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Design and usability evaluation of COOK, an assistive technology for meal preparation for persons with severe TBI
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[bookmark: _Hlk11231662]Implications for Rehabilitation
· This paper presents a promising context-aware assistive technology for cognition designed with and for clients with severe brain injury to support their independence in meal preparation;
· COOK, (Cognitive Orthesis for coOKing) is the first cooking assistant in which evidence-based cognitive rehabilitation interventions have been translated into smart technological assistance, to support cognition and ensure safety in a real-life context;
· Its context-aware characteristic ensures that users receive the assistance they need at the right time and at the right moment. 
· The long-term perspective regarding the use of COOK in clinical practice is promising as this technology has the potential of becoming an additional means of supporting the rehabilitation of people with cognitive impairments and becoming part of a comprehensive solution to help them live at home more independently.


Abstract
[bookmark: _Hlk495579909][bookmark: _Hlk11231806]In Canada, 100,000 people suffer a traumatic brain injury (TBI) every year. The prevalence of moderate to severe TBI is highest for young men, who will live an average of 50 years with this chronic condition associated with physical, emotional and cognitive deficits. Meal preparation, a complex activity with high safety risks, is one of the most significant activities impacted by TBI. Technology shows great promise to support their overall functioning, but no context-aware technology is available to support meal preparation for this population. The main goal of this study was to design and test a technology to support meal preparation with and for persons with severe TBI living in a supported-living residence. Methodology: As part of a transdisciplinary technology project linking rehabilitation and informatics, COOK (Cognitive Orthosis for coOKing) was designed with and for future users and stakeholders with a user-centered design methodology. COOK was implemented in three participants’ apartments, and its usability was evaluated at 1, 3 and 6 months post-implementation. Results: COOK is a context-aware assistive technology consisting of two main systems: security and cognitive support system. After implementation of COOK, participants were able to resume safe preparation of meals independently. Usability testing showed good effectiveness and an acceptable level of satisfaction. Conclusion: COOK appears promising for rehabilitating clients with cognitive disabilities, improving safety in a home environment, and diminishing the need for human supervision. Future studies will need to explore how COOK can be adapted to a broader TBI population, other environments, and other clienteles. 
Keywords:  User-centered design, cognitive rehabilitation, assistive technology for cognition, traumatic brain injury, meal preparation safety, meal preparation independence. 

Introduction
[bookmark: _Hlk22737847][bookmark: _Hlk22287702]Traumatic brain injury (TBI) is a leading cause of permanent physical, psychiatric, emotional, and cognitive disabilities (Billette & Janz, 2011; Faul, Xu, Wald, & Coronado, 2010; Maas et al., 2017; Majdan et al., 2016; World Health Organization., 2006). TBI is defined as an alteration in brain function caused by an external force (Maas et al., 2017). The greatest incidence of TBI is found in two age groups: those 65 years of age and older, and young men aged 16-24.  Young adults who sustain a TBI  will live an average of 50 years with the resulting disabilities (Maas et al., 2017). In TBI, sequelae can vary depending on the severity of the injury (Maas et al., 2017), and two injuries with similar brain lesions can result in different functional outcomes (Schneider et al., 2014), thus resulting in a wide range of clinical profiles (Maas, Marmarou, Murray, Teasdale, & Steyerberg, 2007). TBI varies in severity from mild, to moderate and severe according to loss of consciousness, duration of post-traumatic amnesia and score on the Glasgow coma scale (Maas et al., 2007).  In the context of this study, participants had sustained a severe TBI, with important cognitive and functional dysfunctions, and were housed in a supported-living residence.  
Cognitive impairments associated to severe TBI often include memory and attention difficulties, slowing of information processing, executive function disorders (Desrochers, 2002; Dumont, 2003; Said et al., 2018; Vallée, 2011), and decreased verbal fluency (Desrochers, 2002; Vallée, 2011). Impairment of the executive functions results in problems of awareness, anticipating problems, analyzing situations, planning solutions and executing those solutions, maintaining a flexible or pragmatic approach to the tasks, and self-monitoring (i.e. identifying and correcting errors, incorporating feedback from others) (Haskins et al., 2012). Behavioural impairments mainly include impulsivity, disinhibition, aggressive behaviors, anger and social isolation (Desrochers, 2002; Dumont, 2003; Vallée, 2011). Emotional problems such as anxiety, depression and impatience (Rochat, Beni, Billieux, Annoni, & Van der Linden, 2011) are also frequently reported. Moreover, individuals with TBI often have impaired abstract thinking (Vas, Spence, & Chapman, 2015) and may experience poor sleep (Duclos, Beauregard, Bottari, Ouellet, & Gosselin, 2015) and fatigue (Juengst, Skidmore, Arenth, Niyonkuru, & Raina, 2013). These difficulties have important repercussions in complex activities such as instrumental activities of daily living (IADL), including managing finances, shopping and meal preparation (Bottari, Dassa, Rainville, & Dutil, 2010b). Even 10 years following a TBI, meal preparation has been found to be one of the most impacted IADL (Boucher & Lanctôt, 2006). Meal preparation is an essential IADL for independent living (Dubuc et al., 2019) and adequate support is necessary to compensate these difficulties.
In brief, TBI results in substantial personal losses and important healthcare and societal costs (Maas et al., 2017). Solutions are therefore needed to increase social participation and reduce the costs associated with living with these injuries over the long term. Supported-living residences have the potential of addressing the specific needs of  this patient population (Callaway et al., 2013).
Designing an ATC for a supported-living residence in living lab context
[bookmark: _Hlk22289566]In the province of Quebec (Canada), a supported-living residence was built in collaboration with a rehabilitation center and a computer science university program to optimize the social participation of adults who have experienced a severe TBI. This residence can accommodate 10 individuals with cognitive impairments living in six apartments with cooking facilities and four single bedrooms. At the onset of the study, all 10 residents were approached to participate in the design of an ATC (average age 48,9 years, 7 men, and an average of 22,3 years post-TBI) A collective on-site cafeteria is available to all residents. The main goal of this residence is to provide a living environment better suited to the needs of adults with severe TBI by transforming this residence into a smart home over the long term. 
The present study was conducted at this supported-living residence, in which a living laboratory[footnoteRef:2] was set up to allow collaboration between the facility’s staff and academic researchers (Giroux et al., 2015; Pigot & Giroux, 2015). The living lab aimed to conceive and implement innovative intervention approaches centered around context-aware assistive technologies for cognition (ATC). As defined by Scherer (2012, p. 159), ATCs are a type of assistive technology (AT) designed to “increase, maintain, or improve functional capabilities for individuals whose cognitive changes limit their performance of daily activities”. In a recent meta-analysis, Nam & Kim (2018) concluded that assistive devices were an effective intervention method to support the functioning of people with TBI. Moreover, people with moderate to severe TBI have been found to demonstrate interest in and readiness for using ATC (E De Joode, Van Heugten, Verhey, & Van Boxtel, 2010; EA de Joode, Boxtel, & Verhey, 2012). [2:  The living laboratory context means that the design, implementation and exploration of the usability of technologies is carried out with and for all partners: the university laboratory, the residence and the rehabilitation center. The main goal of the laboratory is to transform in a long-term perspective this residence into a smart home.] 

In 2013, a needs study focusing on rehabilitation goals was carried out with the 10 residents, their families, the administrators, and affiliated health professionals (Levasseur et al., 2015). Resumption of meal preparation was identified as a priority to be addressed by ATC (Levasseur et al., 2015). At that time, no resident was allowed to use a stove, because of the unacceptably associated high level of risks (fire, burns, etc.) the activity would involve. 
Why a new ATC to support meal preperation?
Various prototypes of technology to support meal preparation have been developed and published in peer-reviewed journals (Amato, Coronato, & Paragliola, 2016; Beetz et al., 2008; Blasco et al., 2014; Mahajan, 2013; Nakauchi, Suzuki, Tokumasu, & Murakami, 2009). Some of these ATC use robot forms (Beetz et al., 2008) or are context-aware; some are specific to cognitive impairments (Amato et al., 2016; Mahajan, 2013). However, only one ATC was tested with persons with TBI (Mahajan, 2013), and this particular ATC was not based on best practices in cognitive rehabilitation. This is an important limitation, because ATC are increasingly considered as rehabilitation interventions and all interventions should be based on evidence to ensure their effectiveness (Cicerone et al., 2011). To our knowledge, only one context-aware ATC has been designed to support meal preparation and this ATC was designed to support people with intellectual disabilities (Bauchet, Giroux, Pigot, Lussier-Desrochers, & Lachapelle, 2008; Bauchet et al., 2009). Context-aware technology is particularly important in a high-risk activity such as cooking: problems that arise must be identified and evaluated by the ATC in order for the risks to be managed in real time. Moreover, the usability of these existing ATCs and their real impact on the performance of activities over long periods of time have not been sufficiently explored (Leopold, Lourie, Petras, & Elias, 2015).
In addition to these limitations, none of the studies included persons with TBI during all stages of the conception process. The involvement of future users throughout all phases of ATC development is broadly understood to be essential to the development of usable and acceptable products derived from a through understanding of user needs (Brangier & Barcenilla, 2003). LoPresti et al. (2008) have also advocated for the relevance of involving persons with cognitive impairments in the conception phase of ATC, because few system designers and developers have a good knowledge of the needs of people with cognitive disabilities. We did find one study that involved persons with severe TBI in the development process (Cole, 2013), however their involvement was limited to a consultation about the interface design. Several years ago, researchers from our team began to involve persons who sustained a TBI in project design (Groussard, Pigot, & Giroux, 2015; Paccoud, Pache, Pigot, & Giroux, 2007), mainly through focus groups and usability tests. The present project therefore naturally adopts the same approach, further increasing the level of collaboration and involvement of future users with TBI. 
Aims of the present study : designing an ATC and evaluate its usability
[bookmark: _Hlk11072964]The research question addressed in this study was the following: Would a technology, designed with and for people with severe TBI, enable them to prepare meals safely despite their significant cognitive challenges? The specific aim of this study was therefore to design an ATC to support meal preparation and evaluate its usability in a supported-living residence in close collaboration with all stakeholders. To meet this aim, two specific objectives were identified for the Design phase (De Vito Dabbs et al., 2009): 1) design an ATC prototype to assist meal preparation in collaboration with future users and stakeholders; and 2) evaluate how COOK is used on a long term basis. This design phase is based on an in-depth analysis of the future users’ needs, completed in a previous study (Pinard and al. 2019, submitted) and briefly summarized in the following section.
Needs analysis 
Prior to the design of the ATC to support cooking and in accordance with a user-centered design (UCD) approach (De Vito Dabbs et al., 2009), a needs analysis of the future users was carried out with all stakeholders involved in the residence, i.e. three residents and their family members, staff, health professionals, and a firefighter from the city’s fire prevention service (Pinard, Bottari, et al., 2016). This needs analysis was aimed at identifying the risks related to cooking as well as the future users’ level of independence[footnoteRef:3] while cooking and need for assistance, and to translate these needs into requirements for a new technology. To achieve this, our team completed a literature review, two focus groups with occupational therapists (OTs), consultations with the fire prevention service, neuropsychological and functional evaluations of the participants, interviews with both the participants and their family members, as well as meetings with the residence staff, health professionals, and managers from the rehabilitation center.  Results led to the identification of three major categories of at-risk situations: fire, injury in the kitchen and food safety (i.e. allergy management, sanitation and food poisoning). The results of this process showed two main categories of needs that should guide the technology design: 1. need for cognitive support during the activity and 2. need for support related to safety. The research team also identified the importance of integrating evidence-based interventions in cognitive rehabilitation in the ATC to address the need for cognitive support during the activity. These two categories of needs were then "translated" into technological requirements (ex. specific functionalities of the technology), ensuring close collaboration between the clinical research team and the computer science research team. [3:  Level of independence, as measured by the Instrumental Activity of Daily living Profile (IADL) ecological evaluation used to document the future user’s profile (Bottari, Dassa, Rainville, & Dutil, 2009b), refers to whether the person is dependent, requires verbal and physical assistance, requires verbal of physical assistance, is independent with difficulty or is independent, to formulate a goal, plan, carry out the task and verify goal attainment.
] 

The present study is therefore based on this needs analysis and initiates the UCD development process through the actual design, implementation, and usability testing of the cooking assistant.
Methods 
[bookmark: _Hlk488065280][bookmark: _Hlk1909543]To address the main objectives of this study (design and evaluate usability), an iterative user-centered design (UCD) method was used (De Vito Dabbs et al., 2009). This UCD method is based on three general principles (Gould & Lewis, 1985): 1- focusing on the user and the task from the inception of the project and throughout the design, 2- measuring usability empirically and 3- designing and testing usability iteratively. This method is comprised of three steps (De Vito Dabbs et al., 2009). The first step, needs analysis, is reported elsewhere and summarized above (Pinard et al. 2019, submitted). The present study presents steps 2 and 3 : the design of an assistive technology for cognition context-aware ATC, named COOK (Cognitive Orthosis for coOKing); and the evaluations of its usability in a real-world setting, thereby including the implementation of COOK in the participants’ apartments and the training of these same participants on COOK’s functionalities. The complete research project, including the needs analysis (Pinard et al. 2019, submitted) and the conception of COOK (Olivares et al., 2016), took place over a three-year period (March 2014 to September 2017). The Ethics Committee of the Greater Montreal Centre for Interdisciplinary Research in Rehabilitation approved the study. All participants and their caregivers gave their informed written consent.
[bookmark: _Hlk506888484]Description of the future users
Three future users with TBI were recruited in July 2014 from among the residents living in individual apartments in the supported-living residence. The criteria for inclusion into the study were to have an apartment, have the potential to resume cooking, speak French and be in a stable condition post TBI. These participants were involved in the design process, but also had the ATC implemented in their apartments for usability testing (Pinard and al. 2019, submitted). All participants had expressed a desire to resume cooking during the need’s analysis phase (Levasseur et al., 2015). 
[bookmark: _Hlk24550432]Participants R1, R2 and R3 were men between 39 and 57 years of age who had sustained a severe TBI respectively 20, 39 and 11 years prior to the start of the study. They each had considerable functional disabilities. R1 had left hemiparesis and behavioural issues (anxiety and impulsivity) as well as memory problems and executive function deficits (reasoning, problem solving, and planning). R2 showed cognitive disorders (mild working memory deficits, difficulty alternating between two concepts, mild difficulties with reasoning and rigidity) and depressive symptoms. R3 had anosmia, partial deafness, and cognitive disorders (poor judgment, attention and working memory difficulties: very slow in processing visual information when the stimuli were disorganized). He also suffered from severe food allergies. At the beginning of the project, all participants ate their meals in the residence’s cafeteria and were not allowed to cook with a stove for safety reasons. Their difficulties and needs for assistance during meal preparation were evaluated with the IADL Profile (Bottari, Dassa, Rainville, & Dutil, 2009a; Bottari et al., 2010b). In brief, they required verbal assistance for formulating goals (e.g. formulating the goal to prepare a meal), planning (e.g. planning all steps required to complete the meal), and carrying out (e.g. staying focused on the meal preparation task without being distracted by other stimuli), and for evaluating whether the goal had been attained. The needs analysis showed that all participants with TBI required verbal assistance to help them process the cognitive aspects of the tasks, and to ensure that the activity would be executed safely. Cognitive interventions required to support these difficulties were identified and then "translated" into functionalities for the ATC to guide the design process. 
The design process
[bookmark: _Hlk11075133]The design of the ATC followed an iterative and incremental process, with new features added progressively according to each participant’s needs and overall situation, depending on the level of priority of the design features (essential to optional requirements) for each individual (Thomas, 2012). The process was iterative because all steps of the conception process (needs analysis, design, evaluation), contributed to the conception of the ATC to constantly improve its usability. A design team including occupational therapists (N.B., C.B., S.P., C.L.) and computer scientists (S.G., H.P.), led this phase of the project. Two groups of stakeholders were involved in the design process: the future users themselves and occupational therapists (OTs) from the rehabilitation center. The design process included regular interdisciplinary meetings to develop the iterative prototypes, meetings with the participants with TBI to gather qualitative feedback on a variety of interaction features and techniques (McGee-Lennon, Smeaton, & Brewster, 2012) and to improve usability and finally, focus groups with OTs working in the TBI program of a partner rehabilitation center to validate COOK’s content. The research coordinator (C.L.) noted memos, including interesting verbatim, of each interaction with the users and stakeholders in a research project logbook during the design and the usability evaluation process to document their perceptions about COOK.
The iterative prototypes were enhanced during weekly interdisciplinary research team meetings, integrating comments from the TBI participants and OTs.
a. Designing with TBI participants. 
The design phase began in April 2015 with R1 and a first prototype was completed with him in July 2016. The design was then adapted for the two other future users. Nine design meetings were held with R1 and R2, and 7 with R3. During these meetings, a wide variety of methods including interviews, storyboarding (McGee-Lennon, Smeaton, & Brewster, 2012), scenario testing (Spinsante, Antonicelli, Mazzanti, & Gambi, 2012), Wizard of Oz (Heerink, Krose, Evers, & Wielinga, 2006; Kelley, 1984; Liu et al., 2008; Schulz et al., 2015a) was used for the iterative and incremental development process as it is recommend in technology development and evaluation process (Schulz et al., 2015b). 
First, design meetings and individual interviews were conducted to select cognitive interventions and choose elements to include in the interface (e.g. to choose the welcome sentence, pictures, navigation preferences, etc.). The objective of each design meeting, and the ways to involve the participants in the conception of the ATC, varied for each of them due to different levels of awareness, relative openness to discussing their cognitive difficulties (e.g. denial) as well their capacity to discuss difficulties related to cooking (e.g. abstraction capacity). For example, R2 had self-esteem issues in addition to his cognitive impairments, which most likely explained why he was not aware of his difficulties. 
Second, observations of a real cooking task in interaction with COOK in our laboratory and in the future users’ living environments were carried out to improve COOK’s usability. Lab testing allowed the team to evaluate each participant’s ability to understand and use the iterative prototypes. It also gave the participants the opportunity to provide comments and suggestions that were then taken into consideration when designing subsequent prototypes. 
[bookmark: _Hlk11847497][bookmark: _Hlk11846275]Third, the Wizard of OZ approach (Heerink et al., 2006; Kelley, 1984; Liu et al., 2008; Schulz et al., 2015a) was used to test new proposed functionalities without implementing them into the prototype. These tests were conducted with a man-behind-the-scenes operating a system that appeared to be fully functional but, unbeknownst to the end user (Heerink et al., 2006; Kelley, 1984; Liu et al., 2008; Schulz et al., 2015a), was not. For example, a meeting was held with R1 to test different ways of including break times while cooking. A script scenario was planned, including five ways to remind the participant of the break time using music, alarm and messages on the COOK screen and the best way to simulate them by the design team. Only the reminder preferred by the user was then programmed into COOK. 
Also, since the conception process was incremental, the team’s goals evolved along with improvement of the prototype, starting with a very specific goal of operationalizing the cognitive interventions for R1, and then moving on to the adaptation/customization of the prototype to meet different needs and cognitive profiles with R2 and R3. Ten iterations of the first prototype were performed with R1 (July 2015 to June 2016), eight new iterations with R2 (July 2016 to December 2016) and five more with R3 (February to August 2017).
b. Designing with Occupational Therapists.
Two focus groups of 90 minutes each were conducted with six OTs with extensive clinical experience working with individuals with TBI in a rehabilitation center. The first focus group aimed at addressing the OTs strategies for maximizing safety during meal preparation and to collect suggestions for improvements to COOK. A mock-up of COOK (screenshots with examples of cognitive interventions proposed by COOK) was presented and the OTs’ comments were noted. The second focus group addressed the OTs’ strategies to facilitate the functioning of people with cognitive difficulties in meal preparation. A summary of the discussions was validated at the end of each meeting with the participants as a preliminary validation. A subsequent more formal validation of a written discussion summary was completed by the research team and then validated by the OTs via email. After, the information obtained by the interviews with TBI participants and OTS was shared with the design team who then developed the COOK prototype.
Evaluation of the use of COOK: usability testing
The second objective of this study was to evaluate the use of COOK. Three steps were completed to meet this objective: implementing COOK in the participants’ apartments, teaching them the use of COOK and evaluating its usability both during the design process and then again within the participants’ apartments.  
a. Implementing COOK. 
During the design process, COOK was first deployed within the DOMUS laboratory. When the COOK version was robust enough to be used at the residence, it was deployed in the participants’ apartments, which are equipped with the same sensors and computer devices as the DOMUS laboratory. At the same time, the functionalities of COOK were taught to each participant and to the residence staff (see the following section). The implementation phase lasted 15 months (January 2016 to March 2017), with the duration varying for each user depending on factors related to the prototype, such as its level of completion and robustness, as well as its adaptation to each participant’s needs. Thus, implementation began with teaching participants how to use COOK in their apartments and ended with the independent daily use of COOK. Three OTs from the research team led the implementation process (C.L., S. P. and N.B.).
To enable successful implementation, a sequence was determined to deploy COOK one user at a time. This sequence was decided by consensus between residence staff and rehabilitation professionals, based on each individual’s level of risk in resuming meal preparation. A personalized implementation plan was prepared for each user to ensure a balanced schedule of activities that respected each one’s level of energy. Each week, reviews of progress and follow-up were conducted with residence staff, family members (for R1 specifically) and the rehabilitation professional to ensure successful implementation of COOK. 
To facilitate implementation, caregivers’ observations were solicited through phone calls by S.P. and noted in the research project logbook. More specifically with R1’s family members, discussions with caregivers centered around ensuring that the process clearly respected his issues with fatigue. 
Complementary clinical interventions were also necessary to support the implementation of COOK, however, and these were carried out by the occupational therapist, in collaboration with the residence rehabilitation team. This included support for activities such as budget management, grocery shopping and the learning of new rules within the residence (e.g. selling food to other residents is prohibited). Special attention was given to meeting the residence’s constraints and objectives. It was expected that COOK would help the staff promote the participants’ independence in cooking. Several meetings were held to teach the staff how to integrate the use of COOK into their monitoring routine. 
b. [bookmark: _Hlk528070097]Teaching of COOK’s functionalities.
[bookmark: _Hlk526509312]A three-stage method developed by Sohlberg and Mateer (1989) (M. M. Sohlberg & Mateer, 1989) was used to train each user how to use COOK. This method has been shown to be helpful for teaching people with severe cognitive impairments how to use technologies (Imbeault et al., 2016, 2018). The three steps were as follows: 1) acquisition: promote learning of COOK features and functionalities 2) application: facilitate learning of "how" and "under what circumstances" to use COOK, with scenarios, and 3) adaptation: support the participant's ability to use COOK in his real-life routine. The implementation phase and training were considered complete when participants succeeded 90% of the real situations in step 3. The total number of training sessions varied between 19 and 25, depending on the participant, and was comparable to the recommended number (15-20 sessions) (M. M. Sohlberg & Mateer, 1989). 
As proposed by the UCD approach, the design continued to evolve throughout the implementation period, as technical bugs were corrected. This iterative process also influenced the number of training sessions for each participant.
c. Evaluation of usability. 
Evaluating usability is a real challenge with persons with cognitive impairment, due to communication problems that can accompany impaired awareness and abstraction ability (Bier et al., 2018). The team therefore used simple, concrete tools and evaluation methods that integrated both subjective (e.g. satisfaction questionnaire) and objective data (e.g. observations), as recommended by Dabbs et al. (2009).
Usability, defined by the norm ISO 9241-11 (International Organisation for Standardisation (ISO), 2018), is the “extent to which a system, product or service can be used by specified users to achieve specified goals with effectiveness, efficiency and satisfaction in a specified context of use"(International Organization for Standardization, 2018, p.3). Effectiveness is defined as “the accuracy and completeness with which specified users can achieve specified goals” (International Organization for Standardization, 2018, p.3). The concept of efficiency is defined as the “resources used in relation to the results achieved” (International Organization for Standardization, 2018, p.3). However, in this study efficiency was not evaluated, though it will be in future studies. The concept of satisfaction is defined as: “the extent to which the user's physical, cognitive and emotional responses that result from the use of a system, product or service meet the user’s needs and expectations" (International Organization for Standardization, 2018, p.3).
d. Usability testing in a laboratory setting.
Usability was tested during nine meetings each with R1 and R2, and seven with R3, and a wide variety of qualitative methods were used to improve each subsequent version of the prototype. Laboratory testing used different approaches allowing for the users to interact with COOK: pre-defined scenarios of meal preparation (Spinsante, Antonicelli, Mazzanti, & Gambi, 2012), the Wizard of OZ approach (Heerink et al., 2006; Kelley, 1984; Liu et al., 2008) and observations of the participants in interaction with the ATC during a cooking task. 
e. Usability testing in the participants’ apartments.
The main goal of the project was to allow participants to resume meal preparation safely with the use of technology to compensate for cognitive impairments. In this context, the main indicator of effectiveness was the comparison of the number of meals prepared per week before and after the implementation of COOK. To measure the number of hot meals, an observation notebook, completed by the staff with the help of a member of the research team, was used over one-week periods at five different times (before the implementation, during the implementation, and at 1, 3, and 6 months after the implementation). 
The safety or security aspects were documented using the security system log (frequency of warning signals from the self-monitoring security system (SSS), and the number of times the stove was turned off by the SSS). The information was completed with memos from interviews with participants and/or residence staff. 
The Questionnaire evaluating satisfaction with technology (QUEST) (L. Demers, Monette, Lapierre, Arnold, & Wolfson, 2002a) was used to measure this dimension of usability. The QUEST is validated in several languages, including French, and measures levels of satisfaction with the technology itself, but also with related services. The tool addresses 12 satisfaction items in two components: Device (8 items) and Services (4 items). Each item is scored on a 5-point satisfaction scale; “1” meaning “not satisfied at all” and ¨5¨ meaning "very satisfied".  Metrological studies have been conducted on the reliability and validity of the QUEST and supported it, mainly with users of technical mobility aids, but also with users of other types of technical assistance (Demers, Roelof Wessels, Rhoda Weiss, 2001; L. Demers, Monette, Lapierre, Arnold, & Wolfson, 2002b; Louise Demers, Weiss-Lambrou, & Ska, 1996, 2000). 
These steps (Design process and Evaluation of the use of COOK, based on a complete needs’ analysis) lead to a first ATC to support meal preparation design with and for persons who sustained a severe TBI: COOK. 
Results
In the following section, we present COOK itself, the security module and the cognitive support module, the iterative improvements of COOK during the implementation and its usability.
The COOK technology
COOK is a web application installed on a tablet or a computer with a tactile screen. In this study, a Dell XPS 18 Portable All-in-One Desktop computer was used. COOK is connected to a smart stove, which is equipped with various sensors (Boudreault, Bouchard, Bouchard, & Whittom-Ross, 2016). Power sensors indicate which burner is on; infrared sensors detect abnormal heat; an electromagnetic sensor detects the oven door aperture; and pressure sensors detect objects placed on a burner. The stove may be switched on and off by a software control. Moreover, the stove is equipped with a RFID card that is used to reactivate the stove when it has been turned off by the software. COOK is also connected to a smart environment. Infrared sensors detect human presence; they are installed in each room of the smart home and some around the stove. Electromagnetic sensors detect the aperture of the doors, especially the outer door.  Flowmeters are placed on taps to detect the use of water, especially on the tap of the kitchen. The same equipment was installed at our laboratory and in each apartment, i.e. COOK, the smart stove and the smart environment with sensors.
The needs analysis and design process led to the development of two main modules: (1) a security module and (2) a cognitive support module, to support functional performance and cognitive functioning during meal preparation. 
The Security module. 
A Self-monitoring Security System (SSS) supervises use of the stove. This system is invisible to the user (it is represented by a green icon on the user interface) and acts independently of the COOK application. The SSS is based on a predetermined system of rules (see next section) that were determined from the needs analysis. Sensors integrated into the living environment allow the system to identify risk situations according to preselected rules, and the user is warned on the touch screen if he does not react adequately to these risk situations. If this occurs, the stove or oven is locked automatically. The sensors detect the state of the stove burners, the state of the oven elements, the state of the oven door, if someone is near the stove, if the apartment is empty or if the person is inactive. Once sensors detect these situations, an algorithm analyzes them using pre-programmed specific rules, to determine if the situation is deemed to be a risk situation (Olivares et al., 2016). If a situation considered at risk is detected, the SSS will first send a warning to the participant, via the application. If the situation is not corrected, the SSS shuts off the power to the stove.
	The rules were presented and explained to each participant via the COOK application itself (see Figure 1. Rules of the Self-monitoring Security System (SSS) for details). The staff of the residence can be informed of the state of the SSS (active, on alert, triggered) via a monitor screen situated in a separate room in the residence. When the SSS shuts off the oven, staff are warned with a pop-up notification, and in that situation, only they can reactivate the stove using a RFID card. 
- - - - - - - - - - - - - - - - - - - - -

Insert figure 1 about here

- - - - - - - - - - - - - - - - - - - - -


Figure 1. Rules of the Self-monitoring Security System (SSS) 

To give a more concrete example of how the SSS functions, if the user is not monitoring a pot on a burner sufficiently, he will see a pop-up screen along with a jingle, with a synthesized vocal message that will remind him to watch the stove. If the person does not monitor the stove after the warning, the SSS will turn off the stove because a rule has not been respected: for example, for R1, a pre-programmed rule says that a pot on a burner that is on ‘high’ should be monitored at least every five minutes. After turning off the stove, the SSS will send a message to the residence staff. They will be warned on the monitor screen that an event has occurred in a specific apartment, why the stove was turned off and the rule that was not respected is presented.  
The Cognitive support module. 
The general structure of the application is based on the steps of the COOP approach (Goal, Plan, Do, Check), a cognitive rehabilitation approach developed to support executive function difficulties in real-life (Dawson et al., 2009; Mandich & Polatajko, 2004). More specifically, COOP is a client-centred, performance-based, problem-solving approach that enables skill acquisition through a process of strategy use and guided discovery (Dawson et al., 2009). COOP is based on a four-step strategy called Goal-Plan-Do-Check developed by Meichenbaum, 1970 in Alliger & Dwight, 2000, who argued that people could learn to regulate their own behaviour by telling themselves to set a goal, make a plan, carry out the plan, and then check its success. This approach is relevant in view of the participants’ difficulties identified with the IADL Profile (Bottari, Dassa, Rainville, & Dutil, 2010a) during the needs analysis, which were related to goal formulation, planning, carrying out and verifying if the goal had been attained or reviewing the goal. The COOP steps were therefore used to support the screen sequence and the breadcrumb to navigate in COOK. The sequence of screens is presented in Figure 2. Navigation in Cook application. Having these four important task-related steps (goal, plan, do, check) always displayed on the screen when the application is activated, guides the person through each step of the cooking task, compensating for executive dysfunctions such as failure to maintain one’s goal until a complex activity such as cooking has been completed. The next section will present the specific functionalities that were added to address specific needs identified for R1, R2 and R3.
[bookmark: _Hlk529901223]- - - - - - - - - - - - - - - - - - - - -

Insert Figure 2 about here

- - - - - - - - - - - - - - - - - - - - -

[bookmark: _Ref521943008][bookmark: _Ref24740507]Figure 2. Navigation in Cook application

Specific functionalities of the cognitive support system for each user
Participant R1 was frequently distracted during meal preparation. The distractors that influenced his ability to cook were either external (e.g. the phone or receiving e-mails or messages on Facebook on his computer, which was on) or internal, such as his own thoughts (e.g. repeatedly speaking about an event in order to be sure not to forget it). To support both of these problems, three evidence-based cognitive interventions were selected and adapted for him to allow operationalization by COOK. First, the second interface of COOK warned him to “stop and think”, in order to remind him to concentrate on the cooking task, and combined the reminder with a short breathing exercise for cardio coherence. Second, the following screen reminded him to deal with the external distractors using a checklist (Burke, Zencius, Wesolowski, & Doubleday, 1991) as presented in  Figure 3. Examples of cognitive interventions in COOK for R1. Finally, the last screen suggested that he use the log book functionality (M. Sohlberg & Mateer, 2017) to note his thoughts, reassuring him that it would remind him of this thought after he finished cooking. This screen also had the goal of helping R1 empty his mind of all ideas that had the potential to induce anxiety. 
- - - - - - - - - - - - - - - - - - - - -

Insert figure 3 about here
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[bookmark: _Ref521943392]
[bookmark: _Ref24740693][bookmark: _Hlk14091731][bookmark: _Hlk6839510]Figure 3. Examples of cognitive interventions in COOK for R1

R2’s difficulties arose mainly during the execution step of preparing the recipes, in particular with reading and measuring ingredients. He also had a tendency to eat the same thing every day, which caused problems with including a diversified diet. A weekly meal planner was therefore added in COOK to assist him in this task. Enjoying using COOK was also important to him, and he repeated that he wanted “to have fun with this product”, so funny animal gifs were sent to his Facebook page after he had completed preparing a meal as behavioural reinforcements to use COOK. The cleanliness of his apartment was also an issue, so a funny reminder was created at the end of the cooking exercise based on a gamification approach (Figure 4. Example of cognitive intervention in COOK for R2). 
- - - - - - - - - - - - - - - - - - - - -

Insert figure 4 about here
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[bookmark: _Ref521943456][bookmark: _Ref24740427]Figure 4. Example of cognitive intervention in COOK for R2

Numerous allergies were R3’s main problem. A safety reminder was added to the planning step, telling him to verify the ingredients before using them (Figure 5. Example of cognitive intervention in Cook for R3: safety reminder about allergies). We also included instructions to call the residence staff for verification of his ingredients prior to starting to prepare his meal, in order to completely avoid any risk of him eating foods to which he was allergic. 
- - - - - - - - - - - - - - - - - - - - -

Insert figure 5 about here
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[bookmark: _Ref24740720]Figure 5. Example of cognitive intervention in Cook for R3: safety reminder about allergies
Iterative improvement of COOK during implementation.
[bookmark: _Hlk503878324][bookmark: _Hlk525632361]The main improvements made to both systems within COOK during the learning and transfer phases aimed to facilitate navigation within the application, address the inconsistencies observed during training, correct technical bugs and the robustness of the technology for improved reliability. The cognitive intervention was also modified for R1, because his performance improved during these stages and he no longer needed some of the reminders. For example, we removed the reminder to look in the oven before cooking to be sure that he hadn’t forgotten something inside. He also asked us if it would be possible for him to skip the “ritual” before cooking (verbatim from memo). Here, he was referring to the first three screen pages, which were displayed before the planning step of the meal: "stop and think", the breathing exercises and the safety reminders. These screen pages were subsequently removed because, based on our team’s observations, the participant had indeed improved his cooking habits including more safety conscious behaviors. He was also deemed less impulsive and the cues were no longer necessary.   
Usability of COOK
Before evaluating COOK’s usability, COOK was implemented and taught to participants and judged by the therapists to be sufficiently understood. R1 was the readiest to use COOK, R2 had issues about cleaning that needed to be addressed before implementing COOK, and R3 had the highest risk level due to severe food allergies. Hence, the implementation order was based on the expected level of challenge (starting with the least challenging) to resume cooking: R1, R2 and finally, R3. The technology was implemented in the first apartment (R1) before the first prototype had been completed and tested for robustness. The team decided to implement the unfinished prototype because R1 was “tired of waiting” (verbatim from memo) and asked the conception team to implement the prototype even if it was not yet completed and tested: “give me something not completed and I will understand that bugs will happen, but I want to start cooking now” (verbatim from memos). The technology was implemented for R2 and R3 when the prototype was ready, which facilitated the process for these two participants.  
Effectiveness.
With information from staff recorded in the notebook, it was demonstrated that the three users were able to cook a diversity of complex meals after 1 month and maintained this over the 6-month study period. R1 began the experiment with an average of 7 simple meals per week, only breakfast (toast or muffin with coffee) and no stove access, and, after 6 months of using COOK, made all of his meals using the stove 3 full days per week (13 meals/week). One of the most important observed improvements was the evolution of R1’s self-perception of his difficulties with cooking. At the beginning, R1 said: “I will cook all my meals and I will not have any problems” (verbatim memo). His caregivers said that he was anxious about the effect of integrating the meal preparation activity into his schedule because of his high level of fatigue and anxiety. According to R1‘s caregiver, and confirmed by R1 himself, the residence staff and the rehabilitation professional, in the end, R1 cooked three days a week with COOK without experiencing any negative effects. He even agreed to continue cooking three days a week, instead of everyday of the week, to better manage his fatigue: “I know that I wanted to cook all meals but, in the end, three days of cooking is enough for me”. 
Before the implementation of COOK, R2 said that he generally ate all his meals in the cafeteria, but according to the residence staff, he either ordered from a restaurant or cooked on an electric cooking plate (discreetly and illegally) in his apartment. R2’s main objective was to resume cooking on a safe stove, to recover a sense of autonomy and also to respect his budget. “I used to cook for my sister and at the restaurant. It would seem normal for me to cook now”. Initially, R2 cooked one day per week. At the end of the project, after 6 months of using COOK, he continued to order a number of meals weekly from the restaurant despite his financial issues. The financial issue is also the main reason he did not want to cook more often, even with a stove: it was difficult for him to respect the $8.10/day the residence provided him as compensation for not using the cafeteria service, which left less than $3 for each meal. For R2, the obstacles to resuming meal preparation were therefore more related to budget management than difficulties in cooking per se. 
Before the implementation of COOK, R3’s goal regarding cooking was to prepare soup and occasional complex meals. At the end of the project, R3 was cooking two days per week with supervision of a staff member from the residence to buy and manage ingredients, because of his allergies, and he could cook independently with COOK. For him, the most important objective was to be able to cook again when he wanted to, allowing him to diversify his menu. His meal preparation was a source of pride for him. After the 6-month period, he continued to cook three days per week and ate leftovers on the fourth day.
About the effectiveness of the security system, since it was not possible to determine the causes of SSS interventions, we validated the need for its activation by calling the appropriate user each time this occurred to obtain further information on the situation. Table 1 shows that R1 cooked more often than R2 and R3 throughout the project. This reflects the scheduling plan that was established by the residence staff and the users themselves. Also, it should be noted that R2 had to leave his apartment for a one-month period and R3 had health issues that limited his ability to cook. Table 1 shows that there were more frequent warnings for the same length of time for R1. This can be further explained by the fact that for this participant COOK was implemented before the technology was quite ready. Hence, many technical bugs were documented at the beginning of the implementation. Adjustments made to COOK later on in the study corrected some of the technical problems that were causing detection of many false positives for R1. For example, a warning of an empty burner was sent to the application when R1 was tilting the pot on the stove (rule A). Also, as R2 worked as a cook in restaurants for a long period of time after his accident, he developed good meal preparation habits, which helped him avoid triggering as many warnings. In addition, rules I and J were implemented later in the design process and so were not functioning when R1 and R2 began using COOK. Rule I also included warnings. However, it is possible to conclude that COOK combined with complementary clinical interventions can ensure a safe meal preparation because no accidents happened over the 6-month time period over which COOK was used by three individuals with severe TBI. More specifically, there were no fire hazards, no intoxications, and no hospitalizations for allergic reactions.
- - - - - - - - - - - - - - - - - - - - -

Insert Table 1 about here

- - - - - - - - - - - - - - - - - - - - -
Table 1- COOK logs and security module use over a 6 months period for each participant
Satisfaction.
According to the QUEST, after 6 months, two of the three users were very satisfied with the device and one was less satisfied because “he doesn’t need it”. Scores on the Quest vary from 1 (not at all satisfied) to 5 (very satisfied). R1 and R3 were very satisfied with COOK (M= 4.97 and M=4.94 respectively). R1 was quite satisfied to very satisfied with the services (M=4.50) and R3 was very satisfied with the services (M=4.93). However, R2 was not very satisfied with the device (M=2.31) and was more or less satisfied with the services (M=2.63). 
[bookmark: _Hlk525719768]Discussion 
The aim of this study was to design an ATC to support meal preparation, with and for persons who had sustained a severe TBI and were living in a supported-living residence, and to evaluate its usability. The design process led to the creation of COOK, a context-aware ATC comprising a security system and a cognitive support system to facilitate meal preparation and ensure safety during this activity. The results of this study showed that COOK, combined with complementary clinical interventions, may support independent meal preparation by individuals with severe TBI, several years post injury. COOK has indeed allowed the users to safely, and mostly satisfyingly, resume meal preparation with a stove on a part-time basis, a significant activity that was prohibited in this residence for security reasons prior to the start of the study. 
One of the strengths of this study was to have put in place and documented the design, implementation, and usability methods used to develop a complex ATC. Indeed, Dabbs et al. (2009) report that too few studies clearly show the operationalization of the steps of the UCD iterative approach, which explains the difficulties involved in using the approach. In addition, another strength of our project was the implementation of the ATC in residential apartments and the actual use of COOK in daily life by people with severe TBI. Few ATCs are tested and implemented in a real-world environment. This study is also innovative because of its unique context: an alternative residence for persons who have sustained a TBI, with 24/7 supervision.  
Another strength of this study was the level of involvement of people with TBI in the design process. This study has shown that it is feasible to involve people with severe cognitive impairments by respecting their level of awareness and adapting the approach to their residual abilities. Cole (2013) presented Patient-Centered Design (PCD), a design methodology, which incorporates both clinical and technical elements into technology design. PCD proposes to take advantage of the patient's ability to redesign and refine the user interface so as “to achieve a very good fit between user and system” (p.vi). For Cole, involvement of persons with TBI is more relevant for the user interface than the actual functionalities. In the process of designing COOK, participant involvement was adapted to the latters’ awareness level, which is consistent with intervention approaches proposed for persons with TBI (Crosson et al., 1989; Haskins et al., 2012). Furthermore, their participation in the design process went beyond improvement of the interface to include the interventions operationalized by COOK, their acceptance of these interventions, and their interactions with COOK. One of the most important aspects of their contribution was the improvement of the user experience (UX), to the point that using COOK could be fun and enjoyable and they intended to continue to use it. 
However, the main limitation of this design project was the small number of TBI persons involved in the study (n=3). However, this was found to be both a strength and a limit as the small sample allowed us to have extensive and frequent interactions with the participants and to fully obtain their input into the development of a technology that met their needs. At the outset of this study, we designed a prototype of COOK, which has not yet been commercialized, and more studies will be necessary to improve the maturity of this technology and to personalize it to the needs of a broader sample of individuals with TBI. Yet at this maturity level, both strengths and limits of the innovative security and cognitive modules were identified. 
Strengths and limits of the security module
[bookmark: _Hlk23086164]	As for the security system, it was shown to be reassuring, acceptable and relevant, and hence the decision was made that it would be appropriate to leave it in these users’ apartments permanently. Our team, and our collaborators, compared the security system to a "super smoke detector" that improves safety for all the residents of the facility, and this comparison contributed to its acceptance by the participants. However, the security system gave much more precise feedback in case of problems than just the loud acoustic warning signal that a smoke detector makes. In our view, precise feedback on an immediate current problem better supports the problem-solving of a person who lives with a TBI, compared to a Stove Timer (Starkhammar & Nygård, 2008) or an intelligent stove alone (Boudreault et al., 2016). The precise feedback enables behavior to be improved by increasing awareness, a first step in improving functioning. To our knowledge, COOK is the first technology to support safety that provides precise feedback and that has been tested in a real environment over a long period of time. However, the project showed that COOK itself cannot manage all security matters, such as the choice of foods in consideration of an individual’s severe allergies when grocery shopping, and complementary clinical interventions remain important to address such complex needs.
 Strengths and limits of the cognitive assistant module
Regarding the cognitive assistant system, this feature of COOK is an innovation because no ATC to support meal preparation has integrated evidence-based cognitive rehabilitation practices. Also, the users’ role in its development served as self-awareness training for them. For the team to design COOK, participants had to name their difficulties, and this process appears to have improved their self-awareness. Even R2, who was not able to identify cooking challenges at the beginning of the project, named some challenges during the conception process. R1 can now name his difficulties related to cooking and has asked for help during cooking tasks when needed. His mother said, even before the full implementation of COOK: “I don’t know what you are doing with him, but I’ve never seen this kind of awareness and openness to discuss his difficulties since his TBI” (more than 20 years ago). In this project, the process of selecting the appropriate interventions for COOK’s settings based on the user’s evaluation required discussion between the person and the clinician, and this also seemed to help the person develop a better understanding of his difficulties and thus improved his level of awareness. Thus, we expect that the personalisation process that will continue to be developed in further iterations of COOK will also serve to improve self-awareness in relation to meal preparation challenges for future users. Self awareness is often impaired after a severe TBI (Sherer & High, 1998) and increasing this awareness is a first step to the acceptability of an intervention (Haskins et al., 2012).  Further work on the personalisation of COOK features will thus be necessary to better document the effects of this on users’ self-awareness. 
The long-term use of COOK by participants showed that the cognitive assistant component needed to be adapted over time by fading certain cues, in order to remain acceptable and relevant even as behavioural changes occurred throughout the usage of COOK. The cognitive assistance offered by COOK must be further improved, however, and made more customizable and suitable for this heterogeneous population (E De Joode et al., 2010; Jasiewicz, Kearns, Craighead, Fozard, & Scott, 2011). In addition, the needs of persons with TBI can change with repeated utilization of an ATC, as we noted with R1 (e.g. reduction of unsafe behaviours); they learn and develop new skills despite being in a chronic and stable phase of their injury. This implies that COOK's cognitive assistance interventions must be re-evaluated and adapted, maintained or removed with time and as needed. The cognitive assistance component is therefore not only intended to being a long-term compensation approach, it could also be used temporally with a rehabilitation goal of resuming meal preparation with good habits.
Strengths and limits of the COOK usability evaluation
	Finally, usability was tested in real-life conditions in this study. Implementation in the apartments was successful because of the planning and ongoing exchanges that occurred between with the clinical and research teams, participants, and caregivers. This collaboration made it possible to identify complementary clinical interventions that facilitated the implementation. The need for an implementation plan in a health and social services context has been confirmed in the literature (Proctor, Powell, & McMillen, 2013). Our results regarding this showed the importance of carefully planning these strategies prior to instigating the implementation. For example, one of the implementation strategies was to have a clinician, in this case an OT, supporting the learning of the functionalities in order to ensure effective use of COOK. 
Another strength of the usability testing in this study is the long-term follow-up period (1, 3, and 6 months) that was put in place. Future studies should measure other forms of impact of the technology; for example, by evaluating the impact on clinical practices, quality of life or socioeconomic advantages for society (Jutai, Fuhrer, & Demers, 2005). Furthermore, there is a need to develop usability measurement tools that specifically consider the cognitive deficits of persons with TBI when testing usability. For example, some statements of the QUEST were too abstract for the participants. Indeed, to the statement, “Are you comfortable with the technology?” R1 and R2 answered each time, “I did not try to sit on COOK so I cannot answer”. The characteristics associated with the presence of cognitive disabilities (i.e. reduced attention, memory deficits, limited understanding of abstract vocabulary, etc.) are all obstacles to communication (Coelho & Deruyter, 1996; Julien-Gauthier & Héroux, 2011) and require the usability evaluation processes and tools to be adapted. In addition, one of the possible consequences of cognitive impairment is to reduce the person's ability to properly recognize and assess their needs (Crosson et al., 1989; Sherer & High, 1998), which further complicates evaluation of satisfaction.
Although COOK presents a high potential to support safe cooking by persons with cognitive deficits, work is still needed to make it more inclusive and accessible to a wider range of persons with TBI. We chose to approach conception focusing on the specific needs of these participants and all stakeholders from the start, which is also a strong approach for designing technology that will be adopted and used long term in the context of this specific residence (Bier et al., 2018; Pinard et al., 2016).  Future research should help develop new functionalities and test its usability and implementation in different contexts.
Conclusion
[bookmark: _Hlk11232354]COOK is the first ATC design for persons with TBI that "translates" evidence-based cognitive rehabilitation practices into design functionalities with and for persons who have sustained a severe TBI. Also, the prototype was developed, implemented and validated in a real-world environment. COOK helped three persons with severe TBI who’d been living in a long-term care home resume meal preparation, and contributed to improving their independence. Other projects are underway with the objective of adapting COOK to other living environments (persons with a TBI living at home) and other clients such as older adults with cognitive deficits. COOK shows promise of becoming an additional means of furthering rehabilitation of people with cognitive impairments and possibly becoming part of a solution to help persons with such difficulties to live safely in a home environment. 
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Table

[bookmark: _Ref11868092][bookmark: _Ref11868075][bookmark: _Ref424504222]Table 1- COOK logs and security module use over a 6 months period for each participant

	
	R1
	R2
	R3

	Number (nb) of times the stove
was used
	169
	62
	46

	Nb of warnings
(Nb of warnings including bugs)
	81
(91)
	11
(11)
	46
(49)

	Nb of times turned off by SSS
(Nb of times stove was turned off - including bugs)
	5
(9)
	1
(1)
	13
(14)


R1= Resident 1; R2= Resident 2; R3= Resident 3
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[bookmark: _Ref11867091]Figure 1. Rules of the Self-monitoring Security System (SSS)
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[bookmark: _Ref11867069]Figure 2. Navigation in Cook application
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Figure 3. Examples of cognitive interventions integrated into COOK for R1
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[bookmark: _Ref11867114]Figure 4. Example of cognitive intervention integrated into COOK for R2
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[bookmark: _Ref11867127]Figure 5. Example of cognitive intervention integrated into Cook for R3: safety reminder about allergies
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