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by
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Department of Clothing and Textiles
(ABSTRACT)

Garment doffing is recognized as an important element of safety, yet little
information exists about doffing. The purpose of this research was to develop a method
for kinematic analysis of the doffing process. The specific objectives were to 1) identify
the basic critical movements involved in the doffing process of a selected garment stvle, 2)
quantify the movement pattern. and 3) assess the validity of the method and the reliability
of the data.

To study the movements involved in doffing a nightgown, doffings were recorded
by video and WATSMART® (electro-optical) cameras. Relative angular displacement vs.
time data were generated from video recordings using the Posture Taxonomy instrument,
and from WATSMART recordings using a computer program. The movement
experienced by the shoulder and elbow joints were close to the maximum physiologically
possible. Twelve critical movements were identified using Roebuck’s terminology.

The construct validity of the method was shown to be satisfactory by the
convergence of the WATSMART and video position vs. time data. The reliability of the
data was assessed in terms of intra- and inter-trial consistency. WATSMART was found
to be sensitive enough to discern the differences in consistency due to garment style,
subject fatigue and differing configurations of IREDs.

Based on the satisfactorv convergence of the data and consistency of the data, it

was concluded that using the WATSMART system Lo kinematically analyze the doffing



process was feasible. The degree of fidelity of the garments needs to be established
before the method can be adopted for general use, however.

(249 words)
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CHAPTER ONE

INTRODUCTION

I. THE SCOPE OF THE DOFFING PROCESS

Garment doffing, the removal of a clothing item from the wearer’s body, is an
action performed by most human beings every day of their lives. This everyday activity
has been recognized as an important element of psychological independence, convenience,
and safety. Designers of clothing for the handicapped, children, and elderly consider the
ability to undress and dress unaided a major need, both physiologically and
psychologically (Hoffman, 1978; Horn, 1968; Rosenblad -Wallin, 1985; Watkins, 1984).
Basketball players have used convenient "rip-off" type warm-up pants when quick
substitutions are needed in game situations. Doffing is a common, positive response to
clothing fires (Braun, Cobble, Helzer, Krasny, Peacock, & Stratton, 1976; Buchbinder,
1973; Lynn, 1970; Schramm, 1960), and the speed of doffing has been considered one of
the determinants of garment flammability hazard (Norton, 1980; Solinger, 1988).

Designers of flight wear for military pilots have been concerned about doffing the
parachute harness and armor assembly in water to prevent drowning of downed aircrew
(Guill, 1989; Wormser, personal communication, July 1991), and doffing is cited as one of
the critical mobility functions of pressure suits (Roebuck, Kroemer, & Thomson, 1975).
Removal of clothing may prevent serious injury when working around heavy machinery
where clothing may become entangled in moving parts (Knapp & Piercy, 1966). In
chemical spills, removing contaminated clothing to avert contact with the skin can prevent

injury (Fire, 1988; Watkins, 1984).



II. GARMENT DOFFING AS A CRITICAL SAFETY FUNCTION

Philo (1971, cited in Norton, 1980) defines hazard as "...a condition or changing set
of conditions which, when combined with a human being in an unreasonable risk, can
cause injury" (p.91-92). In some situations, doffing is a response to danger, for example,
when a garment is ignited or splashed with a corrosive chemical. The speed with which a
garment can be doffed is often tied to the impediments to doffing, such as difficulty in
operating fastenings or lack of garment ease ("Industry Spokesmen", 1961; Norton, 1980).
Doffing can be expedited by the incorporation of quick release fasteners in the garment,
such as zippers, snaps, and hook-and-loop tape (Caddel, cited in Norton, 1980), though
zippers may jam, which could hamper removal of clothing in an emergency ("Dressing
Right", 1980). Some garments, however, must be closed systems for maximum safety, and
fasteners can behave as punctures and so cannot always be used to make doffing easier
(Watkins, Rosen, & Valla, 1978).

In the case of clothing fires, Buchbinder (1973) found the most common
protective reactions were doffing, running, and beating flames with hands, and these
reactions varied with the age and sex of the wearer and with the type of accident.
Solinger (1988) proposed assigning a "flammability safety factor" to garments based on the
wearer’s ability to "...shed the garment unaided in sufficient time to avoid second and
third degree burns when the fabric flames or chars at a given rate under standard
atmospheric conditions and after contacting flame or hot ash for a given time" (p. 566).
Lynn (1970) advised that "it might be better to concentrate on methods to remove burning
garments from the body rather than on methods to render them fire retardant” (p. 9).

Johnson (1975, 1977), Kaeter (1980), Mikelson (1976), and Smith (1974) have
promoted using doffing speed as the major design criterion for sleepwear as a means to
reduce injury due to clothing fires. Johnson (1973) also advocated garment designs that
opened fully down the front as opposed to those that opened only partially which force

doffing over the head. Despite the recognized importance of doffing in hazardous
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situations, no in-depth studies to date have been found which consider the physical
motions involved in the doffing process.

I11. THE LACK OF INFORMATION ABOUT THE DOFFING PROCESS

Recommendations have been made which advocate the consideration of doffing in
the design process. Research has focused on the movement of body limbs underneath
clothing only in so far as clothing affects the mobility of the limb, i.e., analyzing the
movement of clothing as a covering over the limb which moves with the limb with some
factor of impedance (Alexander, Garrett & Robinette, 1971; Bacharach, Egstrom, &
Blackmun, 1975; Bolton & Simpson, 1971; Defence Research Establishment, 1985; Huck,
1988; Laubach & Alexander, 1975; Saul & Jaffe, 1955). In doffing, the movement of the
clothing becomes a separate dynamic system from that of the limbs though controlled to
some extent by the motion of the limbs. There is a need to develop a method which can
analyze movement situations in which clothing is a non-mimetic system, such as doffing.
If garments are designed to fit a clothing task, such as doffing, enabling the wearer to
doff the garment without impediment to his mobility, higher levels of comfort and
efficiency can result.

The purpose of this research is to develop and test a method for kinematic (motion
describing) analysis of a garment doffing process. The specific objectives are to 1)
identify the basic critical movements involved in the doffing process of a selected garment
style, 2) quantify the movement pattern and 3) assess the validity of the method and the

reliability of the data.



CHAPTER TWO

REVIEW OF LITERATURE

I. INTRODUCTION

The analysis of human movement is based on a number of different concepts and
bodies of knowledge including anatomy and physiology, physics, and psychology.
Kinesiology, the science of human movement, unites these different disciplines. In order
to develop a method to study the doffing process, a kinesiological understanding of human
movement is necessary. This chapter reviews the musculoskeletal basis of human
movement, the behavioral and neurological aspects of controlling movement, the
mechanical aspects of the movement itself, and the technological methods for acquiring
movement data.

Also key to developing a method to study the doffing process is an understanding
of design variables which affect the doffing process. Research exploring the effect of
clothing on human movement and the doffing movement itself is also reviewed.
Constructs from ergonomics and human factors engineering are explored to provide a
conceptual basis for methodological development.

II. THE PHYSIOLOGY OF HUMAN MOVEMENT

The neuromusculoskeletal system is a dynamic, interactive system comprised of
206 bones, over 600 muscles, and a complex network of connective tissue and nerves.
Ligaments connect bones to each other, forming joints, and tendons connect muscles to
bones and across joints. Muscles are usually arranged in agonist-antagonist pairs across
joints. Movement is possible when either or both muscles of a pair contract, creating
torque about the joint. These contractions are stimulated by innervation of motor neurons

via electrochemical energy. It is believed that the movement impulses may originate in



the cerebellum or the basal ganglia, and are refined by the cerebral cortex after initiation
(Astrand & Rodahl, 1988).
II-1. JOINT MOVEMENT

Joint movement can be classified into three types of articulations: 1) diarthoidal or
synovial (freely movable), 2) synarthoidal or fibrous (immovable), and
3) amphiarthoidal or cartilaginous (slightly movable). All joints of the limbs belong to
the diarthoidal class of articulations. In these joints, the connecting bony surfaces are
covered with articular cartilage. The joint capsule is comprised of an encapsulating
ligament lined with synovial membrane which secretes synovial fluid, a lubricant, to
facilitate movement without friction. Diarthoidal articulations can be subdivided into six
groups:

1) Arthoidal - a gliding joint with limited movement,
as in the carpals of the wrist;

2) Condyloidal - an ellipsoidal joint with movement in
two planes without rotation, as of the ulna and
radius at the wrist;

3) Enarthoidial - a ball-and-socket type joint which
permits movement in all planes, and also rotation in
the shoulder and hip joints;

4) Ginglymus - a hinge joint which permits a wide
range of movement in one direction, as in the elbow;

5) Reciprocal reception - a saddle joint which prohibits
rotation but allows movement in all planes, as in the thumb;

6) Trochiodal - a pivot joint which permits a twisting
movement about a long axis, as in the forearm.

(Thompson, 1989)

The capability of a joint to move, that is, its mobility, is affected by the physical
composition of the joint (fibrous tissue, cartilage, or synovial membrane), the shape of the
bones it connects, the bulk of intervening soft tissues, the tension of ligaments and
antagonist muscles, and the length of muscles. These properties are in turn influenced by

the age, gender, and physical condition of the human (Chaffin & Andersson, 1984).
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Physical condition can be temporarily modified by fatigue, i.e., fatigue can negatively
affect mobility. Additionally, the articulation of some joints may prevent or hinder the
articulation of another joint (e.g., an extended knee joint hinders flexion of the hip joint).
Joint movement can also be artificially restricted by garments. Bulkiness, weight, poor
fit, surface characteristics, and garment configuration have all been attributed with
reducing mobility.

The range of motion is a measure of the mobility of a joint as expressed in angular
displacement of limbs from a reference position. Table 1 contains the average range of
motion for the 5th to 95th percentiles of college age men and women (specific age ranges
were not available). According to the table, females have a greater range of motion than
males, and 95th percentile subjects, greater than 5th percentile. Some joints, such as the
shoulder, exhibit the ability to move in many directions (referred to as degrees of
freedom) and possess a high range of motion in these directions. Range of motion usually
refers to the maximum and minimum positions assumed by the body or its limbs during
any one motion, and is defined in terms of the joint, its direction, and angular
displacement (e.g., Figure 1).

III. THE PSYCHOLOGY OF HUMAN MOVEMENT

Motor learning is “a set of processes associated with practice or experience leading
to relatively permanent changes in the capability for responding" (Schmidt, 1988, p. 346).
As motor skills are learned, a task can be accomplished with less and less physical and
mental effort, probably because movements are performed more efficiently or because
information is processed more efficiently (Schmidt, 1988), however the reasons for the
increase in efficiency of information processing are still unknown.

A component of motor learning is the feedback provided by the proprioceptors
(also referred to as kinesthetic receptors), which are somatic sensory organs stimulated by
the movement itself and which act as a mechanical guidance system, coordinating the

efforts of the muscles to accomplish the desired movement. Astrand and Rodahl (1988)
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speculated that "an integration of central programs and the feedback loops from
proprioceptors are probably responsible for periodicity and modulation of motoneural
activity [coordination]" (p. 109). The nervous system uses proprioceptive information (such
as muscle tension, muscle length, change of velocity in muscle length, joint angle, joint
movement, head position, skin stretch, and contact with surfaces) to modify and adjust
muscular function so that voluntary movements can occur subconsciously (Gowitzke &
Milner, 1988). This information is somehow integrated with the expectations or past
experience of what movement is desired, and modifications are made to muscle activity to
conform to this expectation (Gowitzke & Milner, 1988). A result of practicing is
movement pattern consistency, and can be measured by various kinematic analyses, e.g.,
position vs. time (Schmidt, 1988).

IV. THE MECHANICS OF HUMAN MOVEMENT

The mechanics of human movement are concerned with applying the physical laws
of classical mechanics to the study of the body moving through time and space.
Movement of any kind can be approached from two different mechanical points of view:
kinematic or kinetic. The kinematic approach provides a description of the movement
without regard for the causes or consequences of that motion. For example, one may
determine the time needed to accomplish the motion, the position of the body during the
motion (in linear or angular terms), or position vs. time (velocity, acceleration). A kinetic
analysis addresses the causes for the states of motion of an object. This review
concentrates on the kinematic analysis of movement, which is most relevant to this
research.

According to Barham (1974), the three measurable mechanicai quantities in human
movement are the body in motion (matter), the distance or angle through which the body
travels (space), and the duration of the movement (time). The distance traveled by the
body is referred to as displacement, and is a vector quantity (i.e., has both magnitude and

direction). The measurement of angular displacement is based on the geometry of the

9



circle. The body (or portion of it) is represented by the radius of a circle. As the body
changes position, it rotates the radius along the circumference of the circle. The portion
of 360 degrees circumscribed by the radius gives the angular displacement.
IV-1. BIOMECHANICAL MODELS
Kinematic analyses rely on geometric biomechanical models to represent the
human body. Geometric biomechanical models simplify the body and focus attention on
the macro-level moving parts, thereby facilitating the study of motion to yield useful
information. Mathematical modelling of the human body makes possible the use of
computer graphics, a display tool in biomechanical analysis (Delp & Delp, 1989). The
various models which have been proposed can be classified into segmented rigid body
models and link models. Reynolds (1978) concluded that "...the concept of a body segment
is useful in describing mass distribution; the concept of a body link is used when
describing body motion" (p. IV-8).
IV-1.1 Link Models of the Human Body
Link models are based on the skeletal structure of the human body. In these

models the human body is simplified to a collection of mechanical linkages (Dempster,
1955). The body is divided into line segments, namely the head, shoulders, upper arms,
lower arms, hands, hips, thighs, calves, and feet. Chaffin and Andersson (1984) describe
how the anatomical reality of skeletal muscular linkages is simplified into a link model:

"the measurement of the length of various body segments in

a linkage system assumes that the segments are connected at

easily identifiable joint centers...identification of segment

joints for the limbs can be difficult, because the bony

landmarks are often covered by muscle and fat tissue,

especially at the shoulder and hip joints...[on living subjects]

it is possible to project approximate centers-of -rotation by

moving the adjacent body segments through the range of

motion of the joint. The intersection of the long axis

center-line of the segments during such movements defines

the joint’s approximate center-of-rotation...link lengths can

be defined as the distance between projected centers. These

link lengths have been correlated with distances measured

between palpable bony landmarks located near the joint
centers-of -rotation of interest" (p. 53-54).
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Several link models of the musculoskeletal system have been developed to study
various reactions of the human body such as stress analyses of bone, calculation of
ligament and muscle forces across joints, and the kinematics and kinetics of locomotion
(King, 1984). Most biomechanical models combine kinetic and kinematic aspects of
movement (e.g., calculation of forces and torques due to acceleration of a limb). Range of
motion analyses are most easily performed by modelling major body segments as single
links between major joint centers. Figure 2 is an example of one link model.

Link models are used to calculate the range of motion by representing limbs of the
body as a series of line segments (links) and joint centers as single points in space. The
long axes of the limbs are represented by line segments, while palpable bony landmarks
represent joint centers. When either or both of the line segments connected by a single
point in space change position, the angle subtended by the two line segments represents
the angular displacement or the range of motion. Points comprising the ends of these
segments can be assigned Cartesian or polar coordinates once an origin is defined, and
their positions and displacement in space can be derived mathematically. Thus, the range
of motion is a calculated quantity based on approximation rather than being a real
quantity.

A problem with approximating joint centers of rotation with palpable bony
landmarks is that bony landmarks are manifested on the surface of the body while joint
centers exist inside the body. Such an approximation results in the same kind of error
that approximating the center of a sphere with a point on the surface produces. It might
be fair to say that no defensible general statement on accuracy of the range of motion can

be made, since the range of motion is based on a mathematical abstraction of the body
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