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Introduction: Nearly 13 million children are
affected by inadequate trunk control which is
characterized by an instability and lack of pos-
tural control. This is typically a secondary con-
dition as a result of another diagnosis such as
Dystonia, Ataxia, Rett syndrome, spasticity,
Wilson’s disease, Cerebral Palsy (CP), or Trau-
matic Brain Injury [1].

In typical development, children build trunk
control which starts with the head and neck dur-
ing early infancy and slowly develops through
the spine segmentally, with full pelvic control
and the ability to sit upright by 8-10 months. An
individual’s ability to maintain trunk control
can be characterized at 7 different levels using
a clinical assessment tool called the Segmental
Assessment for Trunk Control (SATCo) [2].

In children with reduced trunk control, this can
lead to limitations in their ability to sit up and
complete motor tasks. These motor tasks such
as reach and grasping ability are closely linked
with ability to maintain postural control [3], but
are also strongly connected with cognitive de-
velopment. External trunk support can signifi-
cantly improve grasping and reaching abilities
in developing children [4].

There is a commercially available seating sys-
tem that is a competitive product, called Firefly
GoTo Postural Support Seat. This is a high
quality portable and versatile chair that pro-
vides lateral support around the waist. It is lim-
ited in the level of targeted lateral support and
does not provide rigid pelvic control. Addition-
ally, this seat is expensive with a cost of ~$400
in a small, medium and large design implying
children will outgrow the seat (Fig. 1, [5]).

The biomedical engineering senior design team
at Western New England University was tasked

with the development of a seating system to im-
prove trunk control by applying external loads
at the appropriate position along the trunk; spe-
cifically ensuring proper mechanical stability of
the pelvis and controlled placement of lateral
supports along the spine. The external support
provided by this portable chair may allow peo-
ple living with mobility limitations to improve
upper body function such as reaching and
grasping and will improve their interaction with
the world around them.

Problem Statement: There is a need for an af-
fordable seating system that provides mechani-
cal support through the pelvis, trunk and head
in a portable chair design. The design should be
universal and allow adjustability as a child
grows with removable components to provide
the appropriate level of trunk control to meet
each child’s unique needs. The chair must pro-
vide adjustable lateral support in both breadth,
depth and height along the spine and incorpo-
rate pelvic nylon straps to control pelvic motion
while seated in the chair.
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Figure 1. The current seating solutions towards im-
proved trunk control. A. Firefly GoTo harness is seen
inside of a GoBabyGo ride-on-electric car. B. SATCo

straps in a basic seat designed for children with limited
mobility at Shriners Hospital for Children [6].



Engineering Design: The biomedical engi-
neering design team has utilized the FDA Wa-
terfall design process to develop end user needs,
design specifications and generate several de-
sign ideations. They developed a robust engi-
neered solution to a portable seating system for
children. This included several design iterations
in SolidWorks 3D software and the construc-
tion of a limited functional prototype from re-
cycled wheelchair parts. The final design was
selected based on ideation of no less than 12 de-
signs that were subjected to a Decision Matrix
based on end user needs. Design ideas were
combined and the second round of designs were
analyzed using a Pugh Matrix which took used
design specifications, manufacturability with
end user feedback along the way (Fig 2).

In the research phase of this project, the team
was able to reverse engineer a Firefly seating
system to understand the benefits and major
features of this Benchmark Design. The stu-
dents were able to observe children utilizing the
current gold standard device, and they worked
with clinicians to understand the basic require-
ments to create a portable seat that provided
pelvic control. It was identified that the new
seat was required to interface safely with other
seating systems, such as a GoBabyGo ride-on-
car and a Tripp Trapp chair so that it became
useful in several at-home applications.

Initial Design

Limited Physical
Prototype

Final Design

Figure 2. The evolution of the engineering design of
a seating system for trunk support in children. A. The
initial design modeled in SolidWorks had adjustability
in seat base size and lateral vertical positioning.
B. A limited functional physical prototype made from
recycled wheel chair parts allowed for a universal design
C. The final design modeled in SolidWorks incorporated
the wheelchair parts and laterals to accommodate grow-
ing children with a wide range of trunk control needs.

Figure 3. Engineering design students observe pa-
tient appointments to better understand seating sys-
tem needs of their clients while in the design phase.
Students learned from the talented Shriners Hospital
physical therapist, Yvette Santana.

Interdisciplinary Engagement: Students de-
veloped an understanding of end user needs
through conversations with occupational thera-
pists and physical therapists from Shriners Hos-
pitals for Children. A clinical technology spe-
cialist, Max Cuppett at Shriners played an in-
strumental role by providing donated parts from
old wheelchairs and offering suggestions on at-
tachment and assembly techniques based on his
experience building and repairing wheelchairs.
Biomedical engineers were able to observe a
child being measured using the Sagittal Assess-
ment of Trunk Control to gain better under-
standing of the targeted level of support re-
quired in the design (Fig.3).

Additionally, biomedical engineering students
worked with students enrolled in the doctoral
occupational therapy program at Western New
England University. These doctoral students
served as consultants on the project to provide
feedback and new perspectives on the design
quality and helped provide direction at new
phases of the design process. They had a higher
level of understanding for seating systems and
wheelchair design to promote comfort and us-
age by their clients.
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Figure 4. Adaptability of the seat skeleton provides a
single device to accommodate a 10 month old in
A. small configuration up to a 4 year old in B. large
confiquration.

A strong understanding of the target population
that this device would service, led to better de-
sign optimization in the ideation phases of the
project. This was critical in the development of
a novel and functional final product. Ulti-
mately, to be novel, the design had to apply ex-
ternal loads that could provide the appropriate
level of segmental support to the trunk. The lat-
eral stabilizers applied to the trunk needed to be
adjustable in girth, depth and slide vertically
along the longitudinal axis of the trunk, equat-
ing to a 3-axis motion mechanism for the sup-
port. Most challenging, the chair needed to ac-
commodate a range of children to expand and
contract to hold a 10 month old up to a 4-year
old. This helped to reduce the burden of cost for
parents and caretakers so only a single seat
would be purchased for rapid growth from birth
to 5 years of age.

The seating system needed to incorporate pelvic
straps that align the pelvis to neutral in a seated
position and be adjustable in seated height, seat
depth and width to accommodate the age range.
SATCo straps (Fig.1B) would be incorporated
into the base of the chair using metal O-rings
which would help to loop a nylon seat belt and
thigh straps that are connected with plastic clip
buckles. Nylon straps are lined with foam pad-
ding along the thigh for comfort. These are
commonly incorporated into GoBabyGo cus-
tom cars at Shriners Hospital so were not a fo-
cus for this design project and therefor were not
visualized in the design work. The functionality

of the strapping system is explained in detail in
the work by Rachwani, et. al.

The final design needed to fit into a GoBabyGo
ride-on-car or and could easily be attached to a
Tripp Trapp chair. The chair would be attached
using nylon straps and plastic buckles that are
incorporated into the base skeleton legs of the
design (not shown) [6]. The most important de-
sign feature was the rigid lateral supports which
were required to slide up and down the spine to
apply appropriate mechanical loads at all the
different levels for trunk stability. The new seat
also needed to recline so that the back rest could
be angled between 90 degrees upright to a re-
cline of at least 120 degrees. By providing these
features the seat provides a more universal de-
sign to meet the specific mechanical stability
needs for a range of ages and children with var-
ying height and seat depth (Fig. 4).

This seat was designed to be manufactured as a
dissembled kit that comes in a box where end
users would assemble and only add the compo-
nents that are needed to meet their child’s
unique stability requirements. Design compo-
nents were modeled off of parts that were used
in a wheelchair’s adjustable arm rest. By doing
this, the mechanism once used to raise and
lower arm rests worked to extend both the
height of the seat and the depth of the base. This
led to the idea of creating a universal seat skel-
eton with a consistent part for the spine and the
base.

The skeleton frame was covered in a padded
seat cushion and a backrest cushion and
equipped with a headrest (if necessary) for head
control. This universal design allows for similar
parts to be assembled with only minimal waste
in parts and interchange of small aluminum
connector tubes to increase the width of the seat
for larger end users. This allowed for the seat to
be assembled to meet the child’s unique needs
while considering design for manufacturability,
and provided novel adjustability in seat dimen-
sions. A wide base element was added to con-
nect all components to ensure stability and



Table 1. Design specifications for a novel seating system  where insurance would cover end user costs.

to provide segmental postural control.
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Cost usd | 400 | <200 <150
seat
Age Years 3-8 1083-4 0.66 -5
Weight kg/lbs | 30/66 | 35/77 46 /101
Thigh - \ v
Seat
Support belt v v v
Levels | Lateral \ - N
Head-
rest v ) v
Lateral
Width mm 300 300 350
Seat
Height mm 680 680 700
Depth 244 | <320 <290
Width 300 <250 <220

safety of the chair. The final design focuses on
reduced manufacturing costs and minimizes en-
vironmental waste in the number of unneces-
sary components (Fig. 4).

Cost Analysis of the Design: Through the use
of low cost aluminum parts that utilize a univer-
sal design, the skeleton can be manufactured for
a cost <$30. The padding, polypropylene base,
and foam can be constructed for $20 per chair
and SATCo straps can be added for an addi-
tional $10 per seat when purchased at cost from
online suppliers. Buying and assembling com-
ponents in bulk can significantly reduce these
costs and materials can be purchased for $39
per unit when at least 30 units are constructed.
The seat would be sold to the target market at a
cost of $150 which is fair market value for an
adaptive seating system that can be utilized for
over 3 years. There are funding and marketing
opportunities for seating systems of this type

Future work could look at reimbursement strat-
egies to ensure our seating design meets the re-
quirements to allow parents to submit for reim-
bursement through insurance programs. Next
steps should also engage in discussions to de-
velop partnerships with Numotion and National
Seating and Mobility [7, 8].

Verification and Validation: The seat under-
went verification testing through mathematical
and computer simulations. Future validation
studies are planned for end user feedback on as-
sembly, ease and timing to seat the child, and
the functional improvement in trunk position-
ing and control through external support pro-
vided by the seat. These tests were postponed
due to the COVID-19 pandemic. In future
work, other biomedical engineering student
teams will execute the research plan to fully
verify the functionality of the seat.

In the simulation work, testing was conducted
to determine safety and comfort of the seat. Fi-
nally, a detailed build manual was assembled to
ensure the end user had proper access to the
configuration of the seat, could assemble it eas-
ily and that they were aware of the safety pre-
cautions when handling and using the seating
system.

Future verification tests will include the evalu-
ation of the usefulness of the build manual,
study of assembly time, and time to get the child
seated properly into the chair. The quantity of
applied mechanical load could be characterized
using force sensing resistors that can character-
ize pressure and relative loads across surface
along the lateral pads that are interfacing with
the body. Design controls were specified using
Engineering Specifications (Table 1).

Compression Simulation for Cushion Design

To characterize comfort of the foam used for
the seating system, the applied load on the sur-
face of the pad was estimated as the mass from
the 50' percentile for both boys and girls from
the ages of 9 months up to 4 years of age [9]. A
finite element analysis was used to determine
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Figure 5. Displacement of seat cushion according to
age and gender of child. A. Displacement profile of
50th percentile boys and girls. B. Displacement in-
creases as age and weight increases (Two-Sample
Student’s T-test, *p<0.05).
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the deformation of the custom seat cushion for
the seating system. The seat was designed in
SolidWorks with dimensions 25.4 x 30.5 x 2.54
cm and made out of a polyfoam block with two
5.08 x 17.8 cm fillets on the front corners of the
cushion. In this finite element load simulation,
the bottom of the cushion was fixed in all direc-
tions and a force was applied downward on the
top surface to characterize total displacement.
A Two-Sample Student’s T-test compared dif-
ferences in cushion displacement for boys and
girls of the same age group. A p-value of less
than 0.05 was considered significant.

A 9-month old child in the 50" percentile would
displace a polyfoam seat by 0.6 cm (male) or
0.54 cm (female) which represents ~21% of to-
tal height of the foam. This increased linearly
with age, where finally at 4 years old, the 50"
percentile child displaced the seat by 1.0 cm
which represents 40% of the total height of the
foam consistent in both males and female but
still within a comfort zone for foam compres-
sion (Two-Sample Student’s T-test, *p<0.05,
Fig. 5).

Safety Tipping Simulation for Seat Stability

To characterize the safety of the device in terms
of stability when the child is seated in the chair,
a mathematical analysis of the required forces
to cause anterior-posterior tipping. The right

stable frame and use of safety straps can protect
users from falls and injuries [10]. Forms of sup-
port include straps, belts, harnesses, and posi-
tioning blocks [11, 12].

To determine the stability of the design, a mo-
ment calculation was used to determine when
tipping would occur (Fig.6). The Center of
Mass (COM) and moment equations were used:

Center of Mass =WxX Eq. 1

Z Mbase = WHAT * XHAT + WUppLeg * XUpperLeg +

WChair * XChair - FUnknown * XChairHeight

W is the Force of the specified object and X is
the distance from the point of rotation. Point
load locations were derived from anthropomet-
ric tables [13,14]. Measured in centimeters,
with acronyms described: HAT: head, arms and
trunk, Uppleg: upper leg, or thigh. The un-
known force was derived. The data was derived
for cases for the 5™ percentile for a 10-month-
old female with a height of 66 cm and weight
of 6.6 kg and the 95" percentile male whose
height was 109 cm and weight is 20 kg (Table
2, [9]) to represent the large range of end us-
ers. A 10% applied load safety factor was in-
corporated for the analysis. The seat was then
characterized for force generations that were
consistent with spastic arm reaches using data
published on force generation of spastic CP
subjects [15].

Starting Position

Tipping
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Figure 6: A biomechanical analysis for tipping forces on
the seating system was conducted. A. An external load
applied at the headrest to determine the moment about
the base of the chair. B. 43 N force was required to cause
tipping which was greater than the target 25 N threshold
demonstrating the seat is stable and safe.



Table 2. Force and distances used for tipping calculation.

Weight Weight

Subscript (N) X (cm) (N) X (cm)

inthe Eq. | Small. Small. Large Large
HAT 41 7.33 123 10.7
Upper Leg 13 11 39 15.6
Chair 38 10.7 52 15
ﬁ)gg“(fgp) Funknown 44 Funknown 56.5
T1pping 16N 43N
Force

W = Force, X = Distance, N = Newtons

The threshold for stability was to withstand
greater than a 23 N applied load at the headrest,
without secondary restraints, that would not
cause tipping. The stability testing determined
that the large configuration could withstand the
required applied force and maintain upright po-
sition. However, the small chair’s maximum
applied peak force was only 16 N that would
cause tipping. Since smaller children will not
likely generate the same magnitude of forces as
larger children, but requires further testing and
simulations to better validate the design.

Significance: This project aimed to develop a
seating system to provide targeted trunk control
to children with mobility limitations. The team
has implemented a functional, universal design
that provides individual targeted mechanical
support for external trunk control (Fig.7). The
use of a universal bracket and mechanical sta-
bilizing bar is novel in its application. This

Figure 7: Final exploded view of an assembled seat to
provide segmental postural control for children.

could make the system a stand-alone product or
a device that could be modified and interface
with commercially available physical therapy
tools. This provides a greater level of accessi-
bility to the design which can help improve dis-
tribution and use, while also considering the im-
pact of its efficacy as a postural support tool.

The next phases of this project will look to val-
idate the functionality through clinical studies
on patients who require different levels of sag-
ittal trunk support. Further work is required to
determine end user testing on ease of use, tim-
ing studies and surveys to improve the function-
ality of the application and the manual to as-
semble the device appropriately. Finally, clini-
cal testing should be used to validate the func-
tionality of the applied mechanical loads at the
appropriate SATCo level, and its effects on hu-
man performance. This would require Institu-
tional Review Board (IRB) approval, which
would likely run through the clinical partners at
Shriner’s Hospitals for Children.

In conclusion, the implementation of adjustable
lateral supports that can apply appropriate me-
chanical load at the proper location along the
trunk provides the appropriate mechanical sta-
bility that will allow children to freely sit up-
right. This has the potential to improve reach
and grasp and help children with disabilities en-
gage in the world around them. Implementation
into GoBabyGo cars and equipment intended to
improve access to mobility will help these chil-
dren engage with society and can have major
impacts on their quality of life.
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