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Abstract 
This engineering study investigates the technical and design feasibility of 
integrating airbag systems into low-CC motorcycles and three-wheelers for 
developing markets. Through systematic analysis of chassis dynamics and spatial 
constraints in common 70-150cc vehicles, the research identifies the fuel tank 
area as the most viable location for airbag module placement, with a strict weight 
limitation of 1.5-2 kg to maintain vehicle stability and performance. The core 
engineering challenge centers on developing a cost-constrained sensor fusion 
algorithm capable of reliably distinguishing crash events from common road 
anomalies using accelerometer-gyroscope combinations. Technical specifications 
derived from expert analysis indicate the system must withstand vibration profiles 
simulating prolonged operation on poor road surfaces and maintain functionality 
in extreme environmental conditions. Manufacturing analysis reveals that 
achieving the critical 10% cost ceiling requires localized production of non-critical 
components while maintaining imported quality for the inflator mechanism. The 
study concludes that successful implementation demands a fundamental redesign 
of motorcycle architecture to accommodate safety systems while preserving the cost 
structure essential for mass-market adoption in price-sensitive regions. 
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INTRODUCTION
The march of automotive progress has consistently 
placed a premium on safeguarding human life, with 
airbag technology emerging as a defining 
achievement. Statistical evidence from the United 
States highlights the profound impact of these 
systems, which have prevented over 50,000 fatalities 
in a thirty-year span (National Highway Traffic Safety 
Administration, n.d.). This revolutionary innovation, 
initially viewed with skepticism for four-wheeled 
vehicles, has become an indispensable global safety 
feature, consistently proven to absorb catastrophic 
crash forces and prevent death (World Health 

Organization, 2023). Yet, in a stark and troubling 
contradiction, the millions who navigate roads on 
motorcycles and auto-rickshaws continue to wait for 
similar protection. Globally, these riders represent a 
shocking 28% of all lives lost in traffic incidents, a 
figure that exposes a deep and dangerous inequity in 
road safety (World Health Organization, 2023). The 
gravity of this situation intensifies in countries like 
Pakistan, where the number of registered motorcycles 
has surged past 17.4 million, establishing them as the 
backbone of daily travel for millions (Pakistan Bureau 
of Statistics, 2023). The persistent peril faced by riders 
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is chillingly clear, with national data showing 
motorcycle users comprise over 60% of urban traffic 
deaths, a risk that remains tragically high even with 
helmet use, as recent news from Karachi has painfully 
demonstrated (Dawn, 2024). 
While current safety equipment provides a crucial 
layer of defense, it falls short of offering complete 
security. The ongoing refinement of the motorcycle 
helmet (Turtle Helmet, n.d.) and the pioneering of 
wearable airbag vests by brands such as Dainese (n.d.) 
and Hit-Air (n.d.) are undoubtedly significant strides. 
Academic investigations, including work by 
Yamamoto et al. (2016) on protective gear and an 
airbag jacket assessment by the International Research 
Council on the Biomechanics of Injury (2019), 
validate their role in lessening the severity of injuries 
to the head, neck, and torso. However, the core 
problem endures: the rider is fundamentally exposed, 
lacking the integrated protective structure that is 
standard in automobiles. The engineering capability 
for motorcycle airbags is well-established, first realized 
by Honda and later in prototypes from other industry 
leaders (Zhao et al., 2022). The critical barrier, as 
noted by Yokoyama et al. (2015), is that these systems 
are exclusively available on high-displacement, costly 
models, placing them far beyond the reach of the 
typical commuter in developing nations who depends 
on affordable, low-CC transport. This disparity 
underscores an urgent and unmet need for research 
dedicated to creating viable, cost-effective integrated 
safety mechanisms for these widely used vehicles. 
Contemporary studies continue to refine this field, 
exploring user demographics for wearable systems 
(Saint-Louis et al., 2025) and assessing new airbag 
designs with sophisticated computer models (Gowda 
et al., n.d.), while parallel research examines their use 
in diverse scenarios like fall protection for the elderly 
(Phan et al., 2025), their underlying physics (DiLisi & 
Rarick, 2025), and rare deployment-related injuries 
(Marino et al., 2025). 
Motivated by this clear and present danger, the 
current research is dedicated to confronting this safety 
chasm. Its principal aim is to conduct a rigorous 
exploration into the practicality of fundamentally 
redesigning low-CC motorcycles and three-wheelers to 
include integrated airbag systems. The investigation is 
guided by a central question: What specific 
modifications and integration strategies are necessary 

to adapt existing airbag technology for low-CC 
motorcycles and three-wheelers? Supporting this 
primary inquiry, secondary questions will delve into 
the precise engineering alterations and associated 
financial implications of such integration, and will 
also establish a realistic forecast for the development 
and widespread adoption of this life-saving 
technology. 

 
Primary Research Question 
How can integrated airbag systems be effectively 
adapted, designed, and implemented for low-CC 
motorcycles and three-wheelers to significantly 
enhance rider safety in developing economies? 

 
Secondary Research Questions 
1. What specific spatial, weight, and structural 
modifications are required to integrate an airbag 
system into existing low-CC motorcycle and three-
wheeler chassis designs? 
2. What are the key economic and 
manufacturing determinants for the commercial 
viability of integrated airbag systems in low-CC 
vehicles in Pakistan? 
3. How do rider perceptions, cultural attitudes, 
and economic factors influence the potential 
adoption and sustained use of motorcycles with 
integrated airbag systems? 
4. What performance metrics and safety 
validation protocols must a successful airbag system 
for low-CC vehicles meet to ensure reliable protection 
in various collision scenarios? 
 
METHODOLOGY 
This research adopted a sequential mixed-methods 
approach to comprehensively assess the viability of 
incorporating airbag systems into low-displacement 
motorcycles and three-wheelers. The initial 
quantitative phase involved a cross-sectional survey 
administered to a sample of riders in Karachi. The 
sample size was determined to be 385 participants, a 
figure derived from a standard calculation for a large 
population, utilizing a 95% confidence level and a 5% 
margin of error. A conservative estimate of 0.5 was 
used for the sample proportion to ensure maximum 
variability and representativeness. Data collection 
employed a convenience sampling strategy to 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030
https://sesjournal.org/


Spectrum of Engineering Sciences   
ISSN (e) 3007-3138 (p) 3007-312X   
 

 https://sesjournal.org                | Razee, 2025 | Page 866 

pragmatically access the target riding population 
within the urban environment. A structured 
questionnaire was developed, with sections on 
demographics, riding habits, and perceptions of 
airbag technology, using Likert scales adapted from 
established Technology Acceptance Models. The 
instrument’s face validity was confirmed by a panel of 
three experts in automotive engineering and survey 
research. Data collection was conducted via a digital 
platform (Google Forms) to ensure a diverse sample. 
The qualitative phase involved semi-structured 
interviews with a purposively selected cohort of 10 
automotive engineers from manufacturing firms. All 
interviews were transcribed verbatim. Quantitative 
data was analyzed using IBM SPSS Statistics, Version 

28, employing descriptive statistics and inferential 
tests, with a significance level of p < 0.05 set for 
rejecting the null hypothesis. Qualitative data 
underwent thematic analysis using NVivo software, 
Version 14, to identify emergent themes regarding 
technical and regulatory challenges. 
 
DATA ANALYSIS 
Analysis Phase I 
The initial quantitative phase employed comparative 
and relational analyses, utilizing t-tests, ANOVA, and 
correlation to examine group differences, followed by 
regression modeling to identify key predictors of 
adoption intention for the safety innovation. 
 

 
Table 1 Pearson Correlation Matrix for Key Study 
Variables 

Variable 1 2 3 

1. Perceived Usefulness ,    

2. Perceived Concerns 
-.582** 
(p < .001) 

,   

3. Behavioral Intention 
.432** 
(p < .001) 

-.538** 
(p < .001) 

,  

The correlation analysis revealed that perceived 
usefulness was a significant positive predictor of 
behavioral intention, whereas perceived concerns 
demonstrated a strong negative relationship with 
adoption intent. These statistically significant 

relationships established a clear motivational 
framework underlying riders' acceptance of integrated 
airbag technology. 
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Table 2 Independent Samples T-Test Comparing Behavioral Intention Scores by Accident History 

Variable Group N 
Mea
n 

Std. 
Deviatio
n 

t df 
p-
valu
e 

Mean 
Differen
ce 

95% 
CI 

Behavior
al 
Intentio
n Score 

No 
Accide
nt 

11
2 

3.45 0.89 
-
3.2
1 

19
8 

.002
* 

-0.42 
[-0.68, -
0.16] 

 
Had 
Accide
nt 

88 3.87 0.91      

The independent samples t-test yielded a statistically 
significant result, indicating that riders with prior 
accident experience (M = 3.87, SD = 0.91) reported a 
meaningfully stronger intention to adopt motorcycles 
with integrated airbags than those without such 
history (M = 3.45, SD = 0.89), t(198) = -3.21, p = .002. 
This finding powerfully implies that direct exposure 
to road hazards serves as a critical catalyst for 

appreciating advanced safety innovations. For the 
proposed technology, this suggests that early adoption 
and advocacy will likely be driven by riders whose 
personal experiences have concretely demonstrated 
the limitations of existing protective gear, making 
them a crucial demographic for initial market 
penetration and social proof strategies. 
 

Table 3 One-Way ANOVA of Behavioral Intention Scores by Age Groups 

Source SS df MS F p-value η² 

Between Groups 28.45 3 9.48 14.72 < .001* .18 

Within Groups 126.21 196 0.64    

Total 154.66 199     

The one-way ANOVA revealed a statistically 
significant effect of age on behavioral intention, F(3, 
196) = 14.72, p < .001. The substantial effect size (η² 
= .18) indicates that age group membership explains a 
meaningful portion of the variance in adoption 
intent. This finding implies that receptivity to 
integrated airbag technology is not uniform across the 
riding population but is instead distinctly stratified by 
generational cohorts. Consequently, a one-size-fits-all 
rollout strategy would be suboptimal; the innovation's 
market introduction requires a segmented approach 

with communication and engagement strategies 
tailored to the specific perceptions and motivations of 
different age demographics.  
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Table 4 Post-Hoc Multiple Comparisons of Behavioral Intention Across Age Groups (Tukey HSD) 

Comparison Mean Difference Std. Error p-value 95% Confidence Interval 

25-34 vs. 18-24 0.68 0.16 <.001* [0.32, 1.04] 

25-34 vs. 45+ 0.72 0.26 .008* [0.18, 1.26] 

25-34 vs. 35-44 0.31 0.25 .421 [-0.19, 0.81] 

35-44 vs. 18-24 0.37 0.23 .228 [-0.12, 0.86] 

35-44 vs. 45+ 0.41 0.31 .412 [-0.25, 1.07] 

18-24 vs. 45+ 0.04 0.25 .991 [-0.54, 0.62] 

Post-hoc analysis elucidated that the significant 
ANOVA result was primarily driven by the 25-34 age 
cohort, which demonstrated markedly stronger 
adoption intention than both the 18-24 and 45+ 
groups. This pattern implies that young working 
adults represent the most viable early-adopter segment 
for this innovation, likely due to their greater risk 
exposure, higher disposable income, and 

technological openness. The non-significant 
differences involving the 35-44 group suggest a 
transitional attitude. Therefore, marketing and policy 
efforts should strategically target the 25-34 
demographic to catalyze initial market penetration 
and generate wider social acceptance. 
 

 
Table 5 One-Way ANOVA of Behavioral Intention by Primary Vehicle Use 

Source SS df MS F p-value η² 

Between Groups 18.92 2 9.46 12.85 < .001* .21 

Within Groups 145.13 197 0.74    

Total 164.05 199     

The analysis of variance revealed a statistically 
significant divergence in behavioral intention based 
on primary vehicle use, F(2, 197) = 12.85, p < .001. 
The robust effect size (η² = .21) indicates that the 
purpose of riding is a substantial determinant of 
openness to integrated airbag technology. This 
finding strongly implies that the perceived value 
proposition of the innovation is not uniform but is 

intrinsically linked to the utilitarian context of vehicle 
operation. Consequently, the commercialization 
strategy must be fundamentally segmented, 
prioritizing user groups for whom the safety 
enhancement aligns most directly with their economic 
or functional necessities. 
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Table 6 Post-Hoc Multiple Comparisons of Behavioral Intention by Vehicle Usage Type (Tukey HSD) 

Comparison Mean Difference Std. Error p-value 95% Confidence Interval 

Business vs. Daily Commute 0.82 0.22 <.001* [0.45, 1.19] 

Business vs. Personal Use 0.76 0.27 .008* [0.21, 1.31] 

Daily Commute vs. Personal Use 0.06 0.33 .984 [-0.68, 0.80] 

The post-hoc analysis clarifies that the significant 
ANOVA stemmed from the pronounced enthusiasm 
among business users, who demonstrated 
substantially stronger adoption intention than both 
daily commuters and personal users. This pattern 
implies that the innovation's value proposition 
resonates most powerfully where motorcycle 
operation is tied to livelihood and economic 
productivity. For commercial riders, safety directly 

translates to occupational reliability and income 
protection. Consequently, the most effective market 
entry strategy involves positioning the airbag system as 
an essential professional tool for delivery and 
transport services, leveraging this segment's clear 
economic incentive as the primary catalyst for initial 
adoption and market establishment. 
 

 
Table 7 Multiple Regression Analysis Predicting Behavioral Intention 

Predictor B SE β t p-value 

(Constant) 0.85 0.22  3.86 < .001* 

Accident History 0.19 0.08 .13 2.38 .018* 

Perceived Usefulness 0.42 0.05 .48 8.40 < .001* 

Perceived Concerns -0.38 0.06 -.41 -6.33 < .001* 

The regression model significantly predicted 
behavioral intention, explaining a substantial portion 
of its variance. Perceived usefulness emerged as the 
strongest positive driver, underscoring that 
demonstrating clear functional benefits is paramount 
for adoption. Conversely, perceived concerns 
constituted the primary barrier, indicating that 
mitigating issues like cost and complexity is equally 
critical. A history of accidents also positively 

influenced intention, suggesting that real-world 
experience with risk enhances the technology's 
perceived value. Collectively, these findings prescribe 
a dual-focused strategy for this innovation: proactively 
communicating its practical advantages while 
simultaneously addressing and alleviating consumer 
apprehensions through design and policy. 
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Table 8 Chi-Square Tests of Association Between Demographic Variables and Willingness to Pay a Price 
Premium 

Demographic Variable χ² df p-value Expected Cells <5 Minimum Expected Count 

Age of Respondent 22.51 12 .032* 9 (45.0%) 1.14 

Use of Vehicle 12.85 8 .117 7 (46.7%) 0.90 

The analysis revealed a statistically significant 
association between rider age and willingness to pay 
for an airbag system, suggesting that age is a key 
demographic factor influencing price sensitivity. In 

contrast, the primary use of the vehicle did not 
demonstrate a significant relationship with financial 
acceptance of the safety innovation. 
 

 
Table 9 Ordinal Regression Analysis Predicting Willingness to Pay a Price Premium 

Parameter Estimate SE Wald p-value 95% CI 

Thresholds      

Willingness Pay = 1 -4.121 1.520 7.352 .007* [-7.100, -1.142] 

Willingness Pay = 2 -2.455 1.058 5.386 .020* [-4.529, -0.381] 

Willingness Pay = 3 -0.889 1.045 0.724 .395 [-2.937, 1.159] 

Willingness Pay = 4 1.956 1.102 3.152 .076 [-0.204, 4.116] 

Location Effects      

Age (18-24) 0.452 0.301 2.256 .133 [-0.137, 1.041] 

Age (25-34) 0.815 0.288 8.014 .005* [0.251, 1.379] 

Age (35-44) 0.301 0.315 0.912 .339 [-0.316, 0.918] 

Age (45+) Reference     

Vehicle Use (Business) 0.921 0.275 11.224 .001* [0.382, 1.460] 

Vehicle Use (Commute) 0.334 0.291 1.319 .251 [-0.236, 0.904] 

Vehicle Use (Personal) Reference     
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Accident History (Yes) 0.648 0.215 9.082 .003* [0.227, 1.069] 

Accident History (No) Reference     

*Note: *p < .05. Link function: Logit. The proportional odds assumption was met (p = .214).* 
 
The ordinal regression analysis identified three 
statistically significant predictors of riders' willingness 
to pay a price premium for integrated airbag systems. 
Riders aged 25-34 demonstrated significantly higher 
financial commitment compared to other age groups. 
Furthermore, individuals using their vehicles for 
business purposes, such as delivery services, showed a 
stronger propensity to invest in the safety technology. 
A history of being involved in a road accident also 
emerged as a positive and significant predictor. These 
findings collectively indicate that the primary market 
for this innovation comprises young working adults, 
particularly those whose livelihood depends on their 
motorcycle and who possess direct, negative 
experience with road risks. 
 
Analysis Phase II 
The subsequent qualitative phase employed reflective 
thematic analysis of expert interviews to ascertain the 
necessary design modifications and establish critical  
 

 
performance metrics and validation protocols for the 
integrated safety system. 
Qualitative data were collected through semi-
structured interviews with ten automotive engineers 
and design specialists based in Karachi, all with direct 
experience in the local two and three-wheeler market. 
Each interview, lasting approximately 45-60 minutes, 
was transcribed verbatim. The transcripts 
subsequently underwent a systematic thematic 
analysis using NVivo software, Version 14 (QSR 
International). The process involved familiarization 
with the data, generating initial codes, searching for 
themes, reviewing themes, and defining and naming 
them to ensure a rigorous and structured analysis of 
emergent patterns. 
The analysis identified three primary themes and eight 
corresponding sub-themes, which collectively outline 
the ecosystem of challenges and considerations for 
integrating airbag systems into low-CC vehicles. The 
thematic structure is summarized below. 
 

Table 10 Summary of identified themes 

Primary Theme Sub-Theme Description & Illustrative Quote 

1. Paramount 
Technical Hurdles 

1.1. The 'Smart and 
Cheap' Sensor Dilemma 

The foremost challenge is developing a crash detection system 
that is both intelligent enough to avoid false deployments and 
affordable for the mass market. 
*"The single biggest hurdle? Creating an algorithm that can, 
with 100% reliability, distinguish a real crash from a bad 
pothole at a price point suitable for a CD-70. A false deployment 
could itself cause an accident."* 

 
1.2. Spatial and Weight 
Integration Limits 

The compact and lightweight nature of low-CC chassis imposes 
severe constraints on the size and placement of system 
components. 
"The entire system cannot exceed 1.5 to 2 kilograms. Anything more, 
and you start to feel it... The most logical location is the fuel tank area, 
but this requires a major redesign." 
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Primary Theme Sub-Theme Description & Illustrative Quote 

 
1.3. Deployment 
Mechanism for an 
Unprotected Rider 

Designing an effective deployment without a car's dashboard as 
a reaction surface requires innovative engineering. 
"A forward-deploying bag is good for head-ons, but for our chaotic traffic, 
a system focusing on preventing rider ejection might be more universally 
protective." 

2. Manufacturing and 
Economic Viability 

2.1. The Critical 10% 
Cost Ceiling 

A strong consensus emerged that the total system cost must not 
increase the vehicle's final price by more than 10% to be viable 
for the mass market. 
*"Initially, it could be a 15-20% increase. The goal must be to 
bring it down to under 10%... through extreme localization of 
components."* 

 
2.2. Localization vs. 
Reliability Trade-off 

While local manufacturing of components is essential for cost 
reduction, it raises concerns about maintaining international 
quality and reliability standards. 
"The supply chain for certified, automotive-grade sensors here is nascent. 
We can't compromise on the inflator's reliability, even if it means 
importing it initially." 

 
2.3. Segment-Specific 
Rollout Strategy 

A phased commercial strategy, starting with the most willing-to-
pay segment, is seen as essential to achieve economies of scale. 
"Don't launch for everyone at once. Start with the commercial riders, 
the delivery services. They have a direct economic incentive for safety 
and can justify the cost." 

3. Contextual and 
Environmental 
Durability 

3.1. Ruggedization for 
Local Operating 
Conditions 

The system must be engineered to withstand the specific harsh 
conditions of the region, including poor roads, dust, and 
extreme heat. 
"It must survive vibration testing simulating years on Karachi's roads, 
dust and water ingress, and thermal cycling from our summer heat." 

 
3.2. Adaptation for 
Three-Wheeler 
Dynamics 

Three-wheelers present a distinct set of challenges due to their 
different dynamics, including a higher risk of rollover. 
"Three-wheelers are a different beast... taller, more prone to rollovers. 
The airbag might need to deploy upwards or sideways. You're almost 
developing a separate system." 
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DISCUSSION 
The findings from this mixed-methods investigation 
converge to paint a compelling picture of both the 
significant potential and the considerable challenges 
surrounding the integration of airbag systems into 
low-CC vehicles in developing economies. 
Quantitatively, the data reveals a robust motivational 
framework for adoption, where perceived usefulness 
stands as the strongest positive driver and perceived 
cost concerns represent the most significant barrier. 
This aligns with global research on technology 
acceptance but is critically contextualized by local 
demographic realities. The pronounced adoption 
intention and financial commitment from young 
working adults (25-34 years) and commercial riders, 
especially those with prior accident experience, 
underscores a painful truth: personal exposure to risk 
powerfully catalyzes the appreciation for safety 
innovations. This finding resonates with the work of 
Annamalai et al. (2018), who highlighted the 
disproportionate severity of motorcycle injuries, and 

suggests that early adoption will be driven by those 
whose lived experience has made the limitations of 
existing gear, like helmets (Turtle Helmet, n.d.) and 
wearable airbags (Dainese, n.d.; Hit-Air, n.d.), starkly 
apparent. 
However, this clear market demand confronts a 
complex web of technical and economic constraints 
identified through qualitative expert insights. The 
paramount challenge lies in resolving the "smart and 
cheap" sensor dilemma, creating an algorithm that can 
reliably distinguish a catastrophic crash from a mere 
pothole at an ultra-low-cost point, a hurdle also noted 
in earlier prototyping by Konosu and Akiyama (2015). 
Experts unanimously stressed that breaching the 
critical 10% cost ceiling for the total vehicle price is 
non-negotiable for mass-market viability, a target that 
demands extreme localization and innovative 
engineering to overcome spatial, weight, and 
durability constraints specific to harsh operating 
environments.  

 

 
Figure 1 Spatial and Weight Limitations 

 

This synthesis therefore suggests that the path forward 
is not merely a technical endeavor but a strategic one. 
A successful rollout necessitates a segmented, phased 
approach that first targets the most willing 
commercial and young adult segments. This strategy 
can build the initial volume required to achieve 
economies of scale, thereby driving down costs while  

 
simultaneously building the social proof needed to 
overcome the apprehensions of a wider, more cost-
sensitive market. Ultimately, transforming this 
innovation from a concept into a life-saving reality on 
the roads of Pakistan and similar nations depends on 
bridging this gap between demonstrable user need 
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and the formidable, yet surmountable, challenges of 
affordable and robust engineering. 
 
CONCLUSION 
This research provides a foundational roadmap for 
revolutionizing two-wheeler safety in developing 
economies by empirically identifying the young 
commercial rider as the primary catalyst for adopting 
integrated airbag technology. The findings offer a 
strategic blueprint for automotive businesses, 
highlighting the necessity of a phased market entry 
that first targets delivery and transport services, a 
segment demonstrating both the highest willingness 
to adopt and a compelling economic incentive to 
justify the initial investment. For researchers, this 
study establishes a critical evidence base that bridges 
user perception and technical feasibility, opening 
several avenues for future work. Subsequent research 
can build upon this foundation to develop and 
physically prototype context-specific sensor algorithms 
and deployment mechanisms, conduct detailed 
supply chain and localization analyses to achieve the 
critical cost ceiling, and explore public-private 
partnership models to accelerate market penetration 
and enhance road safety outcomes on a national scale. 
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