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Abstract. Assistive devices born of indigenous inventiveness possess great potential for
systematic refinement through the use of modern design technologies. This paper presents
a product development process that began with the selection of suitable folk-designed
devices for incorporating into a single new product — an integrated assistive device for
children afflicted with cerebral palsy. The process then followed the procedures given by the
Sensuous Association Method (SAM) and the Theory of Inventive Problem Solving (TRIZ)
to arrive at an optimal design. The finished product incorporates functions for rehabilitating
five neuro-motor skills of the afflicted children. After six months of field testing with a
sample of nine users, the new product was found to deliver statistically significant benefits
to the trial users, i.e. overall strengthening of their gross motor functions. Their sitting skill,
in particular, was found to have improved the most.
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1. Introduction

The design of an Assistive Technology (AT) device entails a complex process not unlike that for expensive
niche products. As such, their design should be orientated towards meeting the needs of their exclusive group
of users; it should include a comprehensive range of user-centered attributes. [1] noted that, for Thailand,
typical native designs of handicap assistive products or therapy devices for children tended to focus on their
therapeutic benefits with little or no regard to the overall product appearance or emotional appeal to the
children who were supposed to be the device users. These localized inventions were based only on the simple
idea of meeting some specific needs in the device uset’s daily routines. A more user-oriented design process,
as advocated by [2], builds on that simple idea by encouraging the use of wider design parameters, which
include observing the handicapped child’s behaviour, incorporating experience and recommendations from
therapy specialists. Continuous improvements on the process are also advised including proper analysis of
problems and the finding of solutions, care in materials selection, and prototype testing and defect
rectification. A range of children’s assistive devices conceived in accordance with such elaborate design
processes have been found to significantly aided cerebral palsy children’s neuro-motor development [3,4].
Over the last two decades, however, there have emerged wide arrays of ingenious folk-designed devices that
have gained nation-wide acceptance. An encouraging note here is that the development of these assistive
devices reflects an on-going improvement process compliant with the ISO 13407 standard. The authors’
familiarity with these folk-designed apparatuses over the years has led to the idea for a new design that
combines the key functions of such native models into an all-in-one device. The process from concept to the
realization of the final prototype is the subject of this study.

The accepted procedure for designing AT devices consists of four steps, namely: 1) Analysis of usage
environment; 2) Specify user requirements and other needs; 3) Design and build the prototype; and 4)
Appraise outcome of device uses. This user-centered procedure has been widely adopted for developing a
wide range of AT devices for handicapped children as well as the elderly —devices that meet the needs of the
users providing them with therapeutic benefits. The steps involved help in problem identification and
correction, as well as reducing time and cost of development [5-7]. Further enhancement of the procedure
was introduced by researchers in the field, in particular the idea of designing for the mass market [8, 9]. A
good AT device design now must take into account not only the therapeutic efficacy of the device, but also
the fun aspect of using it.

This paper presents the authors’ use of the said design procedure in developing AT devices for children
with cerebral palsy (CP). Inspired by the inventiveness of several folk designs which had been in use in many
rural areas across Thailand, the authors, seeing the potential for systematic refinement of such folk inventions,
came up with the idea of integrating them into an all-in-one apparatus. During the primary stage of the design
work, the Sensuous Association Method (SAM) was employed as a creativity-based means to encourage the
forming of new ideas. Ideas from this stage led to the development of the first generation prototype [10].
Thereafter, the TRIZ —Theory of Inventive Problem Solving —was employed to correct any defects found
in the first-stage prototype [11-13], leading to the completion of a second-stage prototype. Both prototypes
were subjected to usability evaluation (USAT) method [14, 15] which provided a means to evaluate the devices
against the performance targets established at the SAM brainstorming stage. Tests on the rehabilitative
effectiveness of the prototypes consisted of the measurement of GMFM-88 in five gross motor functions
[16-19], namely strengthening of arm and leg muscles, motor skills in sitting, standing and walking. The use
of the above-described techniques served to complement the development process of devices for
rehabilitating the gross motor functions in children with cerebral palsy. For this research, such techniques
were employed to create a single AT device with multi-functional versatility, while offering good potential
for reductions in manufacturing cost.

2. Methodology

The production of test prototypes for this research took advantage of Thailand’s native materials and folk
inventiveness through a design process involving input and assistance from a multidisciplinary team of
medical professionals, physical and occupational therapists, engineers, educators and carers of disabled
children [20]. The methodology of was adapted for the purpose, as shown in Fig. 1.
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Fig. 1. Process Flowchart for the refinement of folk-designed assistive devices.

2.1. Objective of the Design Process

In Thailand, there exists a wide range of children’s assistive devices that are the results of indigenous folk
inventiveness. Invariably made of simple materials, such as wood and bamboo, such folk-inspired apparatuses
often have the built-in user appeal in their appearances which are shaped like an elephant, horse, or common
tools such as shovel, excavator, or bicycle. While the individual rehabilitative functions may vary, the overall
training benefit provided by such devices is the stimulation or strengthening of the afflicted child’s upper and
lower body, the coordination of motor functions for proper posture, balance and movement, and the
relaxation of clenched muscles. Cardio-vascular benefits would also accrue resulting in improved circulation
and oxygen transfer to the muscle cells which in turn helps to increase the user’s GMFM endurance [21-23].
In addition, given that life behavior, such as regular physical exercises or recreational activity, can result in
brain functions improvement [24-26] —according to the findings of [27]—the benefit of effective AT designs
should therefore receive even greater attention [24-20].

Despite the wide variety of locally-designed assistive devices, there was an unanswered need for an
integrated AT system to provide for a comprehensive range of motor skill training, in a single piece of
equipment, for the CP child. To fulfill that need, the authors chose to adopt current industry technologies to
devise a new design process which would enable the authors’ team to incorporate the strong features on the
folk-designed implements into an efficient all-in-one AT device.
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2.2. Context of Users and Stakeholders

User trials were conducted on a sample consisting of nine CP children who had been receiving rehabilitative
treatment at the Special Education Center of Nakhon Si Thammarat province. The children were recruited
in accordance with the following criteria: 1) aged between 3 to 5 years having no physical deformities; 2) all
have spastic muscular contractions; 3) able to sit up, or rise from a reclining position to sitting unassisted; 4)
had never received any GMFM stimulative treatment; 5) all possess standard GMFCS at the same level, i.e.
Level 4; and 6) having a legitimate guardian or carer who gave consent to the tests. Exclusion criteria were
also necessary during the trial; these are: 1) emergence of a pathological condition other than CP, not
previously identified; 2) presence of chronic seizures or wheezing symptoms; 3) guardian chose to involve
child in other rehabilitative programs during the trials; and 4) emergence of an inhibiting illness during the
trials.

2.2.1. Pre-trial motor functions of the users

All of the recruited users were capable of the following movements: Good control of neck muscles. When
lying supine, ability to move legs, bend knees, and slightly raising the hip, albeit uncoordinated movement of
the arms. Rolling from fully supine to lying on side. When lying prone, inability to tilt head up, or to prop
body up using hands. With some assistance, the ability to roll from side to side. Limited ability to grasp or
hold small objects. Unimpaired sense of touch and feel. Transition to sitting upright and standing up would
require assistance, as would be for daily activities such as dining and getting dressed.

2.2.2. Determining suitable rehabilitative exercises

The type of exercises most appropriate to a user may be determined from the outcome of the trials which
involved the following motor skills: 1) training of the upper arm, shoulder, elbow and wrist; 2) training the leg
muscles, relaxation of knee joint tendons; 3) training in sitting postures — including comfortable upright poses
with relaxed knees, as well as sitting at a desk for work or recreation; 4) training in standing upright with the
feet lying flat, toes outstretched pointing straight forward, ankles vertically aligned, and training in shifting
user’s body weight onto the feet; and 5) ambulatory skills with tactile sensory training.

2.2.3. Relevance of uset’s home environment

Most of the users belonged to lower-income families living in typical rural homes where space is limited. A
suitable AT device should therefore be designed for placement either in the cramped interior of the house,
or outdoors such as its patio or open basement. A good design should incorporate a measure of portability
and versatility — the CP child and his neighborhood friends may use it for purpose other than therapeutic.
As such, the user will become more acquainted with it thus encouraging his usage while the carer will find
the device more adaptable to the user’s daily therapeutic needs. Such thinking naturally led to the concept of
a device to cater for the CP child’s daily activities, for instance, as a seat/table for dining, watching television,
writing and drawing, or playing music. The carer may be given some training on the creative use of such a
device.

2.3. Appraisal of Thai Folk-Designed Devices

Some seventeen assistive devices born of Thai folk ingenuity were selected for this study based on their
intended functions (see Fig. 3). These were categorized and plotted as a partial parts tree, shown in Fig. 2,
where the component parts of each device were sorted according to their attributes for training the CP child’s
motor skills. This step resulted in a selection of five folk-designed devices (or subsystems A to E) for further
development. The component parts of the folk-designed devices can be expressed as follows:

rP= {pb P2; ]73;' (N3] p”}; (1)

where p;is the component parts of each device, and j=7,2, 3,..., n
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—a. Arm muscles stretching Trainer (p1)
—b. Excavator (control lever) (p2)
— c. Racing Chair (Control wheel) (p3)

—d. Shovel Machine (the push bar) (ps)
— e. Spinner Chair (revolving cylinder control) (ps)

—f. Double Pulley (ps)
— a. Robot Exerciser (foot levers) (p7)
— b. Flying Bicycle (the pedals) (ps)
— B. Leg strengthening Category —— c. Bicycle Pedaller (the pedals) (po)
— d. Push-pull Chair (the foot board) (p10)
— e. Steering Chair (foot pedals) (p11)
— a. Push-pull Chair (the seat) (p12)
Desired Technical System— — b. Rocking Horse (the seat) (p13)
— c. Robot Exerciser (the seat) (p14)
— C. Sitting skill Category — d. Excavator (the seat) (p15)
— e. Back Tilt Chair (p1¢)
I~ f. Flying Bicycle (the seat) (p17)
— g. Sit-Stand Trainer (the seat) (p1s)
a. Sit-Stand Trainer (standing board
—D. Standing skill Category _[ b. Vertical Board (PEO) ¢ ) (plg)
a. Wheeled Walker (p21)
b. Walking Raﬂs (pzz)

— A. Arm strengthening Category —

L— E. Walking skill Category

Fig. 2. Partial Parts Tree for analyzing folk-designed assistive devices.
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G II N

Rocking Horse Back Tilt Chair SltStand Vertical Board
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Fig. 3. Drawings of Thai folk-designed devices.

2.4. Selecting Suitable Folk-Designed Pieces for Further Development

A creativity technique developed by Shih-Wen Hsiao and Jyh-Rong Chou, the Sensuous Association Method
(SAM) is employed to produce creative ideas by taking advantage of the design team’s sensuous association
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with everyday objects, plus the stimulation of the design environment. The method entails a measure of
brainstorming among members of the team [10].

This step involves establishing the relationship between each component part and the conceptual needs
envisioned for the new product, using the following mathematical procedures.

2.4.1. Sensuous association and conceptual need descriptors

Based on a user-centred analysis, a set of 14 needs was selected as shown in Table 1 below. This can be
arranged as follows:

S = {51, 52 300y 4}, @)
Where s; represents conceptual needs, and 7 =7, 2, 3,..., q.
2.4.2. Building a Correlation Matrix between conceptual needs and component parts

A practicable correlation between them should be identified as a tool to help apply the improvement ideas
to the original device components.
Based on Eq. (1) and Eq. (2), the correlation matrix, R, can be represented as:

R=§TpP= (571 52§30, Jq)T'Oﬁb D2 Pz pﬂ) = (Tjgxn (3)

where 7 =1, 2, 3,..., ¢, =1, 2, 3,..., n.

The entry rules of r;; are defined thus:

Rule 1:If ; directly correlates with p; then 7 =7+
Rule 2:If 5; indirectly correlates with p;, then 7; = 1.
Rule 3:1f 5;has no correlation with pj, then 7; =0.

Applying Eq. (3), all correlations between S and P were identified as shown in Table 2. Among the
meaningful correlations found were: the need for improving arm strength ps = 2+0, with a direct correlation
score of 2; for improving leg muscles, pp = 3+0, a direct correlation score of 3; for proper sitting skill, prs =
2+0, a direct correlation score of 2; for standing skill, prg, p20 = 3+0, direct correlation score of 3; for walking
skill, p22 = 2+2, with 2 being the score for direct and indirect correlations.

2.4.3. Establishing an interaction matrix with associated interaction net

Another tool for helping to identify the relationships among the various component parts consists of an
interaction matrix and interaction net. This is shown in Table 3.
The interaction matrix, B, can also be presented as:

B=Pr-p= 6071 PZ; Pﬁ;- . -)pﬂ)T' (Pi; PZJ ]53;- (R3] pﬂ) = (bi/)ﬂxm (4)

where 7=1,2,3,...,m j=1,2,3,...,n.

The entry rules of by are defined thus:

Rule 1:If p; directly interacts with p; then 4; =71".

Rule 2:If p; indirectly interacts with p, then b;=1.

Rule 3:If p; has no interaction with pj;, then 4, =0.

Rule 4: p; and p; itself (ie. 7 =), then no need to compare.

Applying Eq. (4), the interaction matrix of the parts was obtained, as shown in Table 3. The five devices
(subsystems) were found to interact as shown in Fig. 4. For the Sitting Skill Category, Ce has direct interactions
with Af (Double Pulley device in the Arm Strength Category); and Bd (Push-pull Chair in the Leg Strength
Category), indirect interaction with Db (the Vertical Board in the Standing Skill Category). In addition, Db
interacted indirectly with Eb (the walking rails in the Walking Skill Category). Results from such interaction
analysis were then employed to create the first integrated AT device prototype —shown in Fig. 5 below.
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Table 1. Conceptual descriptors of need for rehabilitation, as per 2.1.2.

Item Conceptual need descriptors Item Conceptual need descriptors

s1 Training for the joint muscles of sg Adopted for activities other than sitting
shoulder, elbow, wrist and finger. training.

S2 Alternating up-down arm movements. Sy Standing exercise, with balance support device.

S3 Lower leg rotation at the knee, forming  sio Weight distribution on both feet.
angles between 90 and 120 degrees. S11 Toes stretched flat; ankle vertically aligned;

ankle ad leg forming right angle 90 degrees.

S4 Training of leg muscles. S12 Mobility exercise with forward pacing,.

S5 Training of leg joints. S13 Forward pacing exercise.

S6 Ability to sit in a relaxed manner with = si4 Pacing coordination exercises with tactile
back inclined at 120 degrees. sensory training.

s7 Sitting posture training with torso, knee

angle, ankle angle at 90 degrees.

Table 2. Relationship between conceptual needs and device parts.

Standing Walking

Conceptual Arm strength category Leg strength category Sitting skill category skill skill
needs category category
Pr P2 P3 P+ Ps Ps P7 Ps P9 P Pu Pz P13 P4 Pis Pic P17 P18 P P Pn P2
Arm s ¥ 1* 1*x 0 0 1 0 c 0o o0 o o0 0 o0 o o o 0 o0 0 O
strength g, 0 0 O 0 0 1* 0 6o o0 o0 o0 o0 0 o0 o o o 0 o0 0 O
Le ss 0 0 0 O O O 1% * 1* 0 o0 1 0 0 O 0 0O 0 0 O
& s 0 0 O 0O o0 o0 o0 O O 1™ 0 0 O O O O o o0 0 o0 0 O
strength
ss 0 0 O O O O O 1* 1* 1*x 1*x 0 0 0 O O O O 0 0 0 O
. s 0 0 o0 o0 o O o o0 o0 o o0 o o0 o o0 1™* 0 O 0 0 0 O
Sitting
kil s, 1.0 o0 O O 0O o O O o O ™ 0 * ™* 0 0 1* 0 0 0 ©0
s
ss 0 0 O O o0 o o0 o o0 o O O o0 O O 1* 0o O 0 0 0 0
. ss 0 0 O 0O o0 o o o O o o0 O O O O 0 o0 1 ™ 1* 1 1
Standing
il s 0 0 0 O O O o O O o0 O O O o0 O o o0 1 v 1 0 1
s
sy 0 0 0 0 O O O O O o0 o0 O O o0 o O o 1 1 1* 0 0
. s, 0 0 0 O O o o0 o O o O O O O 0 O 0 O * 1*
Walking .
skill s3s; 0 0 0 o O O O o O o O O O 1 0 O 0 O 0 1
sy 0 00 0O O O O O O O 0 0 0 0 0 0 0 0 0

2.5. Determining Prototype Features and Functions

As explained in 2.4.3, the SAM technique was employed to select five folk-designed assistive implements as
the starting point for creating our integrated AT device. The chosen pieces are: 1) Pull-down Pulley; 2) Push-
pull Chair; 3) Back Tilt Chair; 4) Vertical Board; and 5) Walking Rails. The first prototype (Prototype I) was
built with dimensions determined from the authors’ measurement of the proportions of afflicted children
whose physical growth is somewhat stunted (see Fig. 5).
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Table 3. Interaction matrix between any two parts within a subsystem.

Aa Ab Ac Ad Ae Af Ba Bb Bc Bd Be Ca Cb Cc Cd Ce Cf Cg Da Db Ea Eb

Aa t1 00 00O0O0OO0OO0O0O0O1 011 1™1 1 0 0 0 0
Ab 1 0000 01101 01 1™™1* 1 1 1 0 0 O
Ac o o0o0oo0oo0o0o0O0°1 0 ™™ 1™* 1 1 1 0 0 0
Ad oo0oo0000O0OT1O01 1 1™1 1 0 0 0 0
Ae o0 o0 00010111 1™*1 1 0 0 0 O
Af 1 00 0 0 1™ 0 1™ 1 1* 011 0 0 0
Ba o o001 o0m®111m™1 1 1 0 0O
Bb oo 01 o011 11™1 1 0 0 0
Bce O o0 1™ o111 1 0 0 0 O
Bd 0 o0 1 1 11 1 0 0 0 O
Be o o011 1 1t 1 0 0 0 O
Ca O 1* 1 0 1*1* 0 0 0 0
Cb 00 0 0 0 0 0 0 O
Cc > 0 1*1* 0 0 0 O
Cd 00 0 1* 0 0 O
Ce 00 0 1 0 O
Cf * 0 0 0 0
Cg * 0 0
Da 0 0 0
Db 1 1
Ea 1*
Eb

Af (double pulley)

_-1 Db (vertical board)
:
Ce (back tilt chair) [~ E
Eb (walking rails)
Bd (push-pull chair)
— : Direct relation between parts (1*) ----:Indirect relation between parts (1)

Fig. 4. Interaction Net of relationships among component parts of five folk-designed devices.

Fig. 5. Setting the dimensions of Prototype I — Unit: cm.
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2.6. Analyzing Design Defects in Prototype I

Usability of Prototype I was assessed by applying the Usability Scale for Assistive Technology, or USAT
technique [15], namely: activity & participation (Ua), device performance (Up), environmental factors (Ue),
and user abilities & skills (Uc). Plus feedback from the original team of multidisciplinary specialists who
assisted with the prototype design. Appraisals of the prototype attributes were made by a panel of three
caregivers who had been propetly trained in prototype uses. With the USAT technique, a reliability analysis
was necessary whereby the Cronbach’s Alpha coefficient on the four subscales were measured, which yielded
the following results: Uz = 0.752, Up =0.738, Ue = 0.814, and Ur = 0.799 —all larger than 0.7. These results
confirmed the consistency of our appraisal data [39, 40]. The caregivers were to appraise the devices in four
attributes using data from field trials with the recruited users, or from video recordings thereof.

The prototype usability scores for the four user-product indicators, plotted in blue in Figs. 19 — 22 below,
showed an acceptance level of 80% (Mean = 4). Usability ratings employed were: scores below 4, or a rating
= 0, are unacceptable; scores greater than 4, or rating = 1, acceptable. Items failing this test were further
analyzed in order to obtain further insights as to the flaws in the prototype.

Setting improvement targets. This step involved brainstorming for improvement ideas from the specialist
team, which culminated in an array of nine targets — each may be tagged with sub-targets —which can be
represented as T =(#, %, #5,... , #), where t; is our improvement target, and 7 =7, 2, 3,...,;.

t; = Height adjustability > = Ease of use

;= Sturdiness ;= User Comfort

s = Reasonable pricing ts = Safety

t; = Appearance to attract users z = Adaptability for other activities

19 = Ease of storage/ portability

Table 4 displays the relationships between the usability ratings (U)and improvement targets for Prototype
I in terms of the USAT tests on the four indicators (Figs. 19 — 22). The results wete obtained by modifying
Eq. (4) to arrive at the correlation matrix, R, as follows:

R=U"T =, uz, 113, ..., )"~ (t1, 12, 13, .y 1) = (Fgsany ©)

where 7=1,2,3,...,9,/=1,2,3,..., n

The entry rules of tj are defined thus:

Rule 1:If # correlates with t;, then 7; = 7; the item is modifiable to meet improvement target 7.

Rule 2: If #; does not correlate with 7, then ;= 0, i.e. the item cannot be modified to meet improvement target
.

Table 5 shows outcome of the assessment of Prototype I in terms of the detected design flaws, or errors,
and our improvement targets.

ENGINEERING JOURNAL Volume 22 Issue 6, ISSN 0125-8281 (http:/www.engj.orgy) 215



DOI:10.4186/¢j.2018.22.6.207

Table 4. Relationships between usability in four criteria and improvement targets, for Prototype 1.

USAT t; t, t3 t4 t5 tg t; tg t9 USAT t; t, t3 t4 tg tg t; tg to
Uai(u) 0 0 0 0 0 1 1 1 0 Ueyluy 0 0 0 0 0 0 0 0 1
Ua(u) 1 0 0 0 0 0 0 1 0 Uesws) 0 0 0 0 0 0 0 0 1
Upiuz) 11 0 1 0 1 1T 1 1 Uc@ug 1 0 0 1T 0 1 0 1 0
Upyuy) 11 1 0 0 1 0 0 O Ucwy 1 0 0 1 0 1 0 1 O
Upsug) 11 1 1 0 1 0 1 0O Ucsyygp 1 0 0 1 0 0 0 1 0
Upsuz) 1 1 0 1 0 1 0 1 0 Ucwg 1 0 0 1 0 0 1 1 0
Upsug) 0 0 0 0 0 1 0 0 O Ucsfupgy 1 1 1 1 0 0 1 1 O
Up/w) 1 1 0 1 0 1 1 1 0 Ucgluy) 1 0 0 0 0 1 0 1 0
Upguig) 0 0 0 0 0 0 0O O 1 Ucyfup)y 1 0 0 1 0 1 1 1 O
Upjpu;r) 0 1 0 0 0 0 0 0 1 Ucyfups) 0 0 0 0 0 0 1 1 0
Upjylup) 0 01 0 0 1 0 0 O Ucgluppy 11 01 0 1 1 1 0
Uei(uz) 0 0 0 0 0 0 0 0 1 Ucylws) 1 0 0 0 0 1 1 1 0

Table 5. Defects in Prototype I, from analysis of usability ratings across 4 criteria (Ua, Up, Ue, Uc).

Usability Ratings Defects in Prototype 1
ti: Uag, Up1, Upz, Upy, Ups, Ups, Ucy, E 1.1 Backrest of chair and vertical board not adjustable.
Ucz, Ucs, Ucy, Ucs, Ucg, Ucr, Ucis, Ucao E 1.2 No component for doing sitting exercise with legs

and knees fully stretched out.

E 1.3 Arm-exercise components not adjustable for
differing arm lengths.

E 1.4 Footrest height not adjustable.

E 1.5 Desk board and armrest heights not adjustable.

t2: Up1, Upz, Ups, Ups, Upy, Ucs, Ucig E 2.1 Should include user operable height control
mechanism.
E 2.2 Should design for ease of assembly/dis-assembly.
t3: Upz, Ups, Up11, Upis, Ucs E 3.1 Strengthening of structural members necessary.

E 3.2 Suitable materials for load bearing parts.
E 3.3 Suitable materials for sliding or adjustable parts.
ts: Up1, Ups, Ups, Up7, Uct, Ucz, Ucs, E 4.1 User difficulties in taking position on, or moving out
Ucs, Ucs, Ucr, Ucys of the device.
E 4.2 Desk and seat not adjustable for usage variation.
E 4.3 Footrest should be detachable to allow for sitting
exercise with legs fully stretched.

ts: Upus, Uct, Ucz, Ucr, Ucs, Ucts, Ucao E 5.1 Should aim to simplify the shapes of some
components.

ts: Uag, Upi, Upa, Ups, Ups, Ups, Ups, E 6.1 Caregiver assistance required when child is

Up, Uct, Ucs, Ucs, Ucr, Ucis, Ueao exercising with walking rails device.
E 6.2 Child’s or caregiver’s head often bumps against the
pulley arms.

E 6.3 Should have extra safeguard mechanism for load-
bearing elements.

t7: Uay, Up1, Up7, Ucy, Ucs, Ucr, Uciy, E 7.1 Lack of visual appeal.

Ucis, Uczo E 7.2 Lack of tactile stimulative elements.

ts: Uay, Uag, Up1, Upa, Ups, Ups, Ups, Ucy, E 8.1 Device cannot be adapted for other uses.
Ucz, Ucs, Ucy, Ucs, Ucs, Ucy, Ucia, Ucts, Ucoo

to: Up1, Upo, Upio, Ue, Uey, Ues E 9.1 Lack of device storage space.
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Usability Ratings Defects in Prototype I

E 9.2 Difficulty in moving device around due to its sheer
size and weight.

Each of the defects in Prototype I, as shown in Table 5, was considered and all of them re-grouped
according to their relevance to the subsystems of the prototype. For example, starting with E1.1, which was
about the backrest and vertical board, the other defects were sorted for any relevance to this component,
which were then assigned to the same ‘backrest’ category. Similatly, the next E (E1.2) was used as a starting
point for the next series of defects. Following in this fashion, all of the E’s were examined and grouped into
eight series as shown in Table 6 below. These formed the basis of the requirement (R) for the final solutions
(S). Based on the skill and experience of the research team, a range of desirable S’s, or the goals of our exercise,
was envisaged. These are shown in Table 6 below.

2.7. Using TRIZ and Specialist Input to Rectify Errors in Prototype I

TRIZ is an inventive technique for resolving conflicts between any two subsystems within a technical system.
It provides broad ideas — known as ‘principles’— that serve as a starting point for creative problem solving.
Turning such principles into meaningful solutions remains the work of the design engineer [41]. Users of the
technique rely upon a set of prepared tables, lists and explanations which can be accessed via the TRIZ
website: www.triz40.com.

The TRIZ process starts with determining the range of technical and physical contradictions within a
problem area. These are identified by the theory’s 39 Features which give out two groups of numbers; one
signifying improving features while the other its worsening features. Two numbers, one from each group,
serve as coordinates for use with TRIZ’s “39 x 39 Contradictions” matrix, which in turn identifies a range of
suggestions from its “40 Inventive Principles” list.

Due to the wide array of contradictions in the subsystems of Prototype I, the range of ‘principles’
obtained from TRIZ contained many repeats. The principles occurring with the highest frequencies were
thus examined first, and suitable solutions systematically worked out along the suggestions given. (Note that
the principles with lower frequencies of occurrence should not be dismissed entirely as they might prove to
be more relevant in some cases.) Throughout the process, additional brainstorming and input by the specialist
team proved to be very helpful.

Table 6 below features the listing of system contradictions, their improving and worsening features, the
range of principles suggested by TRIZ and frequency of occurrence, and the principle chosen by the research
team for guiding the resolution of contradictions. For the cases of R6 to R8, no technical contradictions nor
physical contradictions were observed, and the listed defects were corrected through suggestions provided
by the specialist team.

Table 6. Application of TRIZ and specialist input to assess requirements and find solutions.

Defects in prototype I: Require Solve

E1.1, E2.1, E2.2, E3.1, E3.2, E3.3, E6.3, E8.1: Make backrest adjustable. (S1)

Adjust angle of incline for Back Tilt Chair and

Vertical Tilt Board, to 95,100, 120 degrees and 90,

120, 150, 180 degrees respectively. (R1)

Approach to solving issue of backrest and vertical board

Given that the backrest and the standing board were combined as a single component, it was
redesigned to allow tilting of the piece to various angles of decline. This approach, however, led to
some complexities in terms of component size, weight, and the locking mechanisms required.
Technical Contradiction via TRIZ features; and proposed solutions (40 principles):
Improving ~ Features:  33.  FEase  of  operation,  35. Adaptability = or  versatility
Worsening Features: 1. Weight of moving object, 2. Weight of stationary object, 3.Length of moving
object, 4. Length of stationary object, 5. Area of moving object, 6. Area of stationary object, 7.
Volume of moving object, 8.Volume of stationary object, 36. Device complexity

Inventive Principles (frequency): 15(8), 1(7), 16(5),29(5), 35(5), 13(4), 6(3), 17(3), 2(2), 12(2), 18(2),
25(2), 39(2), 4(1), 7(1), 8(1) Applying Principle 15: Dynamisation, the chair backrest-cum-vertical
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Defects in prototype I: Require Solve

board was redesigned to enable back-and-forth pivoting of the board. A metal rod holds the board
between the two main posts, serving as the pivoting axis (see Figs. 11 and 15). Tilting board positions
were re-designed as tensile forces in the form of a strap on each side, which holds the board to the main
posts. Tilting is possible at 90, 95, 100, 120, 150, 180 degrees by adjusting the straps. A knob-operated
screw locking device was provided (see Fig. 13).

E1.5, E2.1, E2.2, E3.2, E3.3, E4.1, E42, E6.2, Install height adjustment mechanism. (§2)
E8.1: Adjust desktop/armrest angle & height. (R2)

Given that the desktop and armrest were to have the flexibility for height and incline adjustment
as well as detachability, more complexities became necessary in terms of component size, weight,
and the locking mechanisms required.

Technical Contradiction via TRIZ features; and proposed solutions (40 principles):-
Improving Features: 35. Adaptability or versatility
Worsening Features: 1. Weight of moving object, 2. Weight of stationary object, 3. Length of moving
object, 4. Length of stationary object, 5. Area of moving object, 6. Area of stationary object, 7.
Volume of moving object, 8. Volume of stationary object
Inventive Principles (frequency): 15(5), 29(5), 35(4), 1(3), 6(2), 16(2), 2(1), 7(1), 8(1), 19(1), 28(1),
30(1),37(1) Applying Principle 1: Segmentation, the height and incline of the desk and its arm-rests
were made adjustable by separating the parts. The desktop becomes detachable, while its seat is
suspended from the armrests and its height and angle controlled through four sliding metal
channels which allow desktop inclines of 0 — 30 degrees. Height of the armrests is also adjustable
on the same metal-channel mechanism. A friction control knob is provided for locking the
positions on the channels (See Figs. 9, 12 and 13).

E1.2, E14, E2.1, E2.2, E3.3, E6.3, E7.2: Adjust Make the footboard adjustable to desired
angle of footboard to suit sitting training on the height and also detachable. (S3)

Back Tilt Chair, and sitting on floor with legs fully

outstretched. (R3)

Given the requirement to add the flexibility for adjustments in height, distance, and inclination of
the footboard, more complexities became necessary in terms of component size, weight, and the
locking mechanisms required.

Technical Contradiction via TRIZ features; and proposed solutions (40 principles):-
Improving Features: 35. Adaptability or versatility
Worsening Features: 1. Weight of moving object, 2. Weight of stationary object, 3. Length of moving
object, 4. Length of stationary object, 5. Area of moving object, 6. Area of stationary object, 7.
Volume of moving object, 8. Volume of stationary object, 36. Device complexity
Inventive Principles (frequency): 15(5), 39(5), 35(4), 1(3), 6(2), 16(2), 2(1), 7(1), 8(1), 19(1), 28(1),
30(1),37(1). Applying principle 1: Segmentation, the footboard components are made detachable in
order to enable adjustments in height, incline and entrance distance. The footboard can be
reattached away from the backrest when the user is required to sit on the floor with his legs
outstretched. For this function, it is secured by two metal channels and locked in place by a friction
knob. (See Figs. 10 and 14).

E6.1, E8.1: Allow the child to train walking skill ~Walking rails & suspended pelvis support.
unassisted by carer. (R4) &4

In order to prevent the child from falling over while in training, some form of a supporting device
was necessary. The addition of such a device, however, may affect the weight, dimensions or

flexibility of the design.
Technical Contradiction via TRIZ features; and proposed solutions (40 principles):-
Improving Features: 30. External harm affects the object.

Worsening Features: 1. Weight of moving object, 2. Weight of stationary object, 3. Length of moving
object, 7. Volume of moving object, 8. Volume of stationary objects, 13. Stability of object’s
composition.

Inventive Principles (frequency): 22(3), 27(3),18(2),19(2), 21(2),24(2),35(2), 1(1),2(1), 15(1), 17(1),
30(1), 34(1), 37(1), 39(1). Applying principle 24: Intermediary, a pelvis support is provided. It is made
of denim, shaped like a pair of shorts, and suspended from four adjustable straps from the topmost
rails. It offers more support for the user’s balance in addition to his holding the rails. A softer
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Defects in prototype I: Require Solve
surface for the user to walk on, for instance grass, earth or sand, may be provided to acquaint the
user with the natural world. See Fig. 16.
E3.1, E3.2, E9.1, E9.2: Reduce size and weight of Reduce the length of the device to make it
device. Reduce length of the device. (R5) compact and more portable. (S5)
Given its rather large size, especially its length of 3.00 metres, the prototype would be cumbersome
in regard to storage space and portability. To mitigate these disadvantages, Prototype 11 may be
separated into two modules, each being more or less self-contained in terms of training functions.
Physical contradiction: While splitting the prototype offers the benefit of it being more compact
and portable, its versatility may be reduced, i.e. some functions may not work as well as originally
intended. In addition, the separated modules will require stronger parts, thus necessitating a
redesign to strengthen their structures..
Inventive solution: The principle of “Separation in Space” was employed. The two modules were
redesigned for use either separately or together as a single device. The base of the Sit-Stand Trainer
was strengthened for rigidity over the complete range of functions it is intended for: The Sit-Stand
Trainer module is to provide training functions for sitting and standing skills, leg and arm muscles
development, and leg stretching; while the Walking Rails module for training skills in pacing
movements and balancing. See Fig. 16.
E3.1, E3.2, E3.3, E7.1, E7.2, E8.1: Strengthen Cover the walking track with synthetic lawn.
child’s tactile sense. (RG) (§6)
The Walking Rails is designed for three user heights, with a pelvis support on adjustable suspender
straps. Its walking track is covered with a green synthetic lawn to increase user appeal while
providing a measure of tactile training to the user. See Fig. 16.
E1.3, E6.2, E7.1, E7.2: Pulley arms need to be The Double Pulley can be rotated all around.
adjustable for use with both the sitting and standing  (§7)
trainers. And to be retractable. (R7)
This subsystem comprises pulleys, pulley arms and rope. The pulley arms can be adjusted to match
a child’s arm length; can be rotated to either side of the backrest and locked in positioned with a
friction knob. When not in use, the arms can be retracted out of the way. See Fig. 8.
E2.2, E6.3, E7.2: Seat cushion removable from its Make cushion detachable from seat. (S8)
supporting structure. (R8)
Cushion of chair can be detached and used as padding for on-floor sitting with legs outstretched.
The seat structure also serves as support for the vertical board to ensure device stability when the
board is tilted to 180 degrees. See Fig. 15.
Metal channels with friction knobs employed as mechanism for height adjustment and locking
(Figs. 12 and 13).
* Aluminium-alloy channels are employed to enable sliding actions.
* The locking device, consisting of knob, bolt and washers, is employed for locking movable
part(s) during height adjustment. The knob — for convenient manual tightening by the child’s
carer — has a 4.45 cm. diameter which was determined according to research findings [42].
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Figures 6 and 7 below show defects in Prototype I and outcome of their correction: Prototype 11

Fig. 6. Requirements for defect correction on Prototype I (R = Require).

Fig. 7. Prototype 11, outcome of defect corrections (S = Solve) on previous design [43, 44].
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Fig. 8. pulley arms can
be rotated 360°: (S7).

Fig.9. desk board and armrest incline
adjustable from 0 - 30°: (S2).

Fig. 10. Sitting with
legs outstretched; feet
pushing against
footboard: (S3), (S8).

Fig. 11. Backrest
adjustable to angles
95°, 100°, 120°: (S1).

Bolt into timber frame

__Metal channels
% for height
| &~ adjustment

adjustment.

Fig. 12. Metal channels for height

| Boltinto
*'-‘timber fram

2
B

compo nents.

Friction knob for manual tightening

Fig. 13. Friction knob for locking

Washer

{

(S3).

8=10-30°

Fig. 14. Adjusting angle of footrest:

8=0-45°

(

15 o

0 = 1502

Fig. 15. Adjusting bodyweight beating board for inclines at 95°,
100°, 120°, 150°, 180°: (S1).

Fig. 16. Sit-stand Trainer, Arm and Leg strength
Trainer, Walking Trainer: (S1), (S4), (S5), (S6).

2.8. Determining Functions & Features for Prototype II

All dimensions of Prototype II components were determined from actual measurements on the individual
recruited users. Dimensions in Fig. 18 are based on proportions in Fig. 17.

26
[
gl )¢
9 '3

Fig. 17. Children’s ergonomic proportions [45].
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Seat height from floor = [(16) + 10] K: Footrest = [(30)+10] x [(17)]

Height of main supporting posts = [(1) + 20] L: Length of pulley support arms = 1/2 of (36)
Height of pelvic suspender rails = (3) O: Back cushion = [(17) + 10] x [(1) + 10]
Height of hand rails = (4) S: Base of chair = (33) x [(14) + (15)+10]
Height of pivoting rod = 1/3[(1) + 20] T: Base of footboard = (33) x [(14) + (15) + 10]
Height of incline control knob = 2/3[(1) + 20] U: Base of walking track = [(33)] x 200

Desk height = [(11) + (16) + Desk thickness + 10]  F: Size of desk = [(33) + 10] x (25)]

G: Seat of chair = [(17) + 10] x [(14) - 5]

. 18. Dimensions of Prototype II (in centimeters), as per Fig. 17.

2.9. Usability Test Results on Prototype II

As

represented by the red line in Figs. 19 — 22, usability tests were conducted to measure the key indicators

of Prototype II. Each of these received a score of over 4.0 signifying acceptance from the multidisciplinary
team of testers. The test results, plotted in red on the graphs below, are summarized as follows: Ua having a
mean score = 4.67, std dev =0.29; Up, a mean score = 4.88, std dev =0.14; Ue, mean score =4.85, std dev
=0.21; and Uc, mean score =4.72, std dev =0.26.

Usability scale

ability (5)
mild difficulty (4) = === Prototype I
K , : Prototype 11
moderate difficulty (3) ’ N/
/! ¥ 267
¢ 233
reflecting extreme (2)
Inability (1)
Items of Ua
1 2 3 4 5 6 7 8
Uai: Mobility Uay: Self-care Uas: Home management Uag: Work
Uas: Outdoor activities ~ Uag: Leisure activities ~ Ua7: Communication Uas: Learning

Fig. 19. Results of activity and participation (Ua).
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Usability scale

Strongly agree (5) 5.00 5.00
\. / 07 4.67 07 4.67 \
4.33

agree (4) 400 R ® 4.00 ‘)-0-4-0?)- -./4,33 = = = =: Prototype 1
) (Y '\ X
Y 333 1\ , 367 : Prototype 11
unsure (3) rooN 267 N v
233 ) \ .0 ./ ' /
. L o ) v 8233
disagree (2) ~0 2.33 ° Y
2.00 200 &
1.67
Strongly disagree (1)
Items of Up
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Up1: Effectiveness Up2: Efficiency ~ Ups: Ease of use Upy: Suitability
Ups: Adjustability Upe: Reliability ~ Up7: Endurance Ups: Appearance
Upoy: Storage Upio: Portability  Upi1: Safety Upi2: Privacy & security
Upis: Environmental impact Upi4: Novelty Upis: Durability Upie: Maintenance
Fig. 20. Results of device performance (Up).
Usability scale
Very favorable (5) 4.67 2.00 2.00
4.07 2467
P===g 433 24.33 RN
favorable (4) 47 \ /S T Te———s---2y s = === Prototype I
’ /
',3.33 \ / : Prototype II
Neutral (3) 3 /
\ S 2.67
’
[
unfavorable (2) [9%4
¥ 167
Very unfavorable (1)
Items of Ue
1 2 3 4 5 6 7 8 9 10 11
Ue: Physical space Uez: Environmental safety ~ Ues: Surface flooring, terrain -~ Uey: Transportation Accessibility
Ues: Transportation safety Ues: Noise levels Uer: Electronic accessibility Ueg: Climatic conditions
Uey: Light Ueio: Acceptance Uey1: Training

Fig. 21. Results of environmental factors (Ue).

Usability scale
Very adequate (5) 4.67 5.00 5.00 5.00
adequate (4) p-o-o-d Ve o === =: Prototype 1
400 400 % fa00 Y 00
K v\ [ WARY : Prototype 11
Fairly adequate (3) 2.67) v/ Y \
\ 300 4
!
Ve 233 § 233 \
inadequate (2) o= < 2.00 ‘\
o -0 9
1.67 1.67

Very inadequate (1)

Items of Uc
1 2 34 56 7 8 9 101112131415 1617 1819 20

Uci: Strength Ucy: Joint integrity Ucs: Gross movements  Ucy: Fine movements

Ucs: Hand functions ~ Ucg: Postural control ~ Ucy: Endurance Ucs: Understanding spoken language
Ucy: Expressing spoken language Ucig: Understanding written language

Uci1: Expressing written language Ucy2: Vision Ucis: Hearing

Uci4: Tactile sensation Ucys: Attention Ucis: Memory Uci7: Learning

Ucis: Motivation Ucig: Experience Ucao: Perceived independence

Fig. 22. Results of user abilities and skills (Uc).
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2.10. Observations from the Specialist Team of Testers

The specialists found that the components and configuration of Prototype II provided a high degree of
flexibility as well as effectiveness for GMEFM training over the range of the intended skills.

For example, the chair with tilting backrest (Figs. 25 — 28) with its footrest (Fig. 24) helped the users to
develop an improved sitting posture while delivering comfort as it relaxes spastic contractions on the mid-
section and knees. Users were able to sit with their torso upright; lower limbs forming right angles at the knee
and ankle. The chair seat can be removed in order to train users in a more difficult posture whereby the legs
are fully stretched horizontally and feet pushing against a support, as shown in Fig. 23, so as to counteract
muscular contractions at the knee and ankle.

Figure 26 shows the operation of the Vertical Board at various degrees of incline — from 90 degrees
(fully upright) to 180 degrees — which are employed to build up user’s standing strength and correct weight
distribution on the feet.

The desk and armrests, in Figs. 27 and 28, are adjustable in height and inclination. The desk’s detachable
contoured-edged board can be used for doing school work or recreational activities.

The double pulley can be employed either with the user standing up (Fig. 20), or seated (as in Fig. 25).
The pulley arms can be rotated to either side of the board, or retracted out of the way so as to provide
convenience and safety for the trainer when helping the user into position.

The walking rails device in Fig. 29 features two levels of support rails of smooth PVC tubing. Adjustable
suspenders are provided to hold a pelvis support; the latter made of denim and shaped like a pair of shorts,
which is to prevent the user from tripping or falling. The floor board is overlaid with green synthetic lawn to
provide a soft tactile feel for the user who is unaccustomed to walking on hard surfaces.

2.11. Assessment of Device Effectiveness on Users of Prototype 1I

A paired t-test was performed on the entire sample of 9 users in order to measure the effectiveness of the
new prototype. Differences in GMEFM performance on the sample before and after training on the prototype
were compared and their mean values noted. As shown in Table 7, the five skill categories and associated
means derived are: 1) lying and rolling = 20.44; 2) sitting = 31.44; 3) crawling & kneeling = 15.44; 4) standing
= 11.22; and 5)walking/running/jumping = 6.44. At 95% confidence interval, the Upper and Lower mean
differences confirm a positive improvement in the users’ gross motor functions due to the training regimen.
With the p-values all at <0.001, or <0.05, it can be concluded that the test results have a confidence level of
95%.
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Fig. 23. Leg stretch
training.

Fig. 25. Sitting training with rope pulling for arm

strength.

M
e—
” |

Fig. 27. Daily activities on the desk with
top surface inclined.

Fig. 28. Sitting posture
supported by armrests.

Fig.29. Standing and
walking skill training.

Table 7. Paired t-test results on gross motor functions before and after using AT device.

95% Confidence
Std. Std. Interval of the
N Mean Deviation Error Difference p-value
Mean

Lower Upper
Lying and rolling
Pre-Post 9 20.44 5.13 1.71 16.5 24.38 <0.001
Sitting
Pre-Post 9 31.44 7.25 2.42 25.87 37.02 <0.001
Crawling & kneeling
Pre-Post 9 15.44 3.47 1.16 12.78 18.11 <0.001
Standing
Pre-Post 9 11.22 2.86 0.95 9.02 11.76 <0.001
Walking, running & jumping
Pre-Post 9 6.44 1.13 0.38 5.58 7.31 <0.001
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3. Discussion

The design process devised for this study is comprised of 9 steps. Steps 1 and 2 determine a suitable study
approach and appraise the context of AT device usage [5, 6, 8, 46]. Step 3 involves using a partial parts tree,
which enumerates the attributes of the devices, to analyze the relationships between each component part
and the five subsystems of rehabilitative training for the CP child, namely: the strengthening of arm and leg
functions, skills in sitting, standing and walking. Steps 4 and 5 seck to identify correlations between the
conceptual needs for device users and desirable attributes in the finished AT design [10]. The SAM procedure
is employed in order to select a range of suitable folk-designed devices for incorporating into the prototype
[10]. Five folk-designed devices are selected, namely: double pulley, push-pull chair, vertical tilt board, back
tilt chair, and walking rails. The process is carried forward to achieve Prototype 1. Thereafter, in Step 6, a
usability test is performed wherein the Cronbach’s alpha coefficients of the four subscales are measured in
order to verify the internal consistency of our test data. Step 7 involves applying the USAT protocol to
highlight defects (or errors) in Prototype L. Step 8 is where the TRIZ method is applied to arrive at an array
of potential solutions to the problems found on Prototype 1. The design process then loops back to Step 5
whereby the defects so far identified are corrected, leading to a new and improved Prototype 1I. The new
design is then brought for re-assessment according to Step 6. Upon passing the new round of USAT testing,
the prototype is brought for field testing in Step 9 where a sample of users are recruited for testing whereby
their GMFM-88 before and after using the AT device are measured. The before/after effectiveness is then
verified by a paired t-test.

4. Conclusion

Apart from its user-centered approach, the design process presented herein took advantage of the SAM and
TRIZ protocols. SAM was beneficial in encouraging creative input from our specialist team of academics and
care-giving therapists, while TRIZ enabled the design team to quickly arrive at optimal solutions to any
practical issues on the prototypes. The final design was assessed for its effectiveness and user satisfaction
through the USAT procedure. Field tests were carried out on a sample — consisting of nine CP children —to
measure their GMFM-88 functions before and after use of the final prototype. Outcomes of the field tests
showed significant progress in the afflicted children in regard to the strengthening of their motor skills in
sitting, standing, and walking.

In conclusion, the design process is a viable method for upgrading the efficiency and effectiveness of folk-
designed devices by integrating them into a single AT system. Further design refinement is possible by re-
invoking the TRIZ procedure for the purpose. The process can be conveniently adopted for creating similar
AT devices with the promise of high effectiveness at a low production cost.
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