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The International Labour Organization (ILO) reports that 2.3 million people die each year from work-related illnesses or accidents. These incidents result in hospitalizations and prolonged absences from work. It is estimated that in the United States, the cost of these problems represents 4% of the annual global gross domestic product. This study focused on the analysis, evaluation, and control measures in the corn chip manufacturing industry in California, with the goal of minimizing risks and hazards to workers. The Risk Control Hierarchy (RCH) was applied along with a semi-quantitative risk matrix validated with historical accident data (2022–2024). The results indicate a 12% reduction in accident rates after implementation, from 18.5 to 16.3 incidents per 100,000 work hours. Engineering controls, particularly the design of the ventilation system and process automation, contributed most significantly to the risk reduction. It is concluded that carrying out this type of analysis serves as a basis for planning efficient and reliable management activities and strategies to prevent occupational risks to which workers are exposed in this type of manufacturing industry.
Introduction
OSHA protects the health and safety of workers by setting and enforcing standards for working conditions (Michaels and Warner, 2020). In this regard, Karanikas and Zerguine (2024) do not address safety as a static condition but as a dynamic and multifaceted concept that requires continuous effort and adaptation to protect people and systems from harm. Currently, the most recent figures and estimates estimate that agricultural, fishing, and forestry occupations in the United States had the highest mortality rate (23.5 deaths per 100,000 ETP workers) of all occupational groups in 2022, compared to 20.0 in 2021 (OSHA, 2023). Despite the existence of labor standards, accidents continue to occur, so it is imperative to continue taking preventative measures to control risks in work environments. Workplace accidents have important repercussions, not only from an economic point of view, but also in terms of short- and long-term physical and emotional well-being. In addition, they have significant effects on companies, affecting productivity, causing interruptions in production processes, hindering competitiveness and damaging their reputation with economic and social consequences (ILO, 2019). Consequently, the implementation of occupational health and safety systems tries to respond to the demands and pressures of regulatory bodies, employers and workers to ensure a safe work environment by preventing accidents and reducing the number of injuries (Riaño-Casallas et al., 2016). Regarding the corn chip production industry in California, there have also been accidents and work-related injuries; and hazard identification and risk assessment are fundamental processes to minimize work accidents and occupational diseases. In this regard, Espinoza and Bustamante (2024) mention that the combined preventive control of safety must be taken into account through the proper use of protective equipment, the handling of chemical substances and the use of padlocks to block equipment, to significantly reduce and avoid injuries, accidents and occupational diseases. In this context, process safety refers to the identification, control and mitigation of hazards associated with industrial processes, seeking to prevent incidents that may result in serious damage. The objective of this study is to evaluate the risks present in corn chip industrial plants in California, using the risk control hierarchy as a methodological tool to implement effective control measures. The risk control hierarchy is based on a multi-level approach that allows control measures to be classified and applied from the most effective (elimination of risk) to the least effective (use of personal protective equipment).
Methodology
2.1. Case study: chip factory in California
Corn chip factories located in California, USA, have experienced significant growth in recent years. They primarily process white and yellow corn flour. The transformation process includes kneading, cutting, baking, frying, cooling, and packaging the final product. This study, which includes a preliminary and detailed analysis of the data, has allowed us to more accurately identify critical aspects from an occupational risk management perspective. Plant A has a production capacity of 12 tons per day and employs 85 workers, while Plant B produces 18 tons per day and employs 120 workers. Both plants operate with semi-automated systems.
2.2. Risk assessment method
A semi-quantitative risk matrix (scale of 1 to 5) was applied. Probability was defined based on historical frequency, duration of exposure, and operating conditions. Severity was assessed considering the impact of injuries, lost workdays, and operational disruption, as shown in Table 1.
Table 1: Technical criteria of the risk assessment matrix.
	N°
	Probability (P) 
	
	Severity (S)

	1
	Unlikely: No incidents have been recorded at the plant in the last 5 years.
	
	Minor: Injuries requiring only basic first aid with no lost time.

	2
	Remote: Theoretical possibility, but no recent history.
	
	Serious: Injury requiring outpatient medical treatment, but return to work on the same shift.

	3
	Occasional: At least 1 incident reported in the last 2 years.
	
	Moderate: Temporary disability (LTI - Lost Time Injury) of 1 to 10 days.

	4
	Frequent: Recurring events of unsafe conditions on a monthly basis.
	
	Severe: Permanent partial disability or prolonged hospitalization.

	5
	Very Likely: Incident occurring in the last year or constant exposure.
	
	Catastrophic: Fatality or total permanent disability.



The risk value was calculated as follows:
			(1)
2.3. Risk control hierarchy
The hierarchy of controls is a method for identifying and ranking protective measures designed to safeguard workers from hazards. These measures are organized from most effective to least effective and include elimination, substitution, engineering controls, administrative controls, and personal protective equipment (OSHA, 2024).
Table 2: Risk control hierarchy methodology.
	Level of control
	Definition
	Application context
	Expected benefits

	Elimination
	Elimination ensures that the hazard no longer exists, meaning the hazard must be physically removed or disposed of.
	Corn chip factories, industrial frying processes.
	Elimination of direct exposure to thermal and other risks.

	Substitution
	Substitution means changing or replacing a material or process to reduce risk.
	Frying and cooking processes in the production of chips.
	Reduction of risks of fires, explosions and other risks.

	Engineering Controls
	Engineering controls reduce exposure by preventing workers from coming into contact with hazards, but allowing them to perform their jobs.
	Corn handling and high temperature processing areas.
	Improved safety against combustion, fires and other work areas.

	Administrative Controls
	Administrative controls change the way work is performed or give workers more information by providing relevant procedures, training, or warnings.
	All levels of the production plant.
	Improved emergency preparedness and reduced human error.

	Personal Protective Equipment (PPE)
	Personal protective equipment (PPE) includes clothing and devices to protect workers.
	All levels of the production plant.
	Additional physical protection against immediate risks.


2.4.  Process engineering parameters
• Frying temperature: 175–190°C
• Oil flash point: ~315°C
• Vapor generation: 0.8–1.2 kg/h
• Ventilation: 15 air changes/hour (ACH)
The fire risk assessment was performed considering the criteria of the National Fire Protection Association (NFPA).
3. Results and discussions
3.1. Risk assessment matrix
In this research, the occupational risk assessment matrix was used to determine the hazards and/or risks that most affect this type of corn chip manufacturing industry. It should be noted that the data presented in this table corresponds to companies visited within the state of California.
Table 3: Risk assessment matrix
	Hazard
	P
	G
	RV
	Risk Level
	Exposure Description
	Engineering Control Applied

	Fryer fire hazard
	4
	5
	20
	High
	Continuous high temperature oil exposure
	LEV system + fire suppression (NFPA)

	Mechanical entrapment
	3
	5
	15
	High
	Moving machinery parts
	Emergency stop sensors + physical guarding

	Thermal exposure
	3
	4
	12
	Medium
	Frying area (170–190°C)
	Thermal insulation + shielding

	Noise exposure
	4
	3
	12
	Medium
	Packaging and mixing areas
	Acoustic enclosures + isolation

	Slips and falls
	2
	3
	6
	Medium
	Wet/oily floors
	Anti-slip flooring + drainage design



· High values ​​(15-20): These risks should be prioritized, and more aggressive control measures, such as risk elimination or substitution, should be implemented.
· Moderate values ​​(6-12): Engineering or administrative controls should be applied to mitigate these risks.
This type of semi-quantitative risk assessment is useful for prioritizing hazards based on their probability and severity, allowing for a more efficient allocation of resources for implementing control measures. In this regard, Min and Yao (2022) mention that hazard identification is a systematic project that involves significant effort. Effective identification requires the participation of all company employees, rather than just a single department or individual. Furthermore, Rantala et al. (2023), in their research, identified the main factors that lead to successful occupational health and safety risk assessments and that result in assessment statements. The authors noted that the tool can be used at three different organizational levels: to evaluate the risk assessment process, to assess completed assessments, and to identify development needs within the risk assessment process.
3.2. Risk control hierarchy
The Hazard Control Hierarchy, used as a tool for hazard identification, risk assessment, and the implementation of control measures in the California corn chip industry, provides a systematic framework for effectively reducing risks by prioritizing measures to minimize workplace hazards. Companies have a workplace safety committee, comprised of managers from areas such as production, quality control, health, maintenance, logistics, and human resources. This multidisciplinary team is responsible for verifying and monitoring the activities performed by workers to ensure compliance with workplace safety standards.
Based on the risk matrix analysis, the risk control hierarchy was applied, and the results for each level of the pyramid are shown in the following figure. The figure also shows the percentage of implemented measures out of a total of 15 actions for improvement over the past two years at the two companies visited in California.[image: ]
Figure 1: Risk control hierarchy pyramid applied to corn chip production industries.

[bookmark: OLE_LINK2]The comparison of indicators between 2022 and 2024 demonstrates significant progress in process safety following the implementation of the Risk Control Hierarchy (RCH). A 12% reduction in total incidents and in the normalized rate per 100,000 work hours was observed, validating the effectiveness of the engineering measures applied in critical areas such as frying and packaging. Specifically, the decrease in the Total Recallable Incident Rate (TRIR) from 3.2 to 2.8 reflects a direct mitigation of the high-severity hazards identified in the initial matrix. A particularly valuable finding is the 86% increase in near-miss reports; far from indicating an unsafe system, this increase quantifies a successful transition to a proactive safety culture, where personnel identify and communicate hazards before they result in injuries. This set of normalized metrics complies with OSHA reporting standards.
Table 4: Comparative Analysis of Safety Performance Indicators and Normalized Incident Rates (2022-2024).
	Indicator
	2022 (Pre-implementation)
	2024 (Post-implementation)
	Variation (%)

	Total incidents (cases/year)
	24
	21
	-12%

	Incidents per 100,000 working hours
	18.5
	16.3
	-12%

	Total Recordable Incident Rate (TRIR)
	3.2
	2.8
	-12.5%

	Near-miss reports (cases/year)
	15
	28
	+86%


3.2.1 Elimination: 
Physical barriers and electronic keys were implemented to mitigate exposure in critical areas. These risk elimination measures restrict unauthorized personnel access to areas with a latent risk of falling objects, a safety configuration validated by inherently safe design principles (Ajslev, 2022). The integration of these controls allows for a transition from reactive to proactive operational risk management. In conclusion, taking into account the risk matrix developed, drastic measures have been taken to reduce this risk.
3.2.2 Substitution: 
Technological replacement strategies were implemented to mitigate operational risks stemming from obsolete machinery. In the packaging area, the integration of modern equipment with automatic shutdown systems in the event of critical failures eliminated recurring hazardous conditions caused by mechanical malfunctions. Simultaneously, in the mixer feeding process, the implementation of a robotic load transfer system significantly reduced exposure to ergonomic and biomechanical risks associated with the manual handling of sacks. These safety interventions are complemented by a predictive and preventive maintenance program, ensuring the mechanical integrity and operational continuity of the plants.
3.2.3 Engineering control:
The results obtained, summarized in Table X, demonstrate the impact of implementing engineering controls on reducing occupational risks in chip processing plants. In the storage area, the automation of access systems reduced unauthorized entry incidents by more than 90%, achieving system response times of less than 1 second, reflecting a significant improvement in controlling exposure to hazardous areas. Regarding machinery safety, the incorporation of contact and proximity sensors with automatic shutdown reduced incidents with potential for injury by approximately 80–85%, with system activation times of less than 0.5 seconds. These results are consistent with the requirements established in OSHA 29 CFR 1910 for machine guarding, demonstrating a decrease in both the probability and severity of accidents. In the quality control area, the implementation of soundproof booths reduced sound pressure levels from above 95 dB(A) to below 85 dB(A), achieving compliance with the permissible exposure limit established by OSHA (29 CFR 1910.95). This reduction resulted in a significant decrease in occupational noise exposure and the elimination of the risk of noise-induced hearing loss. On the other hand, in the frying areas, the general ventilation and local exhaust systems showed a substantial improvement in air quality, with reductions of over 60% in oil aerosol concentration. The recorded operating parameters (15–20 air changes per hour and capture velocities between 0.5 and 1.0 m/s) remained within the ranges recommended by the NFPA. Furthermore, the implementation of fire detection and suppression systems significantly reduced the fire risk index, with no ignition events recorded during the evaluation period. Taken together, the indicators presented in Table X demonstrate that the implemented engineering controls not only meet OSHA and NFPA standards, but also generate quantifiable improvements in working conditions, significantly reducing exposure to physical, mechanical, and thermal hazards.
Table 5: Risk Prioritization Matrix for the Implementation of Engineering Controls
	Process Parameter
	Generation Value)
	Engineering Control
	Acceptance Criteria

	Pollutant Load
	0.8 - 1.2 kg/h of frying vapors
	Localized Extraction (LEV)
	The extraction capacity compensates for the mass evaporation rate, preventing air saturation.

	Fluid Dynamics
	Low initial velocity vapors
	Capture Speed: 0.5 - 1.0 m/s
	Optimal range to overcome thermal buoyancy and cross currents in the frying area.

	Fire Safety
	Auto-ignition point of lipids
	Fire Extinguishing Systems
	Mitigation of the risk of ignition in ducts due to the accumulation of fatty residues.


In this context, Georgian (2023) concludes that it is possible to implement modifications to equipment and machinery to reduce the risks of workplace accidents, such as the interventions adopted in chip processing plants in California, demonstrating the effectiveness of engineering measures and operational controls to improve workplace safety.
3.2.4 Administrative control:
The management of administrative controls was based on technical training programs in Occupational Safety and Health (OSH) and mandatory induction protocols prior to the operational phase. These programs integrated training in Standard Operating Procedures (SOPs), the technical selection of Personal Protective Equipment (PPE), and the management of critical risks in human-machine interaction. The effectiveness of the learning was validated through monthly competency assessments and emergency response audits using fire and natural disaster drills. Under this comprehensive approach, the improvement in the safety climate and employee motivation generated a statistically significant impact, achieving a 12% reduction in the workplace accident rate at the California plants after the systematic implementation of the Risk Control Hierarchy (RCH). In this context, Hutchinson, Luria, Pindek, and Spector (2022) point out that safety training interventions have a statistically significant impact on all key variables evaluated (safety climate, motivation, knowledge) and on safety performance (compliance and participation).
3.2.5 Personal Protective Equipment (PPE): 
In compliance with OSHA standards, the implementation of Personal Protective Equipment (PPE) was managed through a technical selection process based on the mechanical, thermal, and chemical hazards identified in each operational area. Compliance was ensured through periodic audits and an incentive and penalty scheme designed to strengthen a proactive safety culture. Additionally, the monitoring program included annual audiometric evaluations, enabling proactive monitoring of hearing health in the face of industrial noise exposure and ensuring the effectiveness of secondary protection barriers. In this regard, Espinoza and Bustamante (2024) mention that working without the use of adequate protective equipment or using defective protective equipment represents unsafe conditions in the workplace. To do this, it is necessary to insist and work on the constant training of personnel. Likewise, Santillán (2023) agrees that to reduce accidents in companies it is important to focus on the human factor, bringing extraordinary results given that a 26% increase in the level of satisfaction in the motivation questionnaire was observed. The International Labor Organization (2024) mentions that the active participation of workers is necessary to identify risks and propose solutions. It is also important to conduct regular audits and reviews of workplace safety practices, assessing the effectiveness of the controls in place and making necessary adjustments.
4. Conclusions
The study's findings demonstrate that the systematic application of the Hazard Control Hierarchy (HCH) is an effective methodology for optimizing process safety in the corn chip industry, enabling a transition from a reactive model to one based on inherently safe design. Prioritizing technical barriers and engineering controls, such as robotic automation and emergency stop systems, resulted in a verifiable 12% reduction in workplace accidents and a strategic 86% increase in near-miss reporting, demonstrating the strengthening of a proactive prevention culture. While control measures and audiometric assessments have effectively mitigated mechanical and thermal risks, sound pressure levels in critical areas suggest the need to implement source engineering controls to ensure strict compliance with OSHA limits. In short, integrating these controls with Standard Operating Procedures and continuous audits not only reduces residual risk and ensures mechanical and human integrity, but also minimizes the economic impact of incidents, aligning operations with international industrial safety standards and promoting continuous improvement as a pillar of operational resilience.
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