steps /light
N———

¢~ Handrail Design ™\ Stage 1:
Info (H) Staircase elements and features analysis Building

- Handrail existence
- Handrail height (.:(.)de-
- Handrail cross-sec specifications
- Handrail surface
- Handrail extension
- Min handrail-wall Stage 2: -
\_clearance J Build a rating system for staircase design Design and
Space
Lighting info (L) limitation
- lllumination level
- Consistency of
lighting amount

\_ - Light switches ) Stage 3:

Develop the Design Assessment Tree (DAT)
(Step design info(S)
- Going depth
- Riser height
- Nosing

-Steps finishing
\\_ material )) |'
\

—

Outputs ]
"
\

friendly staircases design Assessment and rating of the proposed staircase design

forG,H,L, S

[ Staircase Geometrical ] [Handrail Design] [ Lighting ] [Step design]

Figure 3.1 Proposed Research Methodology
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3.2 Staircase Element Analysis

Prior to creating a rating system for a proposed staircase design, the
staircase first needs to be broken down into elements that express its architectural
design. Handrail, lighting and step specifications are provided in the building code
as subdivisions of the staircase design specifications; therefore, in this research,
handrail design, lighting and step design will be considered as three staircase
design elements. In addition, staircase geometric design is considered to be a
design element, for reasons which will be further explained. From architecture
perspective, there is a difference between an object’s formation and its detailed
design component. An object is designed by 1) the design formation that’s been
represented in this research as staircase geometrical design and 2) the detailed
component of that object that’s been represented in this research as the staircase
design elements, which are handrail design, lighting and step design. To illustrate
the difference between building/object formation and its detailed design
components, Figure 3.2 illustrates building exterior design (al and a2) and object

interior design for a table (b1 and b2).

(al) (a2)

:

(b1) (b2)

Figure 3.2 The importance of staircase geometrical design as an element
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Both buildings in Figure 3.2 (al) and (a2) have the same design components,
such as, windows and walls; however, the two buildings have different building
formations. That differentiation in formation affects the whole building design in
different ways; for example, the pattern of arranging the design components will
be affected by the building formation, such as the pattern of windows throughout
the building facade (which is known as windows rhythm) (Roth 2007). Therefore,
building formation is the dominant factor that affects any design component;
otherwise there is no way to track the pattern of arranging the design components,

such as windows rhythm.

Choosing the building formation is one of the challenges that exist in various
design scales; on a building scale or a smaller object scale. For example, for
smaller scale objects such as the two tables illustrated in Figure 3.2 (b1) and (b2),
both tables have the same components, such as legs and surface; however they
have different design formations. For example, the pattern of arranging the table
legs as a design component can be recognized by the differentiation of the table
formations. Based on that, the geometry of the staircase, as a formation of the
staircase object, is considered to be a design element, as it expresses the
architectural spatial context of any staircase design component which can only be
tracked by the geometry of the staircase (this point will be farther illustrated in the
following section). Therefore, the elements that define staircases are as follows: 1)
staircase geometrical design; 2) handrail design; 3) lighting; and 4) step design.
The following section explains the previous elements, starting with the one that

has the highest impact on reducing the risk of falling for older adults.

3.2.1 First: staircase geometrical design (G):

Staircase geometrical design is considered to be the dominant staircase design
element. Staircase geometrical design affects: 1) handrail geometrical shape; 2)
step shape; and 3) the location of lighting fixtures. To investigate the importance
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of the staircase geometrical design, a comparison between straight flight without

landing staircases and helical staircases is constructed, as illustrated in Figure 3.3.

As illustrated in Figure 3.3, whereas straight flight without landing staircases have
a continuous straight line handrail, helical staircases have a circular plan shape
handrail, which varies between the two sides of the helical staircase. For helical
staircases, the individual handhold placement distances are not even for the
circular handrails on each side. These uneven distances will create an unspecific
target to grasp, due to the dissimilarity of the handhold placement distances
between the two sides of helical staircases’ handrail; however, in the case of lost
balance, the hand must have a specific target to grasp (Ghafouri et al. 2004).
Therefore, handrail geometrical shape is affected by the staircase geometrical

design.

For straight flight without landing staircases shown in Figure 3.3, the steps have a
straight direction and uniform shapes; however, for helical staircases, the
direction of staircases is circular, and the step has a non-uniform shape. This
differentiation in the helical step causes unnatural gait patterns which increase the
risk of accidents (Cohen et al. 2009). Therefore, it can be concluded that the

staircase geometrical design has an effect on the shape of the steps.

As illustrated in Figure 3.3, if two lighting features are placed after the first and
last two steps of each set of staircases, a shaded area will be created by the effect
of the geometrical design of the helical staircases, and additional lighting fixtures
may thus be required in these shaded areas of the helical staircases. Therefore, the
staircase geometrical design can affect the location of lighting fixtures. As a result
of the staircase geometrical design element’s impact on the handrail and step
shape, and lighting fixture locations, it will be the first factor to consider in

reducing the risk of falling for older adults.
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Figure 3.3 The importance of staircase geometrical design as an element

3.2.2 Second: handrail design (H):

From the perspective of reducing the risk of falling for older adults, handrails
could be considered as the second most significant staircase element for the
following reasons: 1) the handrail is an essential tool for older adults to assess
their movement up or down staircases; of a total of 157 older adult participants in
a study, 72% reported that they always rely on the handrail to assist their
movement while ascending and descending staircases (Hill et al. 1999). 2) By
default, people tend to grasp the handrail when losing their balance in order to
prevent falls (Bateni et al. 2004). Moreover, people are likely to extract
information about staircases’ edges, handrail or different objects to grasp before
climbing staircases (Ghafouri et al. 2004; Maki and Mcllroy 2006; Miyasike-
daSilva et al. 2011) which emphasizes the importance of the handrail as a safety

element in staircases’ design.
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As 93% of older adults prefer aging in their own homes rather than moving out
(Turcotte and Schellenberg 2007), the home becomes a familiar environment for
older adults. Therefore, older adults form a visual-spatial map for a home in
which they have spent their lives (Miyasike-daSilva et al. 2011). As such the
importance of lighting and step design may come after the handrail because older
adults can rely on the visual-spatial map to locate the handrail and climb the
staircases without appropriate lighting or step design (in the worst case scenario).
For these reasons, the handrail design element could be represented as the second

factor in reducing the risk of falling for older adults.

3.2.3 Third: lighting (L) and step design (S):

Appropriate vision is required when ascending and descending staircases to
recognize the step dimensions and reduce the risk of falling by detecting the
hazards (Templer 1992b). Additionally, in a study by Zietz and Hollands (2009),
the visual information gathered while ascending and descending staircases is used
to map 3 steps ahead (Zietz and Hollands 2009). Therefore, in order to use the
steps effectively, it is essential to provide appropriate vision for older adults.
Improving the ability of older adults to see staircases clearly can be accomplished
by maintaining the appropriate amount and location of lighting throughout the
staircases (IESNA 2007). Therefore, the lighting element is considered to be the
third factor in reducing the risk of falling for older adults, which makes the step

design to be the fourth factor in reducing the risk of falling for older adults.

3.2.4 Rating system of staircase elements

In this thesis, the staircase is broken down into four elements, starting with the
element that has the highest impact on reducing the risk of falling for older adults,
as follows: 1) staircase geometrical design; 2) handrail design; 3) lighting; and 4)
step design. A rating number will be assigned to each of the elements, based on

the importance of each element. The sum of the four assigned rating numbers will
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be a total of 100. The total value of 100 will be reduced or remain the same based
on the rating factor (R) for the selected scenario for each feature under each
element. The more the staircase design reduces the risk of falling for older adults,
the closer the sum of the total rating numbers will be to 100. The value of 100
represents an optimum staircase design that is suited to reduce the risk of falling

for older adults.

To highlight the importance of each element over another, a constant percentage
of 25% assumed to be the percentage difference between the rating number of
each element and the one that follows it. The percentage of 25% was chosen to
create a slight difference between each design elements’ rating number (a
sensitivity analysis is provided at the end of this chapter). Therefore, the
developed rating numbers N(H), N(G), N(L), and N(S) can be calculated
satisfying constraints’ equations 3.1, 3.2, 3.3 and 3.4:

NG 7Y V() oo 3.1

where:

- N(H) is the handrail design rating number.

- N(G) is the staircase geometrical design rating number.

NN Y () N 3.2

where:

- N(L) is the lighting rating number.
- N(H) is the handrail design rating number.

NI LY (N o 3.3

where:
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- N(S) is the step design rating number.
- N(L) is the lighting rating number.

Now= D, NO)=N(G)+N(H)+N(S)+N(L)=100 -.-cvooorerrrrernenenns 3.4

X=G,H,Sor L

where:

- Niotal 1s the summation of all staircase elements’ rating numbers.
- N(X) is the rating number for element X.

- Xisadesignated parameter for G, H, S or L.

By solving equations 3.1, 3.2, 3.3 and 3.4, a certain value can be assigned as a
rating number for each element. The resultant rating number for each element is
represented in Table 3.1. As illustrated in Table 3.1, the staircase is broken down
into four elements, starting with the element that has the highest impact on
reducing the risk of falling for older adults listed as follows: 1) staircase

geometrical design; 2) handrail design; 3) lighting; and 4) step design.

Table 3.1: Rating number of staircase four elements

G H L S
STAIRCASE ELEMENTS :
Staircase .
ANALYSIS Geometric Hanc_lra|l Lighting Stgp
. Design design
al Design
Rating number of each 37 27 27 15
element (N)

3.3 Staircase Features Analysis

Each element is divided into a number of features that define the
architectural design of that element, as illustrated in Figure 3.4; for example,
staircase geometrical design is divided into two features: 1) staircase geometry;

and 2) number of steps per flight. Handrail design is divided into six features: 1)
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handrail existence; 2) handrail height; 3) handrail cross-section; 4) handrail
surface texture; 5) handrail extension; and 6) minimum handrail-wall clearance.
The lighting element is divided into three features: 1) illumination level; 2)
consistency of lighting amount; and 3) lighting switches. Step design is divided
into four features: 1) going (tread without nosing) depth; 2) riser height; 3)

nosing; and 4) steps finishing material.

Staircase geometrical staircase geometry |

design

A

First level: number of steps per flight |

,‘ handrail existence
The staircase —
handrail height

handrail cross-section

Handrail design

handrail extension

Second level

handrail surface texture |
min handrail-wall clearance |

—= —s

illumination level |

&

Lighting 1

Z/ANG

consistency of lighting amount |

Third level lighting switches |

going depth |

riser height |

N

Steps design

nosing |

Fourth level steps finishing material

Figure 3.4 A flow chart represents staircase elements and features analysis
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3.3.1 Rating system of staircase features

A rating factor (R) will be assigned to each scenario in each feature to represent
the degree of reducing the risk of falling for older adults based on an evidence-
based comparison with other alternative scenarios for that feature. The absolute
value of the rating factors have been assigned based on my assessment as an
architect. Note that the aim of this research is to provide a framework for staircase
assessment, not the actual values of the rating factors provided. Saaty (2008) has
provided a brief explanation about the analytical hierarchy process by defining the
problem and objectives, then assigning the criteria that the elements depend on
through constructing the decision hierarchy from top to bottom, and finally
comparing the elements and weighing each element according to the criteria
provided. In order to make a comparison between the elements, Saaty developed a
scale of numbers representing the degree of importance of each element over the
others. In this research, the concept of having that scale has been adopted to
represent the rating factor of each design feature.

The rating factors will be assigned values between 1.00 and 0.0. A rating factor of
1.00 means that the risk of falling for older adults is optimally reduced; a rating
factor of 0.0 means that the feature does not exist, for example, if there is no
handrail, the rating value of the handrail existing feature will be 0.00. For
scenarios of different features, the developed rating factors are represented in 3.2.
For a proposed staircase design, one scenario will be selected as to represent the
rating factor for the targeted feature; for example, if the staircase geometry is
spiral staircase, the rating factor for the staircase geometry feature will be 0.25.
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Table3.2: Rating factors explanation

Design Ratin .
designgtion Factog Explanation
1.00 The risk of falling for older adults is optimally reduced
. ' by the selected design feature (Optimal design feature)
Optimal The design feature is slightly under the optimal design
Design 095 | feature
0.90 [ The design feature is under the optimal design feature
0.85 [ The design feature is over the strong design feature
0.80 The design feature is slightly over the strong design
' feature
Strong 0.75 The risk of falling for older adults is strongly reduced
Design ' by the design feature (Strong design feature)
0.70 The design feature is slightly under the strong design
' feature
0.65 | The design feature is under the strong design feature
0.60 | The design feature is over the moderate design feature
0.55 The design feature is slightly over the moderate design
' feature
Moderate 0.50 The risk of falling for older adults is moderately
Design ' reduced by the design feature (moderate design feature)
0.45 The design feature is slightly under the moderate design
' feature
0.40 [ The design feature is under the moderate design feature
0.35 The design features is over the risk promoting design
' feature
0.30 Thg design features is slightly over the risk promoting
Risk ' design feature
Promoting 0.95 The: risk of falling for older ac_JuIts is _promoted by the
Design ' design features (Risk promoting design feature)
0.20 The risk of falling for older adults is highly promoted
' by the design features
0.15 The risk of falling for older adults is strongly promoted
' by the design features
0.10 The risk of falling for older adults is over the highest
Highest ' risk of falling
R%sk 0.05 The risk of falling for older adults is slightly over the
Design ' highest risk of falling
0.00 Highest risk of falling or the design features does not
' exist
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3.3.2 First: staircase geometrical design
3.3.2.1 Feature 1: staircase geometry

3.3.2.1.1 Types of staircase geometry

Based on the literature review, the staircase geometry feature can be divided into
three scenarios: 1) straight staircases; 2) circular staircases; and 3) composite
staircases (Bangash and Bangash 1999; Beneke 1997; Templer 1992a). Straight
staircases consist of straight flights (Bangash and Bangash 1999; Beneke 1997),
which can be listed as follows:

1. Straight flight staircases with landing (Bangash and Bangash 1999), as
shown in Figure 3.5a. These staircases connect two floors in one direction
with a landing.

2. Straight flight staircases without landing (Bangash and Bangash 1999;
Beneke 1997), as shown in Figure 3.5b. These staircases connect two
floors in one direction without a landing.

3. Quarter turn staircases (Bangash and Bangash 1999; Beneke 1997), as
shown in Figure 3.5c. These staircases have a minimum of two flights
with a quarter turn landing, turning 90° between the two flights.

4. U-Shape staircases (Half turn staircases with one landing) (Bangash and
Bangash 1999; Beneke 1997). U-Shape staircases connect two floors
through two straight runs (flights) and one landing between them, turning

180° between the two runs, as shown in Figure 3.5e.

Circular staircases consist of circular flights; two categories can be assigned to

circular staircases as follows (Bangash and Bangash 1999):

1. Spiral staircases (Bangash and Bangash 1999) are circular shaped
staircases that are supported by a central pole in the middle of the staircase
steps and have no landing, as shown in Figure 3.5f.
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2. Helical staircases (Bangash and Bangash 1999) are circular shaped
staircases which do not contain a central pole in the middle of the staircase

steps and have no landing, as shown in Figure 3.5g.

Composite staircases are any other staircase shapes with inconsistent step
dimensions in one flight throughout the entire staircase; they may contain
winders, a mix of straight and circular flights, or inconsistency in the first or last

steps, as illustrated in Figure 3.5h.

(a) (b) (©)

=)
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MITTTFN
me|||ll!'¢

(f) ()
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(n2) (h3) (h)

Legend:

(a) Straight flight staircases with landing, (b) Straight flight staircases without landing,
(c) Quarter turn staircases, (e) U-Shape staircases, (f) Spiral staircases, (g) Helical
staircases, (h) Composite staircases: (h1) Example illustrates inconsistency of step
dimensions throughout the staircase, (h2) Example illustrates mixing straight and
circular flights, (h3) Example illustrates winder staircase

Figure 3.5 The staircase geometry

3.3.2.1.2 Analysis of staircase geometry

To facilitate the staircase geometry analysis, the following assumptions are stated:
1) The different types of staircase geometry illustrated in Figure 3.5 have the
same floor height and number of steps; 2) The effect of clockwise and
anticlockwise directions of staircases will be neglected, assuming that older adults
are already familiar with the virtual-spatial map of their staircase design
(Miyasike-daSilva et al. 2011).

Composite staircases:

The first 3 steps at the top or the bottom of the staircase are reported to be
associated with a higher risk of falling (Templer 1992b), especially the first and
last step in the staircase (Lee and Chou 2007; Wild et al. 1981). In the case of
composite staircases, irregularity in the first 3 steps at the top or bottom of the
staircase forms an irregular gait pattern which highly increases the risk of falling
(Haslam and Stubbs 2006; Lord et al. 2001; Templer 1992b). As an example: a)
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winder staircases, a part of the composite staircases, are expected to be an
unsuitable design for older adults, more than spiral staircases, as winder staircases
contain inconsistent steps that cause more confusion for older adults (Haslam and
Stubbs 2006; Templer 1992b). b) the composite staircases could contain an
oblique staircase geometry which causes irregular foot placement through the
oblique path, which increases the risk of falling (VandenBussche et al. 2011).
Therefore, from the perspective of the design that reduces the risk of falling for
older adults, composite staircases will be rated as the lowest of all staircase types.

Circular staircases:

In order to determine the more preferable design between helical and spiral
staircases, from the perspective of reducing the risk of falling for older adults,
schematic plans of both staircases have been developed. As illustrated in Figure
3.6, the difference between X and Y distances in spiral staircases is very large
which creates a limited favorable side to ascend or descend staircases; this is
expected to be the outer side of the staircases. Additionally, the step width X near
the pole of the spiral staircases is extremely small, which could create a serious
risk of falling as it does not provides appropriate foot placement. (Haslam and
Stubbs 2006). Furthermore, in the case of falling, people are more likely to grasp
the handrail (Bateni et al. 2004), which usually does not exist in the spiral
staircases, and if it does, the slope of the inner-handrail is too sharp, which could
affect the grasping ability (Maki 1988a). This could increase the risk of falling
while an individual is trying to recover. Therefore, the helical staircases will have

a higher rating than the spiral staircases.

39



(b)

Legend:
(a) (a) Spiral staircases
(b) Helical staircases

Figure 3.6 The theoretical geometry of spiral staircase versus helical staircase

Straight staircases verse circular staircases:

Based on the study by VandenBussche et al. (2011), oblique staircases, illustrated
in Figure 3.7a, do not provide a regular gait pattern; by applying the same
measurements on circular staircases, as illustrated in Figure 3.7b, circular
staircases provide an irregular gait pattern. This irregular gait pattern increases the
risk of falling (Haslam and Stubbs 2006; Lord et al. 2001; Templer 1992b;
VandenBussche et al. 2011). Therefore, spiral and helical staircases are

considered to have a lower rating than straight staircases.
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Figure 3.7 Schematic plan of (a) oblique and (b) circular staircase

Straight flight staircases without landing versus other straight staircase types

As illustrated in Figure 3.5, straight flight staircases without a landing have a
longer flight compared to other straight staircase types, which have shorter flights
that connect with a landing. Long flights are associated with a higher risk of
falling than short flights (Templer 1992b). In one study, individuals tend to have
more difficulty climbing the one flight staircases than climbing staircases with
several short flights, especially for older adults, 90 years and older (Covinsky et
al. 2009). Therefore, straight flight staircases without a landing will have the

lowest rating of all straight staircase types.

Straight staircases with landing versus straight staircases without landing:

Straight staircases with and without a landing have a similar geometrical design,
as illustrated in Figure 3.5 a and b. However, in straight staircases with a landing,
the landing reduces the number of accidents by two and half times compared to
the straight staircases without a landing (Templer 1992b). Therefore, straight
staircases with a landing will have a higher rating than straight staircases without

a landing.
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Straight flight staircases with landing versus U-Shape and quarter turn

staircases

Generally, U-shape and quarter turn staircase designs contribute in reducing the
risk of falling more than the straight flight staircase designs (Templer 1992b).
Also, U-shape staircases cause significantly fewer accidents than the straight
flight staircases with landing (Svanstrom 1974). The design of the landing area in
the U-shape and quarter turn staircases breaks the feeling of the staircase
continuity, while the feeling of steep staircases might be associated with the visual
continuity of a straight flight staircase with a landing in the middle. The feeling of
long or steep staircases might not allow older adults to have a mental rest when
climbing the staircases (Williams and RHS 1995). Therefore, U-shape and quarter
turn staircases will have a higher rating than straight flight staircases with a

landing.

U-shape staircases versus quarter turn staircases

The difference between quarter turn staircases and U-shape staircases is the
rotation angle, which is 180° in U-shape staircases and 90° in quarter turn
staircases, as illustrated in Figure 3.5 e and c. The rotation angle of 180° in U-
shape staircases allows a flat handrail between the two flights on the landing area,
providing appropriate handholds and appropriate areas for foot placement,
through the resting time between the two flights as illustrated in Figure 3.8.
Templer (1992b) recommended providing appropriate handhold and foot
placement throughout the entire staircases in order to reduce the risk of falling.
Moreover, U-shape staircases have a long rectangular landing; however, quarter
turn staircases have a smaller landing area (almost half the length of the one in U-
shape staircases). The long, rectangular landing in U-shape staircases might allow
a comfortable area to rest by providing a bigger landing area. Therefore, the

quarter turn staircases will have a lower rating than the U-shape staircases.
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There is no-appropriate The handrail is parallel to landing,
handhold while resting on which allow appropriate handhold
landing area while resting on landing area

(b)

Legend:
(a) Quarter turn staircases
(b) U-shape staircases

Figure 3.8 Quarter turn staircases versus U-shape staircases

From the previous analysis, the staircase geometrical design scenarios of staircase
geometry feature could be arranged, starting from the optimal design feature
scenario, as follows:
1. U-shape staircases;
Quarter turn staircases;

Straight staircases with landing;

Helical staircases;

2
3
4. Straight staircases without landing;
5
6. Spiral staircases;

5

Composite staircases.
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The previous feature scenarios arrangement can be ranked using rating factors,

represented in Table 3.2, as is illustrated in Table 3.3.

Table 3.3: Rating factors for scenarios of staircase geometry

Scenarios
order
number

Staircase geometrical
design scenarios:
staircase geometry

Rating factor Rating reason

Appropriate handholds and
foot placement on landing
area - break the visual
continuity (Williams and
RHS 1995)

1 U-shape staircases 1.00

Inappropriate handholds and
foot placement on landing
area at the 90 degree angle

2 Quarter turn staircases 0.80

Straight staircases with
landing

0.60

Reduce accidents by
providing landing (Templer
1992b)

Straight staircases without
landing

0.40

Long flight not recommended
(Covinsky et al. 2009;
Templer 1992b)

Helical staircases

0.30

Prevents appropriate foot
placement (but better step
angle than spiral staircases)

Spiral staircases

0.25

Prevents appropriate foot
placement (Haslam and
Stubbs 2006) - could lead to
misplacing hand on one side
of the staircase

Composite staircases

0.20

First steps irregularity 7 (Lee
and Chou 2007; Templer
1992b; Wild et al. 1981) -
gait pattern irregularity
(Haslam and Stubbs 2006;
Lord et al. 2001; Templer
1992b).

3.3.2.2 Feature 2: number of steps per flight

This section focuses on evaluating the feature of the flight length of staircases
from the perspective of reducing the risk of falling for older adults. It has been

found that the first and last 3 steps of the staircase, especially the transition step
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which connects the staircase with the floor or the floor with the staircase, are
associated with a higher risk of falling (Lee and Chou 2007; Templer 1992b; Wild
et al. 1981). Moreover, gaze fixation, the time that individuals need to extract
visual information about the surrounding environment, on the middle steps was
considerably larger than the transition steps, allowing the user to build a better
spatial map for those middle steps (Miyasike-daSilva et al. 2011). Therefore,
Templer (1992b) assigned a number of 6 steps or less per flight to be associated
with a very high risk of falling, followed by a lower risk for flight containing 7 to
10 steps, and the lowest risk for flights with more than 10 steps, except for long
flights, on which the risk increases again. No specific research has investigated
the maximum number of steps preferable for older adults in one flight; however,
most of the studies that investigate the body’s physical performance have assigned
12 steps per flight as a standard number for experimental testing samples for older
adults (Cataneo and Cataneo 2007; Rudy et al. 2007; van Weely et al. 2009). In
addition, Williams and RHS (1995) recommended 10 to 12 steps to provide
comfort and safety for older adults. Having a long flight is considered to be the
worst of all, as it is associated with a very high risk of falling (Templer 1992b).
Therefore, by using the same rating factors in Table 3.2, the number of steps per
flight could be rated, from the perspective of reducing the risk for older adults, as
illustrated in Table 3.4.

Table 3.4: Rating factors for scenarios of number of steps per flight

Scenarios order | Staircase geometrical design gcenarios : Rating factor
Number Number of steps per flight
1 10 < number of steps per flight < 12 1.00
2 7 < number of steps per flight < 10 0.60
3 number of steps per flight <6 0.35
4 number of steps per flight > 12 0.25

45



3.3.3 Second: handrail design

3.3.3.1 Feature 1: handrail existence

The Alberta building code requires one handrail on one side of the staircase if the
staircase’s width is less than 1100-mm; if the staircase’s width is greater than
1100-mm, two handrails need to be installed, one on each side of the staircase
(NRC 2006). Generally, an individual is more likely to grasp a handrail to
generate a stabilizing force while ascending or descending the staircase (Bateni et
al. 2004); however, for older adults, the rule for handrail existence is elevated to
assist their movement on the staircase (Hill et al. 1999). Based on a survey study
of 2800 participants aged 60 and older, Ishihara et al. (2002) found that the
necessity of handrail existence increases with aging. In another study by Hill et al.
(1999) with 157 older adults’ participants, 74% who have two handrails in their
homes reported using both of handrails. In addition, Temple (1992b) mentioned
that staircases with no handrails are associated with a higher percentage of
accidents. Therefore, the proposed optimal design scenario for older adults is to
have one handrail on each side of the staircase; the second design option is to
have one handrail on one side of the staircase; and the worst design scenario is to
have no handrail on either side of the staircase. Rating factors in Table 3.2are
used to assess the handrail existence as illustrated in Table 3.5.

Table 3.5: Rating factors for scenarios of handrail existence

Scenarios order Handrail existence scenarios | Rating factor
number
1 Two handrails 1.00
2 One handrail 0.7
3 No handrail 0.00

3.3.3.2 Feature 2: handrail height

Handrail height is the vertical height from a line drawn through the outside edge

of the staircases nosing to the top of the rail (NRC 2006), as illustrated in Figure
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3.9b. The Alberta building code requires that the handrail height not to exceed
965-mm, and not to be less than 800-mm (NRC 2006). Maki (1988a) investigated
the influence of various handrail heights with two slopes (41° and 49°) on the
level of safety for 20 young participants and 20 older adults’ participants (aged 59
and older). From this study, the preferred handrail height for older adults is 910-
mm and 970-mm for both 41° and 49° slopes. Therefore, the optimal handrail
height for older adults will be considered to range from 910-mm to 970-mm.
Considering individual comfort, the height of the handrail will be out of the
comfort zone if it is over 1,000-mm (Haslam and Stubbs 2006; Templer 1992b).
In the case of a handrail height < 910, this will be the lowest rating as it is difficult
to grasp and associated with a high risk of falling (Templer 1992b). Therefore, the
handrail height could be ranked using the rating system in Table 3.2, as illustrated
in Table 3.6.

Table 3.6: Rating factors for scenarios of handrail height

Scerlllal:’:gts)g:der Handrail height scenarios (mm) | Rating factor
1 910 < Handrail height <970 1.00
2 970 < Handrail height < 1,000 0.7
3 Handrail height > 1,000 0.5
4 Handrail height <910 0.4

3.3.3.3 Feature 3: handrail cross-section

The Alberta building code specified that the circular handrail cross-section was
limited to a range from 30-mm to 43-mm in diameter, and the non-circular cross
section was limited to range from a 100-mm to 125-mm perimeter with a
maximum of 45-mm for the longest cross section dimension (NRC 2006). Risk of
falling could be reduced by facilitating the grasp ability for the handrail (Maki
1988b). In order to increase the ability to grasp, the handrail cross-section needs
to form the best combination of shape and size (Haslam and Stubbs 2006). The
best combination was found to be a circular handrail shape with a diameter

ranging from 32-mm to 50-mm or an oval handrail shape with a circumference
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ranging from 100-mm to 150-mm (Haslam and Stubbs 2006). In a study by Maki
(1988b), three different handrail shapes (circular, horizontal rectangle and square
with different circumferences) along with four other commonly-used shapes
(oval, decorative, and two different dimensions of long vertical rectangle) were
tested on 20 young and 20 older adults’ participants. Maki (1988b) found that the
best two shapes for older adults, were: 1) circular shape with circumferences of
100-mm (32-mm diameter), 120-mm, 140-mm, and 160-mm (51-mm diameter);
and 2) the vertical oval shape with dimensions of 50-mm height and 37-mm
width. Other shapes and dimensions were found to have a similar level of comfort
that was lower than that found for the circular and the oval shapes (Maki 1988b).
Therefore, the circular and oval shapes will receive the highest rating, and other
shapes and sizes will have a lower rating. The handrail cross-section could be

rated using the rating system in Table 3.2, as illustrated in Table 3.7.

Table 3.7: Rating factors for scenarios of handrail cross-section

Scenarios _ _ _ Rating
order Handrail cross-section scenarios
factor
number
Handrail circular shape with circumferences between
100-mm (32-mm diameter)
and
1 160-mm (51-mm diameter), 1.00
and handrail oval shape with dimension of 50-mm
height and 37-mm width
2 Other handrail shapes and dimensions 0.7

3.3.3.4 Feature 4: handrail surface texture

The Alberta building code states that handrails should be graspable through the
entire length of the handrail (NRC 2006). For the purpose of preventing falling,
Templer (1992b) illustrated that handrail surface texture is important for grasping
ability. A handrail surface texture that is too smooth might move the grasping
hand under the body’s weight causing instability for an individual, which might
lead to falling (Haslam and Stubbs 2006). Even though a rough handrail surface
texture reduces slippage, Maki (1988b) found it to be uncomfortable and to be
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associated with a high percentage of avoidance from the participants of different
age groups. Therefore, handrail material that is too rough or too smooth will
receive a lower rating. Rating factors in Table 3.2 are used to assess the handrail
surface texture as illustrated in Table 3.8.

Table 3.8: Rating factors for scenarios of handrail surface texture

Scenarios i
order Handrail surface texture scenarios Rating
factor
number
1 comfortable handrail surface texture (not too smooth or not 1.00
too rough) '
difficult to grasp (too smooth handrail surface texture or too
2 . 0.5
rough handrail surface texture)

3.3.3.5 Feature 5: handrail extension

Handrail extension is the continuity of the handrail throughout the floor with a
certain length (Ishihara et al. 2002), as illustrated in Figure 3.9b. The Alberta
building code specification for handrail extension is to have not less than 300-mm
at the top and bottom of each flight of the staircases, except for staircases in one-
dwelling units (NRC 2006). In a study based on a questionnaire to over 2,800
older adults (60 years and older), Ishihara et al. (2002) stated that older adults
tend to stop for a while after they finish descending the staircases, and the risk of
falling could increase if there is no handrail extension; in addition, providing a
short handrail extension was associated with a greater hazard of falling than the
one with no handrail extension. Ishihara et al. (2002) recommended the handrail
extension to be a minimum of 320-mm to a maximum of 480-mm. Therefore, the
optimal rating for the handrail extension will be considered to be from 320-mm to
480-mm. Rating factors in Table 3.2are used to assess the handrail surface texture,
as illustrated in Table 3.9.
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Table 3.9: Rating factors for scenarios of handrail extension

Scenarios .
order Handrail extension scenarios (mm) I?atlng
actor
number
320<Handrail extension on at least one handrail <
1 1.00
480
Handrail extension on at least one handrail >
2 0.8
480
3 No handrail extension 0.5
4 Handrail extension on at least one handrail <320 0.4
I wall
Handrail
Hw
(@) (b)
Legend:

Hh: Handrail Height
Hex: Handrail extension
Hw: Handrail-wall clearance

(@) Section through the handrail
(b) Section through the staircase

Figure 3.9 Schematic diagram for handrail and staircase section

3.3.3.6 Feature 6: minimum handrail-wall clearance

Handrail-wall clearance is the distance between the handrail and the surface
behind it, as illustrated in Figure 3.9a. The handrail-wall clearance exists to
provide a sufficient space to grasp the handrail in case of a falling emergency
(Templer 1992b). This clearance should be not less than 40-mm if the surface of

the wall is smooth, and a minimum of 50-mm-60-mm if the wall is rough, as
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stated in the Alberta building code (NRC 2006). However, in the recommendation
for improving the safety of staircases, provided by national research council of
Canada, the minimum recommended handrail-wall clearance is 57-mm, and even
greater clearance in the case of rough walls, to prevent finger injuries (Pauls
1982). The barrier-free design guide recommended the handrail-wall clearance to
be a minimum of 75-mm for heavily textured walls (SCC 2008). Therefore, the
optimal minimum handrail-wall clearance will be considered as 57-mm for
smooth wall surfaces and 75-mm for rough surfaces. The handrail-wall clearance
could be rated using the rating system in Table 3.2, as illustrated in Table 3.10.

Table 3.10: Rating factors for scenarios of min handrail-wall clearance

Scenarios order
number

Rating

Minimum handrail-wall clearance scenarios factor

Smooth wall surface and handrail-wall
1 1.00
clearance > 57-mm

Rough wall surface and handrail-wall clearance

2 > 75-mm 1.00
Smooth wall surface and handrail-wall
3 0.4
clearance < 57-mm
4 Rough wall surface and handrail-wall clearance 04

< 75-mm

3.3.4 Third: lighting

3.3.4.1 Feature 1: illumination level

A normal amount of lighting is not enough for older adults, as they often need a
larger amount of lighting and consistent lighting throughout the entire staircases
(IESNA 2007). It has been found that poor vision increases the risk of falling for
older adults, as it reduces their postural stability (Lord and Dayhew 2001). In
addition, the speed of walking up and down staircases has been found to be
reduced when the amount of lighting provided on staircases is decreased (Zietz et
al. 2011). In order to enhance the safety of older adults on staircases, an adequate
amount of lighting needs to be provided (IESNA 2007). The Alberta building
code requires minimum of 50-lux (NRC 2006). Templer (1992b) recommended
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54-lux to 215-lux to be adequate illumination for staircases. Lighting for the aged
and partially sighted committee at illuminating engineering society of North
America recommended a minimum of 300-lux throughout the entire length of the
staircases (IESNA 2007). Therefore the minimum amount of 300-lux will be
considered to be the adequate illumination level for older adults. The adequate
amount of lighting for older adults could be rated using the rating system in Table
3.2, as illustrated in Table 3.11.

Table 3.11: Rating factors for scenarios of the illumination level

Scenarios order L . .
number Illumination level scenarios | Rating factor
1 illumination level > 300-lux 1.00
2 illumination level < 300-lux 0.4

3.3.4.2 Feature 2: consistency of lighting amount

IESNA (2007) recommended that lighting levels should be accomplished with
consistency. Inconsistency of lighting throughout the length of staircases might
result in bright light or shaded areas, which could cause confusion and falling
(Templer 1992b); for example, as illustrated in Figure 3.3b, an extra lighting unit
will be needed to eliminate the shaded area. For natural lighting, as the direction
and amount of natural lighting changes throughout the day, Haslam and Stubbs
(2006) recommended that windows should be positioned perpendicular to the
flight direction. If the window is positioned in the right direction, it will provide a
consistency of lighting throughout the length staircases. Rating factors in Table
3.2 are used to assess the consistency of lighting of artificial or daylight
throughout the staircases, as illustrated in Table 3.12.

Table 3.12: Rating factors for scenarios of consistency of lighting amount

Scenarios order Ratina factor
number consistency of lighting amount scenarios 9
1 lighting throughout staircases is consistent 1.00
2 lighting throughout staircases is not consistent 0.4
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3.3.4.3 Feature 3: lighting switches

The place in which the lighting switches are located is highly recommended to be
away from the staircases’ path and to be a two-way light switch (Haslam and
Stubbs 2006; Templer 1992b). Templer (1992b) recommended that the switches
should be placed away from the staircases’ path, so an individual can reach it
before initiating the process of ascending or descending the staircase, which
reduces the hazard while searching for the light switch. Therefore, the optimal
case is to have a light switch away from the staircases’ path, and to be a two-way
lighting switch. Rating of the lighting switch can be proposed as illustrated in

Table 3.13, using the rating factors in Table 3.2.

Table 3.13: Rating factors for scenarios of lighting switches

Scenarios

order light switches scenarios Rating factor
number
Light switch away from staircases path and two
1 : : 1.00
ways light switch
Light switch through staircases path and two way
2 . . 0.6
light switch
Light switch through staircases path and one way
3 : ) 0.6
light switch
Light switch away from staircases path and one
4 . . 0.4
way light switch

3.3.5 Fourth: step design

Step geometry is mainly controlled by tread and riser dimension, as illustrated in
Figure 3.10. Building codes have provided minimum requirements for step
dimensions, illustrated in Table 3.14 as follows: the Alberta building code
requires riser height ranges between 125-mm and 200-mm, and tread depth ranges
between 235-mm and 355-mm (NRC 2006); the building code of New York state
requires riser height ranges between 178-mm and 102-mm, and tread depth ranges
between 305-mm and 279-mm (BCNY 2007); the recommendation for improving

safety on staircases, issued as a building practice note by national research council
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of Canada, recommended riser height ranges between 180-mm and 125-mm, and

tread depth ranges between 350-mm and 280-mm (Pauls 1982).

Legend:

Sr: Riser Height

St: Going (tread w/o nosing)
T: Tread

Lo
T %
n

Figure 3.10 Schematic diagram of staircase section shows step dimensions

Table 3.14: Staircase step dimensions in different building codes

min max . max
. . min tread
Code name riser riser (mm) tread
(mm) (mm) (mm)
Alberta Building Code (ABC) 125 180 235 355
Building Code of New York state
(BCNY) 102 178 279 305
National research council of Canada 125 180 280 or 300 350

3.3.5.1 Feature 1: going depth

In a study conducted by Irvine et al. (1990), the optimal staircase dimensions were
investigated through 19 sets of staircases with different riser and tread
dimensions, based on the most preferred and acceptable staircases for different
age groups (from 19 to 69 years); the optimal going (tread without nosing)
dimension was 279-mm or 300-mm, and the author highly recommended that the
going dimension should not to be more than 330-mm or less than 254-mm. To
assure safety on staircases, Templer (1992b) recommended a minimum going
depth of 280-mm. For a very large going depth, it has been found to be difficult to
climb (Templer 1992b), and the going depth should not exceed 330-mm (Irvine et
al. 1990). Therefore, in this research, a minimum of 280-mm for going depth will

be considered as the optimal case, and the optimal maximum limit for going depth
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will be 330-mm. Rating of the going (tread without nosing) depth can be proposed

as illustrated in Table 3.15, using rating factors in Table 3.2.

Table 3.15: Rating factors for scenarios of going depth

Scenarios | Going (Tread without nosing) dimension scenarios
order Rating factor
number (mm)
1 280 < Tread depth dimension (w/o nosing) <330 1.00
2 Tread depth dimension (w/o nosing) <280 0.4
3 Tread depth dimension (w/o nosing) > 330 0.4

3.3.5.2 Feature 2: riser height

The recommended dimension of optimal riser height for Irvine et al. (1990) study
was 183-mm and the author highly recommended that risers less than 152-mm
and over 203-mm should not be allowed. Templar (1992b) recommended not
increasing the riser height over 190-mm as it becomes very difficult for an
individual of different age to perform a one-legged balancing act while
descending staircases. Also, Templer (1992b) recommended a minimum riser
height of 127-mm to reduce the risk of falling on staircases for different ages.
Therefore, in this research, the maximum riser height will be considered to be
190-mm, and the minimum riser height will be considered to be 127-mm. Rating
of the riser height can be proposed as illustrated in Table 3.16, using rating factors
in Table 3.2.

Table 3.16: Rating factors for scenarios of riser height

Scenarios
order Riser dimensions scenarios (mm) Rating factor
number
1 152<riser height dimension <190 1.00
2 riser height dimension <152 0.4
3 riser height dimension >190 0.4
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3.3.5.3 Feature 3: nosing

Staircases without nosing have been found to be associated with higher risks of
falling than ones with nosing (Templer 1992b). The Alberta building code
requires nosing ranges from 15-mm to 25-mm (NRC 2006). The building code of
New York state requires nosing ranges from 19.1-mm to 32-mm (BCNY 2007).
As long nosing is found to be associated with a higher risk of falling (Templer
1992b), in this research, the safe nosing range will be considered to be from 15-
mm to 25-mm. In addition, it is highly recommended that edges of staircases nose
be rounded, to reduce the effect of shading through the staircases and reduce the
severity of injury in case of falling (Pauls 1982). Therefore, nosing can be rated
using the rating system in Table 3.2, as illustrated in Table 3.17.

Table 3.17: Rating factors for scenarios of nosing

Scenarios
order nosing scenarios Rating factor
number
1 15 < nosing dimension < 25 (mm) and rounded 1.00
15 < nosing dimension < 25 (mm) and not
2 0.8
rounded
3 nosing dimension < 15 (mm) and rounded 0.7
4 nosing dimension > 25 (mm) and rounded 0.7
5 nosing dimension < 15 (mm) and not rounded 0.5
6 nosing dimension > 25 (mm) and not rounded 0.5

3.3.5.4 Feature 4: steps finishing material

Type of steps finishing material is more likely not to affect the risk of falling for
older adults (Templer 1992b). However, for finishing materials of steps: 1) the
material should be even throughout the entire staircases, so an individual does not
trip or lose balance; and 2) the martial should provide uniform slip-resistance to
prevent an individual from slipping (Pauls 1982; Templer 1992b). Therefore,
regardless of the kind of finishing material on staircases, the optimal case is that
finishing material should be even throughout the entire length of the staircases,
and it should provide uniform slip-resistance. Therefore, finishing materials of

steps can be rated using the rating system in Table 3.2 as illustrated in Table 3.18.
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Table 3.18: Rating factors for scenarios of steps finishing material

Scenarios .
order Steps finishing material scenarios I?atmg
actor
number
Finish material provide evened throughout the
1 : . . . . 1.00
staircases and provide uniform slip-resistance
Finish material provide un-evened throughout
2 the staircases and provide uniform slip- 0.6
resistance
Finish material provide evened throughout the
3 staircases and provide not uniform slip- 0.6
resistance
Finish material provide un-evened throughout
4 the staircases and provide not uniform slip- 0.4
resistance

3.4 Rating System for Staircase Design Elements and Features

3.4.1 Assessment procedures of staircase design

As it was illustrated before, staircase architectural design can be divided into four
elements. These four elements are as follows: 1) staircase geometrical design
element (G); 2) handrail design element (H); 3) lighting element (L); 4) step

element (S).

Number of feature (n), under staircase geometrical design element (G), is 2

features represented in Table 3.19.

Table 3.19: features of staircase geometrical design element (G)

Feature No

Feature’s name

Feature Alternative design

symbol

scenarios in each feature

staircase geometry

-U-shape staircases
-Quarter turn staircases
-Straight staircases with
landing

-Straight staircases
without landing
-Helical staircases
-Spiral staircases
-Composite staircases

Number of steps per
flight

-10<Gs <12
-7<Gs<10
-Gs<6
-Gs>12
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Number of feature (n), under handrail design element (H), is 6 features
represented in Table 3.20.
Table 3.20: Features of handrail design element (H)

Feature No

Feature’s name

Feature
symbol

Alternative design
scenarios in each feature

Handrail existence

H.

-Two handrail
- One handrail
- No handrail

Handrail height

Hn

-910 <H, <970 (mm)

- 970 < H; < 1,000 (mm)
- Hp> 1,000 (mm)

- Hp <910 (mm)

Handrail cross-section
shape

- Handrail circular shape
with circumferences
between 100-mm (32-mm
diameter)

and 160-mm (51-mm
diameter);

and handrail oval shape
with dimension of 50-mm
height and 37-mm width.
- Other handrail shapes
and dimensions

Handrail surface
texture

- comfortable handrail
surface texture (not too
smooth or not too rough)
- difficult to grasp (too
smooth handrail surface
texture or too rough
handrail surface texture)

Handrail extension

- 320< H,, on at least one
handrail <480 (mm)

- Hex OnN at least one
handrail > 480 (mm)

- NO Hex

- Hex On at least one
handrail <320 (mm)

Minimum handrail-
wall clearance

- Smooth wall surface and
Hex > 57-mm

- Rough wall surface and
Hexy = 75-mm

- Smooth wall surface and
Hex < 57-mm

- Rough wall surface and
Hex < 75-mm
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Number of feature (n), under lighting element (L), is 3 represented in Table 3.21.

Table 3.21: Features of lighting element (L)

Feature Alternative design

Feature N ’ soe i
eature o Feature’s name symbol | scenarios in each feature

- Lij > 300-lux

1 [llumination level Li - L; < 300-lux

- Lighting throughout
staircases is consistent
L. - Lighting throughout
staircases is not
consistent

Consistency of lighting
amount

- Light switch away
from staircases path
and two ways light
switch

- Light switch through
staircases path and two
way light switch

- Light switch through
staircases path and one
way light switch

- Light switch away
from staircases path
and one way light
switch

3 Light switches Ls
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Number of feature (n), step design element (S), is 3 represented in Table 3.22.

Table 3.22: Features of step design element (S)

Feature No

Feature’s name

Feature
symbol

Alternative design
scenarios in each feature

Going (Tread without
nosing) depth

- 280 < Sy (W/0 nosing)
<330 (mm)

- Sq (w/0 nosing) <280
(mm)

-S4 (w/0 nosing) >330
(mm)

Riser height

- 152< 5, <190 (mm)
- S <152 (mm)
- S, >190 (mm)

Nosing

- 15 < nosing dimension <
25 (mm) and rounded

- 15 < nosing dimension <
25 (mm) and not rounded
- Nosing dimension <15
(mm) and rounded

- Nosing dimension >25
(mm) and rounded

- Nosing dimension <15
(mm) and not rounded

- Nosing dimension >25
(mm) and not rounded

steps finishing
material

S

-Finish material provide
evened throughout the
staircases and provide
uniform slip-resistance
-Finish material provide
un-evened throughout the
staircases and provide
uniform slip-resistance
-Finish material provide
evened throughout the
staircases and provide not
uniform slip-resistance
-Finish material provide
un-evened throughout the
staircases and provide not
uniform slip-resistance
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3.4.2 Assessment calculations of staircase design

Giving the assumption that each feature, under each element, is affecting its
element independently, an average rating factor (R) for each element will be
calculated based on the rating factor (R) for its features, which is calculated
satisfying equation 3.5:

ROYZ(DROD)MN s 3.5

Where:

- Y isindex for element symbol.

- R(Y) is the average rating factor (R) for any element Y (for optimum
staircase design, R(Y) will be equal to 1.00).

- R(X) is the rating factor (R) for feature X (for optimum staircase design
features, R(X) will be equal to 1.00).

- n is the total number of features under element Y (from Tables 3.19,
3.20, 3.21 and 3.22, n=2 for staircase geometric design (G), n=6 for
handrail design element (H), n=3 for lighting element (L), and n=3 for
step design element (S), respectively).

- Xis index for feature symbol.

Equation 3.5 can be expanded for staircase geometric design element (G), using

n=2, as follows:
(€ (R E (T I T 3.6

where:

- R(G)is average rating factor (R) of staircase geometric design element

G).
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- R(G,)is rating factor (R) for types of staircase geometric design (Gg)

- R(G,)is rating factor (R) for number of steps per flight (Gs).

Equation 3.5 can be expanded for handrail design element (H), using n=6, as

follows:
R(H)=(R(H,)+R(H,)+R(H)+R(H)+R(H, )*R(H,,)) /6 -vvvvvvereeees 3.7
where:

- R(H) is average rating factor (R) of handrail design element (H).
- R(H,) is rating factor (R) for existing of handrail (He).

- R(H,)is rating factor (R) for handrail height (Hp).

- R(H,)is rating factor (R) for handrail cross-section (Hc).

- R(H,)is rating factor (R) for handrail surface texture (Hs).

- R(H,,)Is rating factor (R) for handrail extension (Hex).

- R(H,)is rating factor (R) for minimum handrail-wall clearance (H,)
Equation 3.5 can be expanded for lighting element (L), using n=3, as follows:
F_Q(L):(R(Li)+R(Lc)+R(LS))/3 ........................................................... 3.8

where:

- R(L)is average rating factor (R) of staircase geometric design element
(L).

- R(Li) is rating factor (R) for illumination level (Li).

- R(Lc) is rating factor (R) for consistency of lighting amount (Lc).

- R(Ls) is rating factor (R) for consistency of light switches (Ls).
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Equation 3.5 can be expanded for step design element (S), using n=3, as follows:

R(S)=(R(S,)*R(S)HR(S,)HR(S,) )/ 4 woovvvvvversvessessrisinesis 3.9

where:

- R(S)is average rating factor (R) of staircase geometric design element

(S).

- R(Sy) is rating factor (R) for Going (Tread without nosing) dimension
(Sy).

- R(S)) is rating factor (R) for Riser height dimension (S;).

- R(Sp) is rating factor (R) for nosing (Sy).

- R(Sy) is rating factor (R) for steps finishing material (Ss).

The developed R will be multiplied by the rating number (N) of the element; the
resultant rating number will be known as corrected rating number (N) satisfying
equation 3.10:

NL(Y)ZR (YY) NCY) coiiiireiecrnee st 3.10

where:

- Y is index for element symbol (i.e. G for staircase geometric design
element, H for handrail design element, L for lighting element, and S
for step design element)

- Nc(Y) is corrected rating number (N.) for design element Y.

- R(Y) is the average rating factor (R) for any element Y (for optimum
design scenario: R(Y)=1.0 and Nc(Y) will be equal to N(Y)).

- N(Y) is rating number (N) for design element Y (from Table 3.1:
N(G)=37, N(H)= 27, N(L)= 21 and N(S)=15).
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For staircase geometric design element (G), equation 3.10 will be represented as

follows:
NI = (€)1 [(C) OSSOSO 3.11

where:

- Nc(G) is corrected rating number (Nc) for staircase geometric design
element (G).

- R(G) is the average rating factor (R) for staircase geometric design
element (G).

- N(G) is rating number (N) for staircase geometric design element (G)
(from Table 3.1: N(G)=37).

For handrail design element (H), equation 3.10 will be represented as follows:
NL(H)ZR (H) N(H) oo 3.12

where:

- Nc(H) is corrected rating number (N.) for handrail design element (H).

- R(H) is the average rating factor (R) for handrail design element (H).

- N(H) is rating number (N) for handrail design element (H) (from
Table 3.1: N(H)=27).

For lighting element (L), equation 3.10 will be represented as follows:

NL(L)ZR (L) N(L) vttt 3.13
where:

- Nc(L) is corrected rating number (N) for lighting element (L).
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- R(L) is the average rating factor (R) for lighting element (L).
- N(L) is rating number (N) for lighting element (L) (from Table 3.1:
N(L)=21).

For step design element (S), equation 3.10 will be represented as follows:

NS TS LN 1 3.14

where:

- Nc(S) is corrected rating number (N.) for step design element (S).

- R(S) is the average rating factor (R) for step design element (S).

- N(S) is rating number (N) for step design element (S) (from Table 3.1:
N(S) =15).

The developed N, for each element, from equation 3.10, will be added to each
other, forming a general rating number (Ni) for the whole staircase architectural
design. The final N, for the staircase will reflect the degree this staircase can
reduce the risk of falling for older adults. N can be calculated satisfying the

following equation 3.15:

Nigiar =D NG (X) eereeeeeeeeeeeeseseeee 3.15

where:

- Ntotal is general rating number of the whole staircase architectural
design scenario (for optimum staircase architectural design scenario
Ntotal will be equal to 100).

- Nc (X) is corrected rating number (Nc) for staircase design element
(X).

- Xis adesignation parameter for design element symbol.
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Equation 3.15 can be expanded for staircase design elements as follows:

N o =N (G)+NL(H)FNL(L)HFNL(S) cvvveiinieiiiiiieieiii 3.16

total

where:

- Nt IS general rating number of the whole staircase architectural
design scenario (for optimum staircase architectural design scenario
Ntotal will be equal to 100).

- N¢(G) is corrected rating number (N;) for staircase geometric design
element (G).

- Nc(H) is corrected rating number (N.) for handrail design element (H).

- Nc(L) is corrected rating number (N;) for lighting element (L).

- N¢(S) is corrected rating number (N.) for step design element (S).

The calculated values of N and Nt Will be evaluated using assessment tables in

the following section.

3.4.3 Assessment tables of staircase design

This section illustrates the key assessment tables that are used to assess the
developed rating values for different staircase architectural design scenarios from
perspective of reducing the risk of falling for older adults. The assessment of
corrected rating number (N.) values for staircase geometrical design, handrail
design, lighting and step design elements are represented by Tables 3.23, 3.24,
3.25 and 3.26, respectively.
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Table 3.23: N¢(G) assessment for staircase geometrical design element

Design Assessment Assessment Explanation
Designation range
The risk of falling for older adults is optimally reduced
37 by the selected design element (Optimal design
Optimal element)
Design 35.37 The_ design element is slightly under the optimal
design element
The design element is under the optimal design
33-35
element
31-33 The design element is over the strong design element
30-31 The design element is slightly over the strong design
element
Strong 28-30 The risk of falling for older adults is strongly reduced
Design by the design element (Strong design element)
26-28 The design element is slightly under the strong design
element
24-26 The design element is under the strong design element
The design element is over the moderate design
22-24
element
The design element is slightly over the moderate
20-22 .
design element
Moderate The risk of falling for older adults is moderately
Desi 19-20 reduced by the design element (moderate design
esign
element)
The design element is slightly under the moderate
17-19 i
design element
The design element is under the moderate design
15-17
element
13-15 The design element is over the risk promoting design
element
The design element is slightly over the risk promoting
11-13 .
Risk design element
P . The risk of falling for older adults is promoted by the
romoting 9-11 ; . . !
Desian design element (Risk promoting design element)
g The risk of falling for older adults is highly increased
7-9 .
by the design element
The risk of falling for older adults is strongly
6-7 . )
increased by the design element
The risk of falling for older adults is over the highest
4-6 . .
risk of falling
Highest 24 The risk of falling for older adults is slightly over the
Risk Design highest risk of falling
0-2 The highest risk of falling or the design element does
not exist
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Table 3.24: N¢(H) assessment for staircase handrail design element

Design Assessment Assessment Explanation
Designation range
The risk of falling for older adults is optimally
27 reduced by the selected design element (Optimal
Optimal design element)
Pt The design element is slightly under the optimal
Design 26-27 .
design element
The design element is under the optimal design
24-26
element
23-24 The design element is over the strong design element
9923 The design element is slightly over the strong design
element
The risk of falling for older adults is strongly reduced
Stron -
Desig?w 20-22 by the design element (Strong design element)
The design element is slightly under the strong
19-20 .
design element
The design element is under the strong design
18-19
element
The design element is over the moderate design
16-18
element
The design element is slightly over the moderate
15-16 .
design element
Moderate The risk of falling for older adults is moderately
Desi 14-15 reduced by the design element (moderate design
esign
element)
The design element is slightly under the moderate
12-14 .
design element
The design element is under the moderate design
11-12
element
9-11 The design element is over the risk promoting design
element
8-9 The design element is slightly over the risk
Risk promoting design element
SK The risk of falling for older adults is promoted by the
Promoting 7-8 desi . . :
Design esign element (Risk promoting design element)
The risk of falling for older adults is highly
5-7 . .
increased by the design element
The risk of falling for older adults is strongly
4-5 . .
increased by the design element
3.4 The risk of falling for older adults is over the highest
risk of falling
Highest 13 The risk of falling for older adults is slightly over the
Risk Design highest risk of falling
0-1 The highest risk of falling or the design element does
not exist
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Table 3.25: N¢(L) assessment for lighting element

Design Assessmen
Designatio Assessment Explanation
n t range
The risk of falling for older adults is optimally
21 reduced by the selected design element (Optimal
Optimal design element)
p The design element is slightly under the optimal
Design 20-21 .
design element
The design element is under the optimal design
19-20
element
18-19 The design element is over the strong design element
17-18 The design element is slightly over the strong design
element
The risk of falling for older adults is strongly
Stro_ng 16-17 reduced by the design element (Strong design
Design element)
The design element is slightly under the strong
15-16 .
design element
The design element is under the strong design
14-15
element
The design element is over the moderate design
13-14
element
The design element is slightly over the moderate
12-13 .
design element
Moderate The risk of falling for older adults is moderately
Desi 11-12 reduced by the design element (moderate design
esign
element)
9-11 The design element is slightly under the moderate
design element
8-9 The design element is under the moderate design
element
7.8 The design element is over the risk promoting design
element
6-7 The design element is slightly over the risk
Risk promoting design element
) The risk of falling for older adults is promoted by the
Promoting 5-6 . . - !
Desian design element (Risk promoting design element)
g 45 The risk of falling for older adults is highly
increased by the design element
The risk of falling for older adults is strongly
3-4 . .
increased by the design element
The risk of falling for older adults is over the highest
2-3 . .
risk of falling
Highest 1.2 The risk of falling for older adults is slightly over the
Risk Design highest risk of falling
0-1 The highest risk of falling or the design element does
not exist
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Table 3.26: N¢(S) assessment for step design element

Design Assessment

. . Assessment Explanation
Designation range

The risk of falling for older adults is optimally
15 reduced by the selected design element (Optimal
design element)

The design element is slightly under the optimal
design element

13-14 The design element is under the strong design element

Strong 12-13 The design element is over the strong design element

Design 11-12 The risk of falling for older adults ?s strongly reduced
by the design element (Strong design element)

10-11 The design element is under the strong design element
The design element is over the moderate design

Optimal
Design

14-15

9-10

element
The risk of falling for older adults is moderately
Moderate 8-9 reduced by the design element (moderate design
Design element) —
7.8 The design element is slightly under the moderate
design element
6.7 The design element is under the moderate design
element
5.6 The design element is over the risk promoting design
_ element
Risk 45 The risk of falling for older adults is promoted by the
Promoting design element (Risk promoting design element)
] 3-4 The risk of falling for older adults is highly increased
Design by the design element
9.3 The risk of falling for older adults is strongly
increased by the design element
12 The risk of falling for older adults is slightly over the
Highest highest risk of falling
Risk Design 0-1 The highest risk of falling or the design element does
not exist

Staircase general rating number (Nta) for whole staircase design scenario can be

assessed using Table 3.27.
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Table 3.27: Nt assessment for whole staircase design scenario

Design | Assessm
Designat ent Assessment Explanation
ion range
100 The risk of falling for older adults is optimally reduced
by the selected staircase design (Optimal staircase
Optimal design)
Dptl_ma 95-100 | The staircase design is slightly under the optimal
esign - .
staircase design
90-95 | The staircase design is under the optimal staircase
design
85-90 | The staircase design is over the strong staircase design
80-85 | The staircase design is slightly over the strong staircase
design
Strong 75-80 | The risk of falling for older adults is strongly reduced
Design by the staircase design (Strong staircase design)
70-75 | The staircase design is slightly under the strong
staircase design
65-70 | The staircase design is under the strong staircase design
60-65 | The staircase design is over the moderate staircase
design
55-60 | The staircase design is slightly over the moderate
staircase design
M 50-55 | The risk of falling for older adults is moderately
oderat . . i
i reduced by the staircase design (moderate staircase
e Design desi
esign)
45-50 | The staircase design is slightly under the moderate
staircase design
40-45 | The staircase design is under the moderate staircase
design
35-40 | The staircase design is over the risk promoting
staircase design
30-35 | The staircase design is slightly over the risk promoting
Risk staircase design
ISK. 25-30 | The risk of falling for older adults is promoted by the
Promotin - . . . . .
g Design stalrcgse deS|gn_s (Risk promoting s_talr_case c_jeS|gn)
20-25 | The risk of falling for older adults is highly increased
by the staircase design
15-20 | Therisk of falling for older adults is strongly
increased by the staircase design
10-15 | The risk of falling for older adults is over the highest
Highest risk of falling
Risk 5-10 The risk of falling for older adults is slightly over the
Design highest risk of falling
0-5 The highest risk of falling
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3.5 Developed Design Assessment Tree (DAT)

Design Assessment Tree (DAT) can be described as a decision tree that has
only decision nodes; therefore, there are no portability values for the tree
branches. An individual Design Assessment Tree (DAT) is developed for each
staircase element, representing the scenarios of each feature, as illustrated in
Figure 3.11.

105X ;ul—‘
1 2
Usshape stais] prbar of steps per Hight [4)
1 2
TEN 1¢|—<
0 1.6
-§ Il—‘
0.35 1.35
0.25 125
Sub-Lewel for stairs geometrical design
1 1.8
mber of steps per Hight (<]
1.8
14
115
| 0.25 1.05

Figure 3.11 Screen shot of the staircase geometric design DAT

As illustrated in Figure 3.12, each individual branch in the DAT will carry the
rating factor (R) of each scenario. At the end of each DAT branches, there will be
3 columns: 1% column is for R (calculated satisfying equation 3.5) multiplied by n
(total number of features in the DAT); 2" column is R value for each design
scenario, and it is calculated by satisfying equation 3.5; 3" column is for N. value
for each design scenario, and it is calculated by satisfying equation 3.10. Nioa IS

the summation of N values for selected design scenario from each DAT. N IS
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calculated satisfying equation 3.16. DAT for each design element is capable to

show optimum and worst design scenarios, as illustrated if Figure 3.13.

R*n R N.
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1 3
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Figure 3.12 Screen shot of the lighting DAT illustrates R and N,
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Figure 3.13 Screen shot of the staircase geometrical design DAT
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3.6 Implementation of the Developed Rating System — Case
Studies

In this section, three practical case studies of staircases are evaluated from
the perspective of reducing the risk of falling for older adults using the proposed
methodology. The three case studies are: 1) straight staircases without landing, 2)
U-shape staircases, and 3) quarter turn staircases. The purpose of this section is to
provide an example of how to implement the proposed calculations provided in
the methodology and how to use DAT for the same purpose. A comparison
between U-shaped staircases and quarter turn staircases is provided in this section.
U-shaped staircases and the quarter turn staircases are chosen to represent two
close staircase geometries, in order to track the effect of the staircase geometrical
design element in the final assessment of the staircase. In addition, a sensitivity
analysis is provided at the end of this section in order to examine the level of
confidence in the assumption of having a 25% difference between the rating
numbers of the four elements. This sensitivity analysis is applied through a
comparison between the U-shaped staircases and the straight staircases without
landing.

3.6.1 Straight staircases without landing

The proposed staircase, illustrated in Figure 3.14, is for straight staircases without
landing with the following specifications: number of steps per flight = 16, handrail
height = 900-mm and it exists in one side only, handrail cross-section shape is rectangle
with smoothed edges, illumination level = 250-lux, lighting throughout staircases is
consistent, light switch away from staircases path and two ways light switch, going

dimension = 269-mm, riser height = 174-mm, nosing dimension = 40-mm.
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Figure 3.14(a) Perspective of straight staircases without landing and (b) plan

for it

3.6.1.1 Staircase assessment using tables and calculations

The following Tables (3.28, 3.29, 3.30 and 3.31) illustrate: 1) the different
features under each design element; 2) R values for all design features; and 3)

tables used to get values of R.

Table 3.28: Features of staircase geometric design element (G)

Featur | Feature’s Featur Proposed design Rating | Table

e No name e factor | usedto

symbol R) get (R)

1 Staircase Gy Straight staircases 0.4 Table
geometry without landing 3.1

2 Number of Gs (Gs=16 steps) > 12 0.25 Table
steps per flight 3.4
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Table 3.29: Features of handrail design element (H)

Feature | Feature’s Feature Proposed design Rating Table
No name symbol factor | used to get
(R) (R)
1 Handrail H. One handrail 0.7 Table 3.5
existence
2 Handrail Hh (Hh=900) <910-mm 0.4 Table 3.6
height
3 Handrail H. Other handrail shapes and 0.7 Table 3.7
cross-section dimensions
shape
4 Handrail Hs comfortable handrail 1 Table 3.8
surface surface texture (not too
texture smooth or not too rough)
5 Handrail Hex No handrail extension 0.5 Table 3.9
extension
6 Minimum Huw Smooth wall surface and 1 Table
Handrail- handrail-wall clearance > 3.10
wall 57-mm
clearance
Table 3.30: Features of lighting element (L)
Feature | Feature’s | Feature Proposed design Rating | Table used
No name symbol factor | to get (R)
(R)
1 illumination L; (Li=250-lux) < 300-lux 0.4 Table 3.11
level
2 consistence L. Lighting throughout 1 Table 3.12
lighting staircases is consistent
amount
3 light Ls Light switch away from 1 Table 3.13
switches staircases path and two
ways light switch

76




Table 3.31: Features of step design element (S)

Feature | Feature’ | Feature Proposed design Rating Table
No sname | symbol factor used to
(R) get (R)
1 Going Sy (Sg= 269-mm) < 280- 0.4 Table
(Tread mm 3.15
without
nosing)
depth
2 Riser S, 152< (S, = 174- 1 Table
height mm)<190-mm 3.16
3 nosing Sn (Nosing 0.5 Table
dimension=40-mm) 3.17
>25-mm and not
rounded
4 steps S Finish material 1 Table
finishing provide evened 3.18
material throughout the
staircases and provide
uniform slip-
resistance

The average rating factor (R) for staircase geometrical design element (G) is

calculated satisfying equation 3.6 as follows:

R(G) = (0.4+ 0.25)/2=0.325.....oooervvccscvreerssscscsnneessssssseess s 3.17

The average rating factor (R) for handrail design element (H) is calculated

satisfying equation 3.7 as follows:

R(H) = (0,7 +04+07+1+05+ 1)/6 Z 072 ceeerrniineeeeeee
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The average rating factor (R) for lighting element (L) is calculated satisfying

equation 3.8 as follows:
R(L) = (0.4 +1+1)/3=0.8 cremremsmsmnmisinnnisissssssssinaa, 3.19

The average rating factor (R) step design element (S) is calculated satisfying

equation 3.9 as follows:
R(S) = (0.4 +1+0.5+1)/4=0.725 cssermsesssrisiinisisiie, 3.20

The corrected rating number for staircase geometric design element (G) is
calculated satisfying equation 3.11 as follows:

N_(G) = R (G) N(G) = 0.325%*37 = 12.025 «vevvverevereriiiieieisiinissneinas 3.21

The corrected rating number for the staircase geometrical design (Nc(G)) is
12.025; from Table 3.23, N¢(G)= 12.025 means that the design element is slightly

over the risk promoting design element (risk promoting design).

The corrected rating number for handrail design element (H) is calculated

satisfying equation 3.12 as follows:

N.(H) = R (H) N(H) = 0.72%27 = 19.35 «reevrvreerrininnineennnssenees 3.22

The corrected rating number for the handrail design (N¢(H)) is 19.35; from Table
3.1, N¢(H)=19.35 means that the risk of falling for older adults is moderately
reduced by the design element (moderate design).

The corrected rating number for lighting element (L) is calculated satisfying

equation 3.13 as follows:

N_(L) = R (L) N(L) = 0.8%21 = 16.8cvevevrrreerereiiiiiieisieesieies 3.23
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The corrected rating number for lighting element (N¢(L)) is 16.80; from Table 3.1,
N¢(L)=16.80 means that the risk of falling for older adults is strongly reduced by
the design element (strong design).

The corrected rating number for steps design element (S) is calculated satisfying

equation 3.14 as follows:

N.(S) = R (S) N(S) = 0.725%15 = 10.88 +-+vrerererereriiincieiiiiisssseisieins 3.24

The corrected rating number for the step design (N¢(S)) is 10.88; from Table 3.26,
N¢(S)=10.88 means that the design element is under the strong design element
(strong design).

The general rating number (N) for the whole staircase architectural design is

calculating satisfying equation 3.16 as follows:

Niw = N (C)FN (H)FN(L+N(S) ] 3.25

=12.025+19.35+16.8+10.875=59.05

Niwtai, general rating number of the whole proposed staircase architectural design,
is 59.05; from Table 3.27, Nw=59.05 means that the staircase design is slightly
over the moderate staircase design (moderate design).

3.6.1.2 Staircase assessment using DAT

The corrected rating numbers of different elements can be extracted directly from

the DAT for each design scenario. The corrected rating number N_(G)can be

extracted from DAT for staircase geometrical design, as illustrated in Figure 3.15
(the highlighted part). N_(G)value extracted from DAT is 12.03 which is the

same as the value that has been calculated previously in equation 3.21. Other
corrected rating numbers (N¢(H), N¢(L) and N¢(S)), can be found using the same

procedures used for N_(G), and their values are the same as the values that has
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been calculated previously using equations 3.22, 3.23 and 3.24, respectively. By
using equation 3.16, the general rating number of the whole staircase architectural
design scenario (Nioar) IS the same as the value that has been previously calculated
(Ntta=59.05) by using equation 3.25.

1.6 0.80 29.50
1.2 060 22.20
0.95 0.48 17.58
0.85 043 1573
1.4 070 2590
|-| Straight stairs without landing

1 050 1B50
075 038 1388
0.65 0.33
1.3 065 2405

Figure 3.15 Staircase geometrical design rating number for the case study

3.6.2 U-shape staircases

The proposed staircase, illustrated in Figure 3.16, is for U-shape staircases with
the following specifications: number of steps per flight = 8, handrail height = 900-
mm and it exists in one side only, handrail cross-section shape is rectangle with
smoothed edges, illumination level = 250-lux, lighting throughout staircases is
consistent, light switch away from staircases path and two ways light switch,

going dimension = 269-mm, riser height = 174-mm, nosing dimension = 40-mm.
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Figure 3.16 (a) Perspective of U-shape staircase and (b) plan for it

3.6.2.1 Staircase assessment using tables and calculations

The following Tables (3.32, 3.33, 3.34 and 3.35) illustrate: 1) the different
features under each design element; 2) R values for all design features; and 3)

tables used to get values of R.

Table 3.32: Features of staircase geometric design element (G)

Feature | Feature’s | Feature Proposed design Rating | Table
No name symbol factor | usedto
(R) | get(R)
1 Staircase Gy U-shape staircase 1 Table
geometry 3.1
2 Number of Gs 7 > (Gs=8 steps) > 10 0.6 Table
steps per 3.4
flight
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Table 3.33: Features of handrail design element (H)

Feature | Feature’s | Feature Proposed design Rating | Table
No name symbol factor | used to
(R) | get(R)
1 Handrail H. One handrail 0.7 Table
existence 3.5
2 Handrail Hh (Hn=900) <910- 0.4 Table
height mm 3.6
3 Handrail H. Other handrail 0.7 Table
Cross- shapes and 3.7
section dimensions
shape
4 Handrail Hs comfortable handrail 1 Table
surface surface texture (not 3.8
texture too smooth or not too
rough)
5 Handrail Hex No handrail 0.5 Table
extension extension 3.9
6 Minimum Hy Smooth wall surface 1 Table
Handrail- and handrail-wall 3.10
wall clearance > 57-mm
clearance
Table 3.34: Features of lighting element (L)
Feature Feature’s Feature Proposed design Rating | Table
No name symbol factor | used to
R) | get(R)
1 illumination Li (Li=250-lux) <300-lux | 0.4 Table
level 3.11
2 consistency of L. Lighting throughout 1 Table
lighting staircases is consistent 312
amount
3 light switches L Light switch away from 1 Table
staircases path and two 3.13
ways light switch
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Table 3.35:

Features of step design element (S)

Feature | Feature’s | Feature Proposed design Rating | Table
No name symbol factor | used to
(R) | get(R)
1 Going Sy (Sg= 269-mm) < 280- 0.4 Table
(Tread mm 3.15
without
nosing)
depth
2 Riser S 152< (S, = 174- 1 Table
height mm)<190-mm 3.16
3 nosing S, (Nosing dimension=40- 0.5 Table
mm) >25-mm and not 3.17
rounded
4 steps St Finish material provide 1 Table
finishing evened throughout the 3.18
material staircases and provide
uniform slip-resistance

The average rating factor (R) for staircase geometrical design element (G) is

calculated satisfying equation 3.6 as follows:

R(G) = (1+0.6)/2= 0.8 coovorsocccvreeeesssccissseeeessssssssneess 3.26

The average rating factor (R) for handrail design element (H) is calculated
satisfying equation 3.7 as follows:

R(H) = (0,7 +04+07+1+05+ 1)/6 Z0.72 e 3.27

equation 3.8 as follows:

The average rating factor (R) for lighting element (L) is calculated satisfying
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R(L) = (0. 4+ 1+1)/3=0.8 oo 3.28

The average rating factor (R) step design element (S) is calculated satisfying

equation 3.9 as follows:
R(S) = (0.4+1+05+1)/4=0.725 i 3.29

The corrected rating number for staircase geometric design element (G) is

calculated satisfying equation 3.11 as follows:

N.(G) = R (G) N(G) = 0.8*37 = 29.6 +vrerererrrrrrerersisisiisisieisisisnssenesnnas 3.30

The corrected rating number for the staircase geometrical design (N¢(G)) is 29.6;
from Table 3.23, N(G)= 29.6 means that the risk of falling for older adults is
strongly reduced by the design element (strong design).

The corrected rating number for handrail design element (H) is calculated

satisfying equation 3.12 as follows:

N, (H) = R (H) N(H) = 0.72%27 = 19.35 ovoeeiriiiieissnsce, 3.31

The corrected rating number for the handrail design (N¢(H)) is 19.35; from Table
3.1, N¢(H)=19.35 means that the risk of falling for older adults is moderately

reduced by the design element (moderate design).

The corrected rating number for lighting element (L) is calculated satisfying
equation 3.13 as follows:

N_(L) = R (L) N(L) = 0.8%21 = 16.8cvevevrvreereieieiiieicieieeieee 3.32
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The corrected rating number for lighting element (N¢(L)) is 16.80; from Table 3.1,
N¢(L)=16.80 means that the risk of falling for older adults is strongly reduced by
the design element (strong design).

The corrected rating number for steps design element (S) is calculated satisfying

equation 3.14 as follows:

N.(S) = R (S) N(S) = 0.725%15 = 10.88 +-+vrerererereriiincieiiiiisssseisieins 3.33

The corrected rating number for the step design (N¢(S)) is 10.88; from Table 3.26,
N¢(S)=10.88 means that the design element is under the strong design element
(strong design).

The general rating number (N) for the whole staircase architectural design is

calculating satisfying equation 3.16 as follows:

Niw = N (C)FN (H)+N (LN (S) ] 3.34
—29.6+19.35+16.8+10.875 = 76.63

Niwtai, general rating number of the whole proposed staircase architectural design,
is 76.63; from Table 3.27, Niw=76.63 means that the risk of falling for older
adults is strongly reduced by the staircase design (strong staircase design).

3.6.2.2 Staircase assessment using DAT

The corrected rating numbers of different elements can be extracted directly from

the DAT for each design scenario. The corrected rating number N:(©) can be
extracted from DAT for staircase geometrical design, as illustrated in Figure 3.17

N.(G) value extracted from DAT is 29.6 which is the same

(the highlighted part).
as the value that has been calculated previously in equation 3.30 . Other corrected
rating numbers (Nc(H), Nc(L) and Nc(S)), can be found using the same

N, (G)

procedures used for , and their values are the same as the values that has
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been calculated previously using equations 3.31, 3.32 and 3.33, respectively. By
satisfying equation 3.16, the general rating number of the whole staircase
architectural design scenario (Nwt) IS the same as the value that has been
previously calculated (Ni=76.63) by using equation 3.34.

R*n R N

2 100 37.00

16 D.SD
1.35 0.68 24.98

1.25 0.63 23.13

st Sub-Level for stairs geometrical design
2

1.8 0.90 33.30

14 0.70 25.90

115 0.538 21.28

Figure 3.17 Staircase geometrical design rating number for the case study

3.6.3 Quarter turn staircases

The proposed staircase, illustrated in Figure 3.18 , is for quarter turn staircases
with the following specifications: number of steps per flight = 8, handrail height =
900-mm and it exists in one side only, handrail cross-section shape is rectangle
with smoothed edges, illumination level = 250-lux, lighting throughout staircases
is consistent, light switch away from staircases path and two ways light switch,

going dimension = 269-mm, riser height = 174-mm, nosing dimension = 40-mm.
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(a) (b)

Figure 3.18 (a) Perspective of quarter turn staircase and (b) plan for it

3.6.3.1 Staircase assessment using tables and calculations

The following Tables (3.36, 3.37,3.38 and 3.39) illustrate: 1) the different features
under each design element; 2) R values for all design features; and 3) tables used
to get values of R.

Table 3.36: Features of staircase geometric design element (G)

Feature | Feature’s | Feature Proposed design Rating | Table
No name symbol factor | usedto
(R) | get(R)
1 Staircase Gy Quarter turn staircase 0.8 Table
geometry 3.1
2 Number of G 7 > (Gs=8 steps) > 10 0.6 Table
steps per 3.4
flight
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Table 3.37: Features of handrail design element (H)

Feature | Feature’s | Feature Proposed design Rating | Table
No name symbol factor | usedto
(R) get (R)
1 Handrail H. One handrail 0.7 Table
existence 35
2 Handrail H, (Hh=900) <910-mm 0.4 Table
height 3.6
3 Handrail H. Other handrail shapes 0.7 Table
cross-section and dimensions 3.7
shape
4 Handrail H, comfortable handrail 1 Table
surface surface texture (not too 3.8
texture smooth or not too
rough)
5 Handrail Hex No handrail extension 0.5 Table
extension 3.9
6 Minimum H,, Smooth wall surface 1 Table
Handrail- and handrail-wall 3.10
wall clearance > 57-mm
clearance
Table3.38: Features of lighting element (L)
Feature | Feature’s | Feature Proposed design Rating | Table
No name symbol factor | usedto
(R) get (R)
1 illuminatio L (Li=250-1lux) < 300-lux 0.4 Table
n level 3.11
2 consistency L. Lighting throughout 1 Table
of lighting staircases is consistent 3.12
amount
3 light L Light switch away from 1 Table
switches staircases path and two 3.13
ways light switch '
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Table 3.39: Features of step design element (S)

. Rating | Table
Fe;tg re Fer?;lrlnr: s E;ﬁ:g;le Proposed design factor | usedto
(R) get (R)
Going
(Tread
1 without S, (Se= 269-mm) <280-mm | 0.4 T;‘i’:_)e
nosing) '
depth
2 Riser s 152<(Sy = 174-mm)<190- 1 Table
height ' mm 3.16
(Nosing dimension=40- Table
3 nosing Sh mm) >25-mm and not 0.5 317
rounded '
Finish material provide
evened throughout the
steps staircases and provide Table
4 finishing St uniform slip-resistance 1 318
material '

The average rating factor (R) for staircase geometrical design element (G) is
calculated satisfying equation 3.6 as follows:

R(G) = (0.8+0.6)/12=0.7

The average rating factor (R) for handrail design element (H) is calculated
satisfying equation 3.7 as follows:

R(H)= (0.7+04+0.7+1+0.5+1)/6 =0.72

The average rating factor (R) for lighting element (L) is calculated satisfying
equation 3.8 as follows:

R(L)=(04+1+1)/3=0.8
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The average rating factor (R) step design element (S) is calculated satisfying

equation 3.9 as follows:
R(S) = (0.4+1+0.5+1)/4=0.725 crsermseissminiinsinissi 3.38

The corrected rating number for staircase geometric design element (G) is

calculated satisfying equation 3.11 as follows:

N.(G) = R (G) N(G) = 0.7*%37 = 25.9 «vrerrrrrniiressnnsisssisssnas 3.39

The corrected rating number for the staircase geometrical design (N¢(G)) is 25.9;
from Table 3.23, N¢(G)= 25.9 means that The design element is under the strong

design element.

The corrected rating number for handrail design element (H) is calculated
satisfying equation 3.12 as follows:

N.(H) = R (H) N(H) = 0.72%27 = 19.35 «eeevvvreereinininineeininisssneees 3.40

The corrected rating number for the handrail design (N¢(H)) is 19.35; from Table
3.1, N¢(H)=19.35 means that the risk of falling for older adults is moderately

reduced by the design element (moderate design).

The corrected rating number for lighting element (L) is calculated satisfying
equation 3.13 as follows:

N_(L) = R (L) N(L) = 0.8%21 = 16.8cvevevrvreereieieiiieisieeiiecieie 3.41
The corrected rating number for lighting element (N¢(L)) is 16.80; from Table 3.1,

N¢(L)=16.80 means that the risk of falling for older adults is strongly reduced by
the design element (strong design).
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The corrected rating number for steps design element (S) is calculated satisfying

equation 3.14 as follows:

N.(S) = R (S) N(S) = 0.725%15 = 10.88 «-vererrrrrerrmeremsmnnenenininenenenenenns 3.42

The corrected rating number for the step design (N¢(S)) is 10.88; from Table 3.26,
N¢(S)=10.88 means that the design element is under the strong design element
(strong design).

The general rating number (Nt) for the whole staircase architectural design is

calculating satisfying equation 3.16 as follows:

Niga= N (G)+N (H)+N (L)+N(S) i, 3.43

=25.9+19.35+16.8+10.875=72.93

Niwta, general rating number of the whole proposed staircase architectural design,
is 72.93; from Table 3.27, Nia=72.93 means that the staircase design is slightly

under the strong staircase design.

3.6.3.2 Staircase assessment using DAT

The corrected rating numbers of different elements can be extracted directly from

the DAT for each design scenario. The corrected rating number Ne(©)can be
extracted from DAT for staircase geometrical design, as illustrated in Figure 3.19

N.(G) value extracted from DAT is 25.9 which is the same

(the highlighted part).
as the value that has been calculated previously in equation 3.39 . Other corrected
rating numbers (Nc(H), Nc(L) and Nc(S)), can be found using the same

NC(G), and their values are the same as the values that has

procedures used for
been calculated previously using equations 3.40, 3.41 and, 3.42, respectively. By
using equation 3.16, the general rating number of the whole staircase architectural
design scenario (Nta) is the same as the value that has been previously calculated

(Ntota=72.93) by using equation 3.43.
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Figure 3.19 Staircase geometrical design rating number for the case study

3.6.4 Comparison between U-shaped staircases and quarter turn

staircases

The previous case studies are used to track the effect of the staircase geometrical
design element in the final assessment of the staircase. U-shaped staircases and
quarter turn staircases are being assessed as two close staircase geometries by
changing only the staircase geometry and keeping the handrail, lighting and step
specifications the same, as illustrated in Table 3.40. The average rating factor for
staircase geometrical design element R(G)for U-shaped staircases is 0.8, and for
quarter turn staircases is 0.7; accordingly, the corrected rating number for
staircase geometrical design element N_(G) for U-shaped staircases is 29.6, and
for quarter turn staircases is 25.9. This affects the general rating number of the
whole staircase architectural design (Niwt) for U-shaped staircases to be 76.63
(which means: the risk of falling for older adults is strongly reduced by the
staircase design), and for quarter turn staircases to be 72.93 (the staircase design is
slightly under the strong staircase design). In conclusion, both U-shaped staircases
and quarter turn staircases are considered to be “strong design”; however the U-

shaped staircase design provides a better geometry than the quarter turn staircases,
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from the perspective of reducing the risk of falling for older adults. This makes

the quarter turn stairs slightly under the strong design compared to the U-shaped

staircases.

Table 3.40: Average rating factor for U-shapes and quarter turn staircase (S)

The average rating factor U-shape staircases Quarter turn staircases
R(G) 0.8 0.7
R(H) 0.716666667 0.716666667
R(L) 0.8 0.8
R(S) 0.725 0.725
N.(G) 29.6 25.9
Niotal 76.63 72.93

3.6.5 Sensitivity analysis

In this research, in order to compare the elements according to how much each of
them reduces the risk of falling for older adults, a constant percentage of 25% is
assumed to be the difference between the rating numbers of the four elements
(staircase geometrical design, handrail design, lighting and step design elements).
It’s important to note that this research provides a framework for the staircase
assessment through the proposed methodology, and that the purpose of this study
is to give an integrated approach for that framework that’s based on evidence-

based studies.

In this section a sensitivity analysis is developed in order to examine the level of
confidence in the previous assumption (25% difference between the rating
numbers of the four elements). The sensitivity analysis is based on comparing two
different types of staircase design geometry presented in the previous case studies;
1) the straight staircases without landing which has been found to be highly
associated with a high risk of falling (Covinsky et al. 2009; Templer 1992b), 2)
the U-shaped staircases which has been found to be one of the optimal staircase

designs from the perspective of reducing the risk of falling (Svanstrom 1974,
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Templer 1992b). As illustrated in Table 3.41, the general rating number (Niota) iS
being compared for the two staircase designs in four cases: 1) if the difference
between the rating numbers of the four elements is zero, which means the weight
for all the design elements is the same, or in other words, the four elements
participate in reducing the risk of falling equally; 2) if the difference between the
rating numbers of the four elements is 25%; 3) if the difference between the rating
numbers of the four elements is 50%; 4) if the difference between the rating
numbers of the four elements is 75%.

Table 3.41: General rating number at 0, 25%, 50%, and 75% difference

igh
v | e e | o | e | son |
factor without landing staircase difference | difference | difference | difference

R(G) 0.33 0.8 25 37 53.3 75.3
R(H) 0.72 0.72 25 27 26.7 18.8

R(L) 0.8 0.8 25 21 13.3 a7

R(S) 0.73 0.73 25 15 6.7 1.2
Straight staircases without landing (N 64.17 59.05 51.96 42.58
U-shape staircases (Na) 76.04 76.63 77.27 78.34

The result of that sensitivity analysis can be presented by the comparison chart
illustrated in Figure 3.20. In this chart, the general rating number Ny for straight
staircases without landing has been found to be reduced by increasing the
difference between the rating numbers of the four elements; this emphasizes the
fact that this staircase design geometry is associated with a higher risk of falling.
Also, the general rating number N for U-shaped staircases has been found to
be increased by increasing the difference between the rating numbers of the four
elements; this emphasizes the fact that the U-shaped staircase geometry reduced
the risk of falling for older adults more than the staircases without landing, and
gives a better assessment as the general rating number goes higher. However,
looking closely at the weight of the average rating number for the 50% and 75%

difference between the rating numbers of the four elements, the average rating
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number for the step design is 6.7 and 1.2 out of a total of 100 for the four design
elements, which are very small numbers compared to the average rating number
for the staircase geometrical design (53.3 and 75.3, respectively). From
architecture perspective, step design is one of the effective elements in the
staircase design, and the weight of 6.7 and 1.2 makes it irrelevant compared to the
staircase geometrical design. Therefore, 50% and 75% difference between the

rating numbers of the four elements will be excluded.

100

g% ctoronses
80 —
§ 70 = — without
fn 60 landing (N
g 50 total)
é_:“ 40 == U-shape
g 30 staircases
g 20 (N total)
o 10
0
0 25 50 75

Difference Between Elements (%)

Figure 3.20 comparison between the general rating no of two staircase design

Looking to the general rating number (Nta) for 0 and 25% difference between
the rating numbers of the four elements, the general rating numbers are very close
in the case of U-shaped staircases (76.04 and 76.63). This gives the same result
,from Table 3.27, that the staircase design is a “strong design”. In addition, the
general rating numbers are close in the case of straight staircases without landing
(64.16 and 59.05). This gives the same result, from Table 3.27, that the staircase
design is a “moderate design”. However, taking into consideration that the
number 59.05 expresses a lower design assessment for the straight staircase

without landing which emphasizes more the fact that this design is highly
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associated with the probability of increasing the risk of falling for older adults;
therefore, the assumption of 25% is hypothetically the closest to emphasizing the
fact that the U-shaped staircases are highly associated with reducing the risk of
falling for older adults and the straight staircases are highly associated with

increasing the risk of falling for older adults.
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CHAPTER 4: CONCLUSION

4.1 Research Conclusion

This research proposes an innovative assessment for staircase architectural
design which aims to reduce the risk of falling for older adults (65 years and
older). The assessment has been developed by evidence-based analysis of the
staircase elements. The staircase consists of four elements: 1) staircase
geometrical design; 2) handrail design; 3) lighting; and 4) step design. The
elements are followed by a number of features. Each design feature is evaluated
according to its effect on reducing the risk of falling for older adults. The
integrated staircase rating system will enable the designer to assess the proposed
staircase’s design aiming to reduce the risk of falling for older adults.
Additionally the developed integrated staircase rating system can be used as a
design tool to improve the staircase design through choosing alternative features.
However, it should be noted that even with improving the staircase design older
adults might experience falling.

A rating number (N) will be assigned to each element, representing the degree
each element can effectively reduce the risk of falling for older adults on
staircases. Each design feature is rated using rating factor (R). As each feature is
assumed to affect its element independently, the average rating factor (R) is
calculated based on the R values of the design features under each element. From
N and R, a corrected rating number (N) is calculated for each element. This N
enables the designer to rate each element in the staircase design. The summation
of the elements’ N values gives the total rating number that evaluates the whole
staircase architectural design. A Design Assessment Tree (DAT) is developed,
representing the four of the staircase elements and its associated features, which
form the staircase design scenarios. Each element has its own developed DAT.
The DAT enables the designer to extract directly the values of R and N, for each

element design scenario.
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4.2

Research Contribution

A staircase architectural design assessment has been developed which
aims to reduce the risk of falling for older adults living independently in
their homes. An evidence-based integrated architectural approach has been
developed through constructing the staircase element analysis as part of
improving the surrounding environment for older adults. The integrated
architectural approach has been constructed through dividing the staircase
into four elements: 1) staircase geometrical design; 2) handrail design; 3)
lighting; and 4) step design.

A complete rating system has been developed to assess the degree each
design scenario reduces the risk of falling for older adults. The developed
rating system is built based on groups of rating factors and numbers. A
mathematical model is developed to evaluate each design element
individually as well as the whole staircase design.

A Design Assessment Tree has been developed containing different design
scenarios for staircases as well as the rating number for each design
scenario, which form a comprehensive vision of different design

alternatives, and show the optimum design scenario for each element.

4.3 Proposed Future Research

In addition to staircase assessment, this research is providing a whole set of

recommended alternatives for staircase design features. These recommended

alternatives can optimally reduce the risk of falling for older adults, and can be

used to develop a better staircase for older adults’ users. Additionally, the

developed integrated assessment rating system forms a foundation for future

rating systems that will be developed for older adults’ applications. The following

are future development recommendations:
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1. The proposed future research will expand, adopting the same integrated
rating system, to include other house elements such as bathroom design,
kitchen design and bedroom design assessment with the common aim of
supporting older adults living independently in their communities.

2. The developed integrated assessment rating system and DAT can be
used to develop an architectural assessment software program. This
architectural assessment program can be incorporated into building
information modeling (BIM). Furthermore, the developed rating system
can be integrated with Computer-Aided Design (CAD) programs to
provide an instant evaluation for the designed staircase to reduce the risk
of falling for older adults.

3. A whole set of innovative solutions for staircase design features can be
developed based on the proposed integrated evaluation system; such as:
1) installing an adjustable sensor-based handrail that is adjusted to a
suitable height to reduce risk of falling for older adults and; 2) installing
lighting sensors on the staircase to ensure constant lighting levels

throughout the day.
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APPENDIX (A)

The following table is a description of the evidence-based studies that support
the design features for the four staircase elements: 1) staircase geometrical design
(G); 2) handrail design (H); 3) lighting (L); and 4) step design (S). The table
illustrates the aim of each study, the participant setting, and the type of the study.
For example, “Balance control during stair negotiation in older adults” by Lee and
Chou (2007) has been used to assign the staircase geometry feature and the
number of steps per flight feature. It should also be noted that “IESNA
(IMluminating Engineering Society of North America): recommended practice for
lighting and the visual environment for senior living” has been used to assign the
illumination level feature in the lighting element, and “Alberta Building Code
2006” has been used to assign the nosing feature. The rest of the design features

have been assigned based on the studies presented in the following table.

Type of
information Author - Reference Aim of study / Type of
extracted & Year Title type Participant settin study Comments
from this P P 9 method
research
Comparing the center of
mass and center of
Feature (Gg): Balance pressure inclination
staircase control durin Journal: Journal angles for 12 healthy
geometry / Lee and - 9 . older adults and 14 _— Experiment
. stair of . Quantitative
Feature (Gs): Chou 2007 I . . healthy young adults, in -al study
negotiation in Biomechanics .
number of steps older adults order to detect the gait
per flight instability while
ascending and descending
3 steps of staircases.
. Description, Investigating the cause of
Festt:i:i;sig)' classification Journal: falling for older adults
. and ) based on 125 older adult e
geometry / Wild et al. - § Rheumatology . h d litati Descriptive
Feature (GJ): 1981 prevention o and participants who reporte Qualitative study
e falls in old H the detailed causes of
number of steps Rehabilitation o .
er flight people at falll_ng in their home
P home environment.
Aiming to prevent falling
on staircases. The study is .
Falls on X based on a survey of 273 The study is
. S Journal: . based on
Feature (Gg): Stairs: an Lo people who experienced . .
| Svanstrom . ; . Scandinavian A . : o epidemiolo-
staircase 1974 Epidemiologi Journal of injuries while ascending Qualitative ical surve
geometry cal Accident . and descending the 9 urvey
Public Health . of staircase
Study staircases who come to a accidents
specific hospital in
Malmo during one year.
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Examining the
relationship between
functional limitation and
pain for people aged 50
and older. 18,531

. Pain, Journal: journal . I
Featt{re Gy Covinsky Functional of American participants In t_he 2004 o opinion
staircase R - Health and Retirement Qualitative
et al. 2009 Limitations, Geriatrics survey
geometry and Adin Societ Study (HRSDC).
ging Y Climbing the staircases is
part of the study to
evaluate the ability to
climb several flights
and/or one flight.
Investigating gaze
behaviour, using an eye
Where do we tracker, while ascending
look when we -
o walk on anq descending the
Feature (Gs): Miyasike- . Journal: staircases for 1) the .
) stairs? Gaze - s I Experiment
number of steps daSilva et behaviour experimental transition steps, 2) the Quantitative ~al stud
per flight al. 2011 ] brain research handrail, and 3) the first y
on stairs, p
- attempt to climb
transitions, unfamiliar steps. Eleven
and handrails participants between 23-
38 years old.
Feature (Gg):
staircase
geometry / Investigating the risk of
Feature (Gs): falling. This book is based
number of steps on a number of previous
per flight / studies that focused
Feature (L¢): mainly on investigating
consistency of The Staircase: the risk of falling
lighting amount / Studies of . associated with the
Feature (Ls): Tlesr)gglgr Hazards, bo%ﬁ::” staircase design, in Qualitative
lighting switches Falls, and addition to studying the
| Feature Safer Design behaviour on the
(Enochs et al.): staircases through the
minimum movement pattern of
handrail-wall different groups of
clearance / people, such as older
Feature (Sy): adults.
steps finishing
material
Handrails for
the elderly: A Investigating the
Feature (Ho): survey of the nece_ssny f_or the handrail
. need for and its optimal
handrail handrails and Journal: specifications. The stud
existence / Ishihara et - ’ P ' Y — opinion
. experiments Gerontechnolog | is based ona Qualitative
Feature (Hex): al. 2002 d . . . survey
handrail to determine y questionnaire to over
: the optimal 2,800 older adults (60
extension . .
size of years and older) who live
staircase independently.
handrails.
Olsc‘iifreltﬁ);gfle Investigating the
on Stairg behaviour of older adults
. Report: on and around the
Behavioural .
. Department of staircases from a safety
Feature (He): . Factors, A . N . L
. Hill et al. Human perspective. This report is A opinion
handrail report - . S Qualitative
existence 1999 renared for Sciences, based on interviewing a survey
P pTh Loughborough total number of 157 older
e U
University adult (65-96 years)
Department of articipants in their own
Trade and particip
environment.
Industry.
Influence of
Handrail Investigating the
Height and influence of various
Feature (Hy): Stairway handrail heights with two
handrail hei hh't/ Slope on the Book: National | slopes (41°and 49°) on
g . Maki Ability of Research the level of safety for 20 - Experiment
Feature (H.): - L Quantitative
. 1988a Young and Council of young participants and 20 -al study
handrail cross- derl | | L
section Elderly Users Canada older adult participants
to Generate (aged 59 and older),
Stabilizing aiming to develop better
Forces and handrail standards.
Moments
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Investigating the
influence  of  handrail
Shape, Size and Surface
Texture on the staircase

Influence of
Handrail users  to generate
Shaoe. Size stabilizing  forces and
and pSL;rface moments. Three different
Texture on Book: National handrail shapes (circular,
Feature (Hs): . o : horizontal rectangle and .
] Maki the Ability of Research . . _— experimenta
handrail surface 1988b Young and Council of square  with  different Quantitative I stud
texture Elderl gUsers Canada circumferences),  along y
1o Ge¥1erate with four other
Stabilizin commonly-used  shapes
Forces ang (oval, decorative, and two
Moment different dimensions of
long vertical rectangle)
were tested on 20 young
and 20 older adult
participants.
Determining the optimal
dimension for the stairs'
Stairway riser and tread through 19
Feature (Sg): risers and Journal: sets of staircases with
going depth / Irvine et treads: A Iieci different riser and tread Qualitative opinion
Feature (Sy): al. 1990 acceptable Er gr'?omics dimensions, based on the survey
riser height and preferred g most  preferred  and
dimensions acceptable staircases for

different age groups (from
19 to 69 years)
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APPENDIX (B)

The Decision Assessment Tree (DAT) spreadsheet:

The Decision Assessment Tree (DAT) directly shows the rating numbers for
proposed staircase design scenarios, using “PrecisionTree” software that performs
the decision analysis under Microsoft Excel. There is a DAT that has been
developed for each element in the staircase design. Each DAT visualizes all
possible staircase design scenarios for each element. As an example, for the
staircase geometrical design element, the branches in its DAT express the
different scenarios for each design feature (for example, for the feature of
“Number of steps per flight”, the four different scenarios have been presented by
four branches). In addition, the rating factor for each scenario is represented by
the “value” of the branch. All the nodes in the DAT of each element are decision

nodes; therefore, no probability is associated to any node.
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Staircase geometrical design DAT:
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Staircase Lighting DAT:
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Staircase Step Design DAT:
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Handrail Design DAT:
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