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Carbon sequestration benefits of mass timber (MT) buildings are maximized when their lifespan is extended. Designing MT buildings that are durable and capable of future adaptation is recognized as a direct strategy for prolonging carbon storage before end-of-life interventions are undertaken. Previous studies have identified criteria for flexible design mostly through theoretical research and not specifically for MT. No research has examined whether, and how, adaptability-related decisions are made in real-world MT project workflows. This study builds on an earlier work by mapping these processes. It identifies who makes critical decisions, when in the project timeline it occurs, and which digital tools are used. We conducted a global questionnaire survey of MT stakeholders, analyzing 106 responses. Four criteria emerged as most important overall: structural grid configuration, standardization and compatibility, modularity and scalability, and the location of building cores and services. The schematic design and construction documentation phases were critical decision points, yet certain disciplines were not engaged when their input was required. A convergent design approach that brings all the key actors together is essential at key points, with particular emphasis on the role of MT manufacturers/fabricators. Parametric and simulation workflows, which support stakeholders in co-evaluating adaptability and other design objectives simultaneously, were rarely adopted. However, they can support rapid iteration, real-time feedback in design exploration, and when coupled with analysis and simulation tools, can accelerate progress from schematic design to fabrication drawings. The outcomes of this study can be used to inform future strategies for improving early-stage collaboration and tool interoperability in support of adaptable MT design.
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1 INTRODUCTION
Carbon dioxide released into the atmosphere is the primary reason for global warming, making the reduction of carbon emissions a pressing environmental concern worldwide (Lippke et al., 2021). Forests are sinks for the emitted carbon, prompting discussion on whether their positive role in the carbon cycle can be increased by harvesting trees and sequestering the carbon in long-lived products such as buildings (Arehart et al., 2021). Nevertheless, this is effective only if sustainable forest management is practiced and harvested wood is regrown, allowing the carbon released from decomposition or combustion at the end of products’ life to be reabsorbed (Hudiburg et al., 2019). In this context, mass timber (MT) has received attention as an environmentally sustainable alternative to conventional building materials like steel and concrete (Puettmann et al., 2021), enhancing carbon sequestration through the high levels of wood used in prefabricated panels and linear members. While MT products offer lower cradle-to-gate embodied carbon, the overall impact of MT buildings can still vary by region due to differences in transportation distances and supply-chain logistics. These carbon benefits are maximized when the life of MT components and buildings is extended, thereby prolonging carbon storage (Foster and Kreinin, 2020). Designing for adaptability, also termed flexibility or upgradability (Bocken et al., 2016), extends functional life by enabling buildings to respond to changing human needs (Kamara et al., 2020), thereby delaying end-of-life interventions.
MT construction relies on prefabricated structural elements manufactured under controlled factory conditions. The prefabrication workflow shifts key decisions to earlier phases and necessitates close collaboration between designers and fabricators for successful project delivery in Mass Timber Construction (MTC) (Fallahi et al., 2016; Gosselin et al., 2018; Filion et al., 2024). Designing for adaptability reinforces this need, as provisions for future modifications must be integrated from the outset (Schmidt et al., 2010). Beyond architectural complexity, design for adaptability requires navigating various constraints and contradictions for different building systems, including space layout, structural design, and mechanical, electrical, and plumbing (MEP) systems integration (Serysheva, 2024). Coordinating different building systems can be achieved through a holistic and integrated approach (Mlote et al., 2024).
Seamless data transfer and interoperability between software platforms are especially important in this intricate multidisciplinary workflow. While engineers and designers typically use common Architecture, Engineering, and Construction (AEC) digital software packages, timber suppliers rely more on specialized timber design and fabrication tools for timber panel layout modeling (hsbcad, 2025), timber capacity analysis (Canadian Wood Council, 2025), or for generating direct Numerical Control (NC) code for various types of milling lines (Cadwork Informatique Inc, 2025). These specialized tools account for material orientation, product layup, manufacturing and fabrication constraints (Fallahi et al., 2016).
Because collaborative decision-making, coordinated workflows, and effective data sharing are central to successful implementation of MT projects and adaptable design, this study examines whether, and how, adaptability-related decisions are made in MTC. It maps the decision-making process by identifying who makes each decision, when in the project timeline it occurs, and the digital tools used. Outcomes inform strategies for improving early-stage collaboration and tool interoperability.
The remainder of this paper is organized as follows. Section 2 provides a background on circular economy (CE) and adaptability in MTC, decision flows, and digital tools. Section 3 outlines the objectives and Section 4 describes the methodology. Section 4.3 presents the findings of the survey, including stakeholder engagement timelines, ranked adaptability criteria, collaboration networks, and patterns of tool usage. In Section 5, we discuss how these findings can inform convergent design workflows, illustrate interoperability and timing gaps, and offer practical recommendations. Finally, Section 6 reflects on limitations and suggests future work directions.
2 BACKGROUND
2.1 CE and adaptability in MTC
The concept of CE is multifaceted, evolving, and characterized by multiple interpretations (Pearlmutter et al., 2020), as opposed to the linear model of “make, use, dispose,” currently common all over the world (Bruel et al., 2019; Stahel, 2010). CE strategies reduce inputs and waste (Langergraber et al., 2020) via recycling, life-extension (repair/remanufacture/retrofit) (Stahel, 2010), and reduced raw material extraction (Bocken et al., 2016). One of the strategies to enhance buildings’ longevity is design for adaptability and flexibility (Bocken et al., 2016), which enables modification as users’ needs evolve (Pinder et al., 2017). Kronenburg (Kronenburg, 2007) defines adaptability as the capacity to accommodate change in use, or spatial or functional configuration without significant disruption.
Literature on adaptability in timber buildings has focused on structural adaptation (Öberg et al., 2024) and the economic implications (Brigante et al., 2022; Öberg et al., 2025). Findings indicate that combining multiple adaptability strategies in MT buildings raises construction costs (Brigante et al., 2022), while economic feasibility hinges on low initial investment cost (Öberg et al., 2025). Numerous studies have investigated Design for Disassembly (DfD) and reversible connections for MT adaptability (Bakker et al., 2014; Ottenhaus et al., 2023), as well as the effect of DfD factors (e.g., joint design, modularity, prefabrication) on sustainable design outcomes (David et al., 2024). Nonetheless, DfD is only one aspect of technological adaptability, and broader strategies addressing spatial and functional flexibility are also equally critical (Cellucci and Di Sivo, 2015).
Our previous study (Hasani and Riggio, 2025) synthesized design criteria for adaptability from literature and analyzed their implementation in built MT projects. The findings revealed that wider spans via optimized three-dimensional structural grid configuration (Cellucci and Di Sivo, 2015; De et al., 2022; Bettaieb and Alsabban, 2021; Magdziak, 2019; Zivkovic and Jovanovic, 2012) were critical in order to accommodate different layout plans and to increase ceiling-to-floor clearance for easier service integration. This criterion is especially important in MTC where, unlike steel and concrete systems that often follow standardized templates, each project employs a unique structural system (Lam, 2019). While larger grid spans support open layouts, they typically require deeper beams, which reduce ceiling-to-floor clearance and limit horizontal MEP routing. Although clearance was not identified as a standalone criterion, findings in (Hasani and Riggio, 2025) suggested it plays a particularly important role in MTC because MT members have larger cross sections and limitations for embedding services in panels (Hasani et al., 2025a). Grid configuration also directly enables two other highly applied criteria regarding space layout: geometry and dimensions that allow open plan layouts (De et al., 2022; Magdziak, 2019; Zivkovic and Jovanovic, 2012; Slaughter, 2001), and functionally neutral or multifunctional spaces (Cellucci and Di Sivo, 2015; De et al., 2022; Bettaieb and Alsabban, 2021; Magdziak, 2019; Zivkovic and Jovanovic, 2012; Slaughter, 2001; Till and Schneider, 2007; Geraedts, 2016; Israelsson, 2009; Dodd et al., 2020; Malakouti et al., 2019).
Another predominant criterion was the strategic zoning of building cores and service shafts. It can optimize the distribution of open spaces and unfixed usage areas, enable future subdivision of space, upgrades, and replacement of the building’s systems (Cellucci and Di Sivo, 2015; Geraedts, 2016; Dodd et al., 2020). Centralized cores support open floor plans, while distributed shafts shorten service runs and reduce clearance demand. The distributed service layout reduces the need for penetrations or concealed cavities in MT elements and improves accessibility for future changes (Hasani et al., 2025a). Moreover, unlike steel and concrete systems that have decades of standardized, codified solutions for routing utilities, MT relies on proprietary or project-specific details for penetration and service routing, making the integration of MEP more difficult and early coordination of cores and shafts particularly critical. Modularity and scalability, enabling easy assembly, disassembly, or replacement of components (De et al., 2022; Bettaieb and Alsabban, 2021; Magdziak, 2019; Geraedts, 2016), have also been frequently employed across MT projects due to the prefabricated nature of elements such as CLT panels (Hasani and Riggio, 2025). Despite the identified key criteria, there remains a gap in understanding stakeholders’ perspectives on the relative importance of these criteria and the specific roles responsible for their implementation and related decision-making.
2.2 Decision-making and workflow integration for MT adaptability
Conventional building systems such as light-frame wood construction typically favor sequential on-site assembly with field adjustments, for which the traditional Design-Bid-Build (DBB) model is common (Zhong et al., 2022). Under DBB, separate contracts and the lack of fabrication-ready digital handoffs require fabricators to develop their own shop data (Eastman et al., 2011; Almuhannadi and Ghareeb, 2024; Timberlake and Smith, 2010; The American Institute of Architects and Hayes, 2014). Prefabricated projects, such as those utilizing MT, are primarily realized through off-site fabrication and on-site assembly, and the extent of prefabrication is highly influenced by the collaborative structure of the project team (Timberlake and Smith, 2010). When traditional delivery methods are used for MT projects, lack of upfront coordination can extend overall project duration, increase costs, raise the risk of errors, lead to additional rework or change orders during construction, and require more on-site activities (Eastman et al., 2011; Kortenko et al., 2020).
Since prefabrication is inherently about process, its success can be enhanced by adopting an integrated delivery model (Timberlake and Smith, 2010). Integrated Project Delivery (IPD) integrates people and practices in a collaborative workflow (Owen, 2019) to enhance project value, reduce waste, and maximize efficiency (American Institute of Architects and AIA California Council, 2007). It is enabled by early goal definition, early involvement of participants (Ng et al., 2023), and collaborative decision-making, as conceptualized in the MacLeamy Curve (American Institute of Architects and AIA California Council, 2007; Ilozor and Kelly, 2012). Decisions on “what” to be designed, by “who” and “how” are jointly determined not only by the owner and architect, but also contractors, engineers, fabricators, and subcontractors (Timberlake and Smith, 2010). For example, CLT panel dimensions (what) must be finalized early with fabricator input (who) based on press bed capacity and transport logistics (how) (Brandt et al., 2019). Panel size and layup/thickness also affect span length and structural performance (how) that requires a structural engineer’s input (who) (FPInnovations, 2013). IPD facilitates early information sharing so that design information is more readily transitioned into shop data, particularly when supported by a platform for shared data exchange (Langston and Zhang, 2021; Rashidian et al., 2024). Early alignment and coordination shortens design delivery, creates an opportunity to merge fabrication and construction documentation, and allows faster off-site fabrication and on-site assembly (Timberlake and Smith, 2010).
Beyond the general need for early collaborative coordination in prefabricated MT projects, adaptability is shaped by a set of interrelated design and construction criteria. These criteria, ranging from structural grid configuration to service integration, require timely decisions from multiple disciplines. Here, using sequential, document-driven workflows limits MT adaptability opportunities because design parameters must be locked in before the fabrication of MT components begins (Coelho et al., 2023). In addition, design for adaptability in buildings is inherently a multi-layered process, as structural grids, building envelopes, and service systems each have different lifespans, performance requirements, and modification needs (Kamara et al., 2020; Brand, 1995; Hamida et al., 2022). To truly achieve adaptable buildings, these criteria should be integrated across different building systems and coordinated early. Without this alignment, decisions in one layer, such as structural span arrangements, may preclude or complicate adaptability in others, like façade modulation or service routing (Askar et al., 2021; Rinke, 2023; Hasani et al., 2024).
Different criteria for adaptability create trade-offs in the decision-making of MT projects. For example, structural grid configuration criterion seeks larger spans, which improves flexibility but increases MT member sizes and costs (Chaggaris et al., 2021). This can potentially conflict with architectural layout goals and the manufacturer’s maximum allowable sizes (WoodWorks, 2024). For the geometry and dimension of space, structural engineers designing load-bearing walls in panelized MT systems may restrict open-plan layouts, sought after by architects (Encina and de la Llera, 2013). Vertical service shaft placement and zoning must coordinate with lateral-force-resisting systems and spatial planning, requiring close coordination among structural and MEP engineers and the architect (Moehle et al., 2012). Horizontal service routing, determined by core zoning, should be planned for integration, such as through pre-drilled holes in glulam beams or cavities in CLT walls using CNC technology in the facility (WoodWorks, 2025). Once MT elements are cut and delivered to the site, changes for new or relocated paths can be costly or cause major delays (Koppelhuber et al., 2015). Lastly, designing with custom MT elements can improve initial design freedom, a goal for the architect, but may add cost for owners and limit future modification if the products become unavailable or face supply chain constraints. That is why modularity and scalability, i.e., designing with available standard MT products, is a key criterion in MT adaptability, aligning with Design for Manufacturing (DfM) principles.
Existing literature largely consists of reviews and practitioner perspectives, typically examining industry barriers in a broad, qualitative manner. Studies have explored stakeholder perspectives on the economic, social, and environmental incentives for designing timber buildings suitable for circular use (Brigante et al., 2022; Öberg et al., 2025; Jockwer et al., 2020; Kremer et al., 2025a). Others have examined the MTC supply chain as a co-evaluation of design–fabrication–installation trade-offs (Coelho et al., 2023), and as a value network (rather than a linear chain), where design-build early involvement enables collaboration and innovation (Gosselin et al., 2018). Research has recommended Translational Design and Construction and interdisciplinary collaboration as key levers (Kremer et al., 2025b), while social-network analysis illustrated a collaboration network dominated by upstream manufacturers and engineer/contractor hubs (Said et al., 2024). Other studies underscored the importance of engagement in multistory timber (Bruno et al., 2025), and identified fabricators as key innovators, while stressing collaboration with suppliers, contractors, and designers (Orozco et al., 2023). While this prior work has highlighted key aspects of the MT value chain, we identify a knowledge gap regarding how key criteria for adaptable design are addressed within implemented MT workflows, specifically concerning the roles of stakeholders (e.g., architects, manufacturers, contractors) and the decision-making phases they engage in (from pre-design to closeout).
2.3 Digital tools and data exchange for adaptable MT design
Technologies that support shared data exchange for a collaborative design workflow include Building Information Modeling (BIM) platforms, clash detection software, and parametric modeling tools (e.g., Grasshopper (Robert McNeel and Associates, 2023), Dynamo (Autodesk, 2025)). In MT projects, prefabrication decisions are typically finalized within a CAM workflow, which translates the coordinated design model into instructions for CNC fabrication. Early accurate geometry/material modeling reduces Requests for Information (RFIs), change orders, redesign loops, schedule/cost risks, and on-site rework (Ogundare and Tokunbo, 2025; Autodesk, 2022).
The MT industry does not follow the usual commodity pattern and uses custom components. Variations in grade, species of lumber, layup configuration, and equipment used in manufacturing plants, such as press bed capacities and the adhesive system, can significantly alter member size and thickness, as well as allowable design values (Atkins et al., 2023). These constraints directly impact adaptable design. Modularity and scalability (key criteria for adaptability) cannot rely on generic structural module sizes, such as the typical 9 × 9 m bay used in residential concrete flat-slab construction (Lam, 2019). Such modules must align with vendor capabilities and be incorporated into digital tools.
In conventional materials, such as steel, design values are standardized (Bartlett et al., 2003) with built-in libraries/databases (Computers and Structures Inc, 2022), and commodity light-frame wood is standardized by species/grade (National Institute of Standards and Technology, 2021). However, most commercially available design software for MT incorporates generic design values, while only a few packages (Canadian Wood Council, 2025; CLT Toolbox Pty Ltd, 2024) include proprietary, manufacturer data. Because these variations affect design choices, manufacturer-specific data should be incorporated early to avoid major redesign after a supplier is engaged. Software must also allow anisotropic properties by layups (Dlubal Software GmbH, 2025), proprietary connectors (Chen et al., 2022), and additional parameters, such as availability, shipping, logistics, and cost.
Tool interoperability, i.e., the ability to exchange data across different software and platforms, is a persistent challenge in collaborative design workflows (Sacks et al., 2018). This challenge is amplified in the AEC sector due to diverse disciplines, which often use proprietary data schemas, resulting in file formats that are sometimes incompatible (e.g., .rvt, .ifc, .dwg, .step), stand-alone, domain-specific software (e.g., Revit, AutoCAD, ETABS, etc.), and different tools for wood design (e.g., hsbcad, Sizer, etc.). This hinders geometry/metadata/performance exchange (Jansson et al., 2018) between project teams and necessitates data translation or manual rework (Wang et al., 2023). Parametric design tools could facilitate collaboration, by automatically updating models to reflect changes made by different team members and support multiple design objectives simultaneously (Lombardi and Ruttico, 2023; Hasani et al., 2025b).
However, not all project stakeholders have the same level of digital maturity or access to digital platforms (Lavikka et al., 2018; Chen et al., 2025). There is therefore a need to investigate how current digital tools and data exchange workflows in MT projects address these limitations, or whether new tools should be developed to support the integration of multiple objectives from diverse stakeholders to streamline adaptability strategies in MTC.
2.4 Summary of literature and identified research gap
While MT’s potential to extend carbon storage by adaptability is recognized, adaptability-related decision-making in MTC is still unclear. Key criteria for flexible design (e.g., structural spans, clearances, service zoning, and modularity) have been identified in previous studies, but they are based mostly on theoretical research and not specifically on MT projects. The importance of integrated coordination for implementing flexibility has been discussed in broader building-design literature (Askar et al., 2021; Rinke, 2023). However, how MT stakeholders perceive, prioritize, and assume responsibility for these criteria in real projects has yet to be determined. Studies have highlighted interdisciplinary collaboration, supply-chain trade-offs, early involvement, and the central roles of manufacturers, fabricators, and suppliers in MTC broadly (Gosselin et al., 2018; Coelho et al., 2023; Kremer et al., 2025b; Said et al., 2024; Bruno et al., 2025; Orozco et al., 2023). Still, when designing for adaptability, there is little knowledge of responsible stakeholders and timing of decisions across project phases in actual MT workflows. Despite advancements in BIM, CAM, and parametric modeling, available tools still lack manufacturer-specific data or suffer from poor interoperability between disciplines. Such constraints have direct implications for MT adaptability yet remain underexplored in the literature. Bridging these gaps offers opportunities to provide insights to enhance decision-making, improve data exchange, and facilitate collaborative workflows for MT adaptability.
3 OBJECTIVES
To address the above-mentioned gaps, this paper aims to map how adaptability-related decisions are currently made in MT projects, by whom, at what stage of the project timeline, and using which digital tools. It also investigates barriers to implementing adaptable designs of MT buildings. The four objectives are described as follows.
	To identify and prioritize key criteria for adaptable design perceived by MT stakeholders and examine how these vary across roles, revealing possible misalignments.
	To map which stakeholders are engaged at different stages of MT design and construction, highlighting hand-offs (both between actors and between tool inputs), gaps, and re-work loops that can compromise flexibility.
	To determine the key expertise required for implementing each key criterion for flexible MT design, and when paired with (b), assess misalignments between needed and present skills.
	To identify digital tools adopted by each stakeholder in each phase of design and construction and evaluate their capacity to support integrated design and interoperable data flow required to deliver adaptable MT project.

4 METHODOLOGY
This study employed qualitative research methods to assess the current MTC industry. A questionnaire survey was designed and distributed among MT industry professionals, including “Architects”, “Structural Engineers”, “MEP Engineers”, “Contractors”, “MT Manufacturers”, and “MT Fabricators” globally. The aim was to gather and analyze input across diverse roles to determine the level of adoption of integrated design (by input exchange between different roles and tools), and to identify potential areas for enhancing multidisciplinary collaboration for greater adaptability in MT projects.
4.1 Development of questionnaire survey
The study employed a questionnaire survey to address four main objectives related to MTC on a global scale: a) to identify key design strategies for adaptability, b) to evaluate current expertise involvement in different project stages c) to determine roles and collaborations required to implement these strategies, and d) to map current tool adoption and their level of interoperability to support integrated design tasks during the design and construction phases. The research team designed a qualitative questionnaire with closed-ended and open-ended questions on the cloud-based platform Qualtrics. Qualtrics enables users to create and distribute surveys easily via a simple web link (Qualtrics International Inc, 2024). The survey comprised seven questions aligned with four objectives, as detailed in Figure 1. Q1 screened MT project experience and routed respondents accordingly. Q2 captured the primary role of the respondents. Q3 rated involvement across six project stages (Likert). Q4 ranked the top three adaptability criteria. Q5 mapped expert collaborations required for each selected criterion. Q6 listed tools/software used at the stages where respondents were involved. Q7 captured barriers/challenges with examples for implementing MT buildings that will be adaptable in the future (full description is detailed in Supplementary Appendix A).
[image: Flowchart illustrating the objectives linked to specific questions. Objectives include identifying design strategies, evaluating expertise in projects, determining collaboration roles, and mapping tool adoption. Lines connect each objective to questions labeled Q1 through Q7.]FIGURE 1 | Survey questions aligned with four objectives.4.2 Sample selection and survey distribution
This survey was specifically designed for distribution among a targeted sample of professionals with experience in MT projects. Distribution occurred in person and online globally, and targeted numerous stakeholder groups in order to have diverse outreach. The return rate of the survey could not be calculated due to its distribution on platforms like LinkedIn. In total, Qualtrics recorded 138 responses. Out of the 138 recorded responses (based on the answer to Question 1), 16 respondents were not within the target audience as they did not have experience in MT projects. Of the remaining responses, 9 lacked responses to further questions after Question 1 and were subsequently excluded from the analysis, resulting in 113 responses (82%) for further analyses. More details on sample selection and survey distribution are provided in the appendix.
4.3 Data analysis and results
This section summarizes the findings of the study, structured according to the four objectives outlined in Section 4.1. The analysis begins with respondent demographics, which include data cleaning. The final part of this analysis presents major recommendations derived from the last question. In this approach, it is possible to obtain a full overview of the current landscape and opportunities for the advancement of adaptability in MTC.
4.3.1 Respondents’ demographic and stages involvement (Objective b)
Figure 2 illustrates how 113 respondents were distributed across roles, as derived from responses to Question 2. Of these, 21 entries identified roles not listed among the given six, which required data cleaning. Therefore, some entries were merged with existing roles or categorized under others. The groups representing MT manufacturers and MT fabricators were collapsed into a single category to simplify reporting. This decision reflects the overlap of activities in many companies and the often-blurred roles within the industry. In addition, 7 responses from individuals in academia (researchers, teachers, instructors, or students) were excluded from further analysis, since the survey was exclusively designed for industry professionals in MTC, resulting in 106 responses. Specifically, 30 of the respondents (26%) were structural engineers, 26 (23%) were architects, 19 (17%) were MT manufacturers/fabricators, 14 (12%) were contractors, 12 (11%) were MEP engineers, and 5 (5%) fell into the “Others” category.
[image: Bar chart showing employment categories. Structural Engineers lead with thirty, followed by Architects at twenty-six. Mass Timber Manufacturer/Fabricators have nineteen, Contractors fourteen, and MEP Engineers twelve. Others and Research have five and seven respectively.]FIGURE 2 | The distribution of roles (Question 2) among 113 respondents who provided complete responses to the questionnaire, of which 106 were selected for further analysis.Next, quantitative statistical methods were employed to compare the involvement of different roles throughout the project lifecycle, as derived from responses to Question 3. Each respondent had only a single choice for each stage and could not skip any of the stages, thus ensuring complete data on all phases were collected. Answers on the 3-point Likert scale were quantified in equal intervals that corresponded to values of 0.0, 0.5, and 1.0 (Han et al., 2011). Further, measurements were normalized to a standard scale using the Normalized Fuzzy Score (Ragin, 2000), given the differences in the number of respondents within each group and differences in confidence when responding. Confidence levels (Jin et al., 2012) were assigned as percentages (i.e., 80% for “Moderately involved”) in order to capture the conditional or situational nature of “Moderate involvement,” which varies more than the clearly well-defined extremes of “Very involved” or “Not involved.” The resulting group-stage score was computed as the mean of each response multiplied by its confidence level:
Figure 3 shows the results corrected for the varying number of respondents per expertise group, where darker shading indicates greater engagement. Architects were most active from the initiation and planning stage up to the regulatory compliance and permits stage, with their role diminishing from the physical construction and assembly stage onwards. Structural engineers exhibited a similar pattern of involvement, although their peak participation occurred slightly later, during the schematic design and design development. MEP engineers joined the project at the construction documents stage and remained active through the end of the construction and assessment/inspection. Contractors were predominantly engaged in the later processes, with most activity during the physical construction and assembly phase. MT manufacturers/fabricators showed the greatest involvement during construction and assembly but also had noticeable activity at other stages, particularly during initiation and planning.
[image: Bar chart illustrating involvement percentages of different roles—Architect, Structural Engineer, MEP Engineer, Contractor, and Mass Timber Manufacturer/Fabricator—across project phases: Initiation, Schematic Design, Construction Documents, Regulatory Compliance, Physical Construction, and Assessment. Each role's level of involvement is depicted with varying shades of red.]FIGURE 3 | Normalized scores for each stakeholder group’s involvement across design and construction stages (Question 3), derived from 106 responses and calculated using the normalized fuzzy score method to quantify involvement.4.3.2 Importance of adaptability characteristics by expertise (Objective a)
Question 4 applied a forced-choice format to identify key adaptability characteristics. Each respondent was required to select exactly three items from the list and rank them in order of importance or preference, and no repetition of ranking or multiple ranks per characteristic was permitted. This method guarantees that all criteria are ranked against one another rather than in isolation (De Chiusole and Stefanutti, 2011). The Modified Borda Count (MBC) method was used to assign weights to the three ranks (Kamwa, 2022). Specifically, we used an inverse rank weighting system (1/r for rank r) so that lower ranks contribute progressively less to the total score, and the distribution of scores approximates the true distribution of preferences (Cormack et al., 2009). Scores were obtained by taking the mean of the weighted ranks for each group.
The resulting normalized scores are visualized in Figure 4, where the color and size of the dots indicate the level of importance assigned to each criterion within each group. Architects notably assigned priority to three criteria: structural grid configuration, standardization, and modularity. Structural engineers shared the same priorities but placed additional emphasis on demountable and reversible connections. Contractors similarly prioritized modularity and standardization but placed less emphasis on the location of building cores and service and demountable and reversible connections compared to architects and structural engineers. MEP engineers ranked the location of building cores as their highest priority, followed by structural grid configuration and accessibility. MT manufacturers/fabricators had similar preferences as architects, structural engineers, and contractors, with particular emphasis on structural grid configuration. The last row in Figure 4 totals the ratings among all respondents and ranks the combined importance of the criteria irrespective of specific roles. A statistically significant drop in scores from 0.25 to 0.14 serves as a natural cutoff point, distinguishing the four most important criteria overall: structural grid configuration, standardization and compatibility, modularity and scalability, and the location of building cores and services.
[image: A bubble chart shows different stakeholder roles—Architect, Structural Engineer, MEP Engineer, Contractor, Mass Timber Manufacturer/Fabricator, and Others—across various construction factors. The factors include Structural Grid Configuration, Standardization and Compatibility, among others. Bubble sizes indicate emphasis or involvement, with larger bubbles signifying greater focus. Values at the bottom range from zero point zero five to zero point four two.]FIGURE 4 | Importance of adaptability characteristics (Question 4) by expertise, derived from 93 responses.To map roles and criteria in a shared two-dimensional space, correspondence analysis (CA) (Simkin and Hastie, 1987) was conducted to examine associations between categorical variables (i.e., roles in AEC and criteria). Hierarchical clustering with complete linkage (Everitt et al., 2011) on pairwise Euclidean distances was then applied to the CA results to reveal patterns or clusters of experts with overlapping priorities. Random noise was introduced by adding moderate variations to the original coordinates of the data points to account for variability and enhance clustering robustness. Confidence ellipses were subsequently plotted around the mean coordinates of the clusters (i.e., cluster centroids).
The CA plot (Figure 5) depicts the clustering of roles (red) and criteria (grey) for the MT industry, where 59.5% of the variance is captured along Dimension 1 (horizontal axis) and 21.9% of the variance along Dimension 2 (vertical axis). Together, they explain 81.4% of the association between roles and criteria. One cluster of roles, consisting of contractors and architects, along with another cluster with structural engineers and MT manufacturers/fabricators, are positioned near a cluster of criteria that includes modularity and scalability, standardization and compatibility, structural redundancy, structural grid configuration, and fenestration independence. A second cluster of criteria, namely accessibility and location of building cores and services, was close to MEP engineers. Lastly, factors such as demountable and reversible connections and typology and size of circulation, although relatively isolated, showed alignment with structural engineers. All these clusters indicate how different professional roles prioritize specific criteria in order to enable flexible design of MT building projects.
[image: Scatter plot showing dimension clusters with roles and criteria. Dimension 1 covers fifty-nine point five percent and dimension 2 covers twenty-one point nine percent. Role clusters include Contractor, Architect, MT.Mfr.Fab., Structural.Eng., and MEP.Eng., shaded in red. Criteria clusters include Modularity, Standardization, Accessibility, and more, outlined in gray. Data points are labeled accordingly.]FIGURE 5 | Correspondence analysis plot showing the importance of adaptability characteristics (grey) by expertise (red) based on 93 responses. A total of 59.5% of the variance is captured along Dimension 1 (horizontal axis) and 21.9% along Dimension 2 (vertical axis). Together, they explain 81.4% of the association between roles and criteria.4.3.3 Required roles for implementing key criteria for adaptability (Objective c)
In Question 5, participants were asked to specify the roles that must collaborate to implement their prioritized criteria. Unlike the respondents’ areas of expertise referenced in Question 2, the roles mentioned here refer to those deemed necessary for achieving each criterion, independent of respondents’ actual roles. Respondents were required to provide at least one role for each of the three criteria, ensuring complete responses across all items and allowing them to include as many roles as they considered relevant. Before delving into a detailed analysis of collaboration for each criterion, a network analysis was conducted to identify the intricate interrelationships among roles for implementing flexibility across all criteria. Role pairings were established and visualized in a chord diagram (Figure 6), with the thickness of arcs indicating the frequency of interactions. The results revealed that the most critical roles for enabling flexibility in MT buildings, ranked from highest to lowest, were structural engineers (cited 217 times), architects (215 times), MT manufacturers/fabricators (161 times), contractors (123 times), and MEP engineers (90 times).
[image: Circular flow diagram showing connections among different roles: Structural Engineer, Architect, Contractor, MT manufacturers/fabricators, MEP Engineer, and Other. Colored lines illustrate interactions and relationships among these groups.]FIGURE 6 | Network analysis demonstrating the frequently of pairwise role collaboration and their distribution across the roles, derived from Question 5 and based on 93 responses.The communication patterns showed that the collaborations perceived as most relevant to implementing adaptability occurred between architects and structural engineers, followed by MT manufacturers/fabricators with structural engineers and with architects. Results indicated that contractors were expected to maintain moderate collaborations with architects, structural engineers, and MT manufacturers/fabricators. MEP engineers were perceived to maintain relatively consistent and moderate pairwise interactions with all specified roles.
Figure 7 illustrates the roles identified by respondents for implementing each cluster of criteria, grouped based on the three clusters shown in Figure 5. Cluster A was further subdivided into two detailed groups, and the vertical or horizontal extension/reduction criterion was added to Cluster C. For each of these four groups, a radar chart is presented. The visualizations use absolute scales in the form of raw numbers of citations per selected role and not normalized by cluster or criterion. Therefore, larger shapes in the charts indicate greater citation rates for those criteria (derived from Question 4). In addition, shapes closer to a perfect circle indicate a balanced distribution, while skewed shapes with sharp edges indicate a stronger emphasis on the roles represented by those vertices. In all the clusters, the key roles identified were architects, structural engineers, and MT manufacturers/fabricators, except for Cluster B (location of building cores and services and accessibility), where MEP engineers were emphasized.
[image: Four radar charts display clusters of building design criteria. Cluster A-1 highlights standardization and modularity with broad involvement of architects. Cluster A-2 emphasizes structural attributes, focusing on fenestration and grid configuration. Cluster B centers on the location of building cores and accessibility, involving structural engineers. Cluster C focuses on demountable connections and horizontal extensions, with diverse engineering roles. Each chart maps criteria against architectural and engineering roles.]FIGURE 7 | Raw citation counts per selected role on an absolute scale for four criteria groups (Question 5), based on 93 responses: A-1 (Modularity and Standardization); A-2 (Structural Grid, Structural Redundancy, and Fenestration); B (Location of Cores and Accessibility); C (Ver./Hor. Ext./Red., Demountable Connections, and Circulation Type/Size).4.3.4 Tools and platforms used by expertise (Objective d)
This section analyzes the usage of software and tools by experts in MT projects, based on the responses provided for Question 6. Notably, out of the 106 participants, only 93 continued responding beyond Question 3 through Question 6; therefore, the results are presented for this subset.
The analysis began with a predetermined list of common AEC industry tools. The respondents were also encouraged to list any other tools they utilized in MT projects, which led to an accordingly expanded list. However, provided tools that did not receive any mentions were excluded from further analysis. Then all the mentioned tools were classified into six main functional groups as detailed in Table 1. This categorization was primarily on the basis of each tool’s main feature, despite some tools having multiple functions or features.
TABLE 1 | Classification of software and tools used in MT design and construction stages into six groups based on their main features or functions.	1	2	3	4	5	6
	Collaboration and coordination	CAD: Design and modeling	Design automation and parametric modeling	Analysis and simulation	Construction management (CM) and project management (PM)	CAM tools
	• Microsoft 365 and google workspace
• Adobe
• Bluebeam
• Navisworks
• Revizto	• AutoCAD
• Revit
• Archicad
• Rhino
• SketchUp
• 3ds max
• SOLIDWORKS
• CATIA
• Fusion 360
• Inventor
• Softplan
• Hsbcad*
• Vectorworks	• Grasshopper
• Dynamo
• Python
• Calculatis*	• SAP2000
• ETABS
• MATLAB
• Abaqus
• Ansys
• STAAD Pro
• OpenSees
• Enercalc
• RAM structural systems
• Autodesk robot
• MathCad
• RISA suite
• Sizer*
• Tally
• Dlubal
• RFEM
• Tower
• ReCap	• Tekla
• Primavera P6
• CostX
• Microsoft project
• BIM field
• BIM 360
• QMS software	• Cadworka
• DDX EasyBeam/EasyWooda
• RobotMaster
• Mastercam


Provided list of tools.
Tools added by respondents.
a Tools exclusive to timber construction.
The bee swarm diagram (top) in Figure 8 illustrates the dynamic utilization of various tool groups throughout the six stages of design and construction in MT projects. It shows the dominant tools and the fluctuating prominence of specific tool groups at different phases. The size of the circles, from the smallest at one mention to largest at 124 mentions, quantifies each group of tools’ frequency of reference by stage. Initially, tools categorized under CAD and collab oration dominate the early stages (from stages 1–3), specifically in initiation and planning, schematic design, and construction documents. Together with these, analysis and simulation, followed by design automation, were the second most frequently mentioned set of tools, though at a noticeably lower rate. As projects progress to the permits stage and then to construction and assembly, a transition is observed towards CM/PM and CAM tools.
[image: Bubble and bar chart showing the distribution of tasks across six project phases: Initiation, Design, Documentation, Compliance, Construction, and Inspection. Categories include Collaboration, CAD, Design Automation, Analysis, CM/PM, and CAM. Bubble size indicates task prominence, and the bar chart shows percentage distribution for roles like Architect, Engineer, and Contractor.]FIGURE 8 | Categories of software and tools (Question 6) used by professionals at six stages of design and construction of MT buildings, derived from 93 responses (top: quantified tool usage across all roles; bottom: normalized role-specific differences at each project phase).The stacked bar chart in Figure 8 (bottom) details role-specific variation in tool preference (normalized) by project phases. Architects and MEP engineers consistently prioritized CAD and collaboration tools in nearly all phases of the project. Structural engineers also predominantly used these tools but showed slightly more preference for analysis and simulation tools. Design automation tools were primarily used by architects and structural engineers, respectively, in earlier project stages. Contractors, and particularly MT manufacturers/fabricators, exhibited a strong preference toward CAM and CM/PM tools in construction and inspection phases, which reflects a clear trend away from design-based tools (like CAD, design automation) towards production-oriented tools. An exception was observed among MT manufacturers/fabricators in the final stage, where they heavily relied on analysis and simulation tools.
4.3.5 Barriers and challenges
In Question 7, an optional, open-ended prompt, 55 respondents provided qualitative answers. Thematic analysis of these responses produced 11 recurring categories. Some participants approached this question by highlighting barriers relevant to MTC broadly, such as cost, codes and regulations, industry familiarity, and standardization. Supply chain issues were also noted, but approached mainly around implementation of MTC rather than adaptability. These broader barriers are recognized as emerging factors that influence future decision-making flows. Table 2 summarizes only the barriers directly related to design for adaptability in MT, presented in order of occurrence. The results indicate that cost and codes/regulations were the two most frequently cited obstacles, followed by public familiarity/industry experience and standardization of systems/connections.
TABLE 2 | Eleven themes identified as barriers and challenges in the design and construction of adaptable MT buildings.	Themes	Occurrence
	1	-Cost
High or non-competitive cost of MTC compared to steel or concrete was the most frequently cited barrier. One respondent noted that investors and clients often focus on initial costs rather than potential long-term benefits, making it difficult to justify MTC overall	26
	2	-Codes/Regulations
The second most recurred barrier was the lack of standardized codes and design guidelines, such as, in the United States of America, inconsistency between the international building code (IBC) and the National fire protection association (NFPA) and the shortage of approved fire-rated assemblies. While this could complicate any MT building design, experts mentioned that it specifically hinders modularity, scalability, and cohesive practices among engineers, code officials, builders, and manufacturers	15
	3	-Familiarity/Experience
Many respondents emphasized the general unfamiliarity with MT among owners, design team, and construction industry, coupled with lack of expertise and training in timber engineering. Misconceptions regarding MT and concerns about its cost, maintenance, and repair could discourage future reconfigurations	14
	4	-Standardization of systems/Connections
Limited “pre-qualified” structural systems and connections, particularly between MT and dissimilar materials, was noted as another critical barrier. Standardized practices have not been widely implemented, largely due to limited market availability of standardized or compatible components that facilitate future adaptation. Where DfD is not adopted, connections can damage timber upon removal, making modifications time consuming, and discouraging contractors from undertaking such tasks	13
	5	-Early design coordination
Early consideration of future flexibility for a wide variety of potential tenants and accommodating multiple scenarios was deemed critical. Some noted that contractors are often brought in the MT project too late, causing out of sequence schedule delays	5
	6	-Detailing (acoustic, thermal, fire)
Acoustic, thermal, and fire protection details all add cost and complexity both at the initial build-out of MT buildings and for future reconfigurations. One example provided was the conversion of office spaces to residential use, where the floor-to-floor acoustics of the office building often does not meet code requirements for housing. One respondent cited gypcrete or concrete toppings on CLT panels as an example of an expensive/hard to remove assembly, especially if future designs require exposing or reusing those panels	5
	7	-MEPF coordination and penetrations
Placing ducts, pipes, or conduits through prefabricated panels is sensitive, as late-stage changes, requiring new openings, can lead to added cost, schedule slips, structural integrity issues, and aesthetic impacts. Utilities routed through or behind timber panels heighten these challenges. All these factors make early MEP design-build coordination essential	4
	8	-Structural grid
A barrier mentioned specifically as hindering the flexibility of MT buildings was the lack of consideration for optimal structural configuration and grids, affecting timber volume, cost, and overall efficiency. It was mentioned that MT often works best with smaller grids, which can be incompatible with long-span or large open-floor layouts and retrofitting new MEP in these tight layouts can be more disruptive. One participant stressed that converting a project initially designed for steel or concrete to MT often fails to meet investor expectations regarding cost and schedule	3
	9	-Structural redundancy
Inadequate vertical (columns, especially at lower levels) and lateral capacity, especially in seismic zones, hinders some types of changes	3
	10	-Dimension and weight of the panels and elements
Load bearing walls and massive floor plates restrict interior reconfiguration (e.g., office-to-residential conversions)	2
	11	-Fenestration
Rationalized window and opening configuration was a factor mentioned once, yet critical in affecting future changes	1


In addition, some respondents provided opportunities or suggestions to overcome the mentioned barriers, but not consistent across all responses. In terms of cost challenges, one respondent highlighted that there is potential willingness to invest in MT if there is sufficient data on its long-term performance. Regarding the lack of coordination and early considerations for flexible design, one proposed solution was to involve MEPF design-build teams as early as the schematic design phase, even though it raises upfront coordination costs. This approach, however, can support practical and constructible MEPF design, streamline later phases, minimize preconstruction BIM coordination, and reduce change orders. Lastly, one respondent suggested the integration of digital technology as a solution for enabling design and construction of adaptable MT buildings, describing it as “the next frontier of time savings.”
5 DISCUSSION
5.1 Stakeholder engagement timeline vs criteria implementation phases
Based on the results of the criteria ranking, the top four adaptability strategies identified by industry experts closely align with those most frequently applied in our earlier study analyzing adaptability in real-world MT projects (Hasani and Riggio, 2025). In both findings, the grid configuration for wider structural spans was the leading strategy. Table 3 summarizes these findings along with the required roles, decision flow, and primary tools employed, and also suggests tools for enhancing the implementation of the criteria and collaboration among experts.
TABLE 3 | Key criteria for MT adaptability (col 1), required roles ranked by priority (col 2), timeline map highlighting each expert’s stage of high engagement and decision-making (col 3), primary tools used by each role at the decision-making stage (col 4), and recommended supporting tools for implementating each criterion (col 5).	Top criteria [From results of survey in Figure 4]	Key stakeholders ranked by priority [From results of survey in Figure 7]	Decision flow
[From results of survey in Figure 4]	Top tools used by key stakeholders at the stage decision made (in col 3)
[From results of survey in Figure 8]	Supporting tools for implementation
From literature review
	Structural grid Configuration	1.Str. Engineer	[image: FX 1]	1.CAD | analysis and simulation | collaboration	CAD | design
Automation | analysis and simulation
	2.Architect	2.CAD | collaboration | design automation
	3.MT Man./Fab	3.CAD | collaboration | CM/PM
	Standardization and compatibility	1.Str. Engineer	[image: FX 2]	1.Collaboration | CAD | CM/PM | CAM	CAD | CAM | design
Automation | collaboration and coordination
	2.Architect	2.CAD | analysis and simulation | collaboration
	3.MT Man./Fab	3.CAD | collaboration
	4.Contractor	4.CAD | collaboration | CAM
	Modularity and scalability	1.Architect	[image: FX 3]	1.CAD | collaboration | design automation	CAD | CAM | design
Automation
	2.Str. Engineer	2.CAD | collaboration
	3.MT Man./Fab	3.CAD | analysis and simulation | collaboration
	4.Contractor	4.CAD | collaboration | CM/PM
	Location of building cores and service	1.Architect	[image: FX 4]	1.CAD | collaboration | design automation	CAD | collaboration and coordination | analysis and simulation
	2.MEP engineer	2.CAD | collaboration
	3.Str. Engineer	3.CAD | analysis and simulation | collaboration


In Table 3, for each key criterion, a list of key stakeholders whose input is essential is provided. Each actor’s primary involvement, derived from Figure 4, is mapped onto the project timeline. The timeline also highlights the decision-making phase for each criterion, i.e., the phase during which applying the strategy is most effective. For all four criteria, the schematic design and construction documentation phases are critical decision points. Yet, not all disciplines engage at those stages where their input is required. In particular, MT manufacturers/fabricators, MEP engineers, and contractors tend to join the project later than ideal, and their delayed input or late design revisions may omit parameters that inform flexible design. Our findings align with previous MTC collaboration studies (Gosselin et al., 2018; Coelho et al., 2023; Kremer et al., 2025b; Said et al., 2024; Bruno et al., 2025; Orozco et al., 2023) and research emphasizing early integrated coordination to support flexibility in buildings (Askar et al., 2021; Rinke, 2023). Without proactive assessment of trade-offs between multidisciplinary objectives and constraints, the design process is likely to face costly and time-consuming revisions downstream (Mostavi et al., 2017). In this context, although the integrated design approach is well established in architectural practice for early multidisciplinary collaboration among stakeholders, it does not necessarily incorporate computational methods or optimization strategies. In contrast, a convergent design approach employs parametric modeling and multi-criteria optimization to generate design alternatives and evaluate trade-offs among structural, architectural, and fabrication constraints simultaneously.
5.2 Tool inconsistencies and interoperability gaps
The primary tools employed by key actors at the decision-making stage for each criterion (Table 3) show that they are inconsistent among different roles, and certain effective tools are missing. In the same table, we recommend a list of supporting tools for all stakeholders that facilitate seamless implementation of each criterion. CAD platforms are fundamental for all criteria due to their precision and versatility in visual modeling across diverse engineering disciplines (Liu, 2024). Configuring the structural grid for wide spans specifically benefits from design automation and parametric modeling tools (e.g., Grasshopper, Dynamo) to treat span dimension as a variable, get input parameters from architects, structural engineers, and manufacturers, and explore optimized layouts (Liu, 2024) for higher flexibility. This can support rapid iteration and real-time feedback in design exploration (Ajtayné Károlyfi and Szép, 2023). Coupling these with analysis and simulation software enables early structural performance evaluation. It also accelerates progress from schematic design to fabrication drawing with fewer iterations (Hasani et al., 2025a). For both standardization and modularity, the use of parametric automation can support implementing standardized details and optimizing modular configurations. CAM tools ensure dimensions, connection details, and tolerances are consistent from model to CNC files to minimize on-site fitting issues (Brown, 2023). Collaboration and coordination platforms, such as Revizto, Microsoft 365, and Google Workspace, specifically apply to standardization by documenting standards for future replacements or alterations. Lastly, designing building cores and shafts for future adaptations requires coordination tools for clash detection (Akponeware and Adamu, 2017; Tommelein et al., 2012), and analysis/simulation tools for assessing performance implications of core positioning. In sum, despite the advantages of parametric and simulation workflows, our survey reveals relatively low adoption of these tools. Together with limited manufacturer-specific data upstream, the findings suggest that translational, interdisciplinary practices advocated in the literature (Kremer et al., 2025b) are not yet fully implemented. This could signal a knowledge gap or resistance to adopting new technological enablers.
6 LIMITATIONS AND FUTURE RESEARCH
One of the limitations of this study is related to the survey administration. Because of online distribution and snowball sampling, the response rate is incalculable; therefore, we cannot assess the representativeness of the sample, especially across regions or company sizes. Future research could focus on obtaining insights from different regions where MT manufacturing and adoption practices vary. Additionally, targeting participants during MT events or through timber networks could introduce bias by over-representing participants with strong MT opinions. Although we increased outreach to under-represented roles during data collection, the number of respondents in each group of professionals still varied. In our analysis from Section 4.3.2 to 4.3.4, the results were normalized for a fair comparison across groups of different sizes. It is worth noting that the higher counts of architects and structural engineers mirror their relative prevalence in actual practice compared to MT manufacturers/fabricators. While contractors and MEP firms are not a small group in the broader construction industry, relatively few identify themselves as MT specialists. We did not explicitly invite specialists in building physics, even though many respondents flagged acoustic, thermal, and fire-safety requirements as critical to MT adaptability. This may limit our understanding of how envelope performance and thermal, acoustic, and fire details constrain future modifications. In practice, however, acoustic or fire engineers often work within MEP or code-review teams, so their input might have been merged under the MEP engineer role rather than captured separately.
Among the tools cited by respondents, only four were designed for timber applications: Cadwork (Cadwork Informatique Inc, 2025) cited by 15 respondents, hsbcad (hsbcad, 2025) cited by 4, Calculatis (Stora Enso Oyj, 2025) cited by 2, and Sizer (Canadian Wood Council, 2025) cited by only 1 respondent. Although using dedicated MT tools can facilitate sharing data across CAD/CAM workflows and provide early input from structural design and fabrication teams, their low adoption cannot be readily attributed to a lack of software packages or training. These packages are highly specialized, and because many firms undertake different project types, not only MT, they default to mainstream platforms rather than timber-specific software. A related limitation is that our classification of tools by primary function may oversimplify multi-functional software. Future studies could analyze data exchange between leading CAD, parametric, and timber-specific platforms, without grouping them based on functionality, to reveal interoperability bottlenecks.
Finally, responses to the last question of the survey (Table 2) show that, although technical tools and role coordination are central to the paper, cost and code limitations, as well as practitioners experience and familiarity with MT, are perceived as even more important by respondents. This raises the question of whether digital tools and convergent design solutions alone can overcome systemic barriers like policy or insurance and suggests areas for future research.
7 CONCLUSION
While studies have identified adaptability as an important strategy to extend buildings lifespan and carbon storage of MT buildings, the decision-making process in implementing adaptability in actual MT design has been identified as a knowledge gap. This study addresses this gap by providing evidence of how stakeholder roles, decision timing, and digital tools shape adaptability in MT projects. By measuring the relative importance of key criteria and mapping their implementation across project phases, it moves beyond theoretical and project-based insights (Hasani and Riggio, 2025) to confirm and extend them with empirical data. The findings validate our previous key criteria for adaptable design and also clarify who makes the critical decisions and when they should engage (Section 5.1), as well as which tools could be integrated (Section 5.2) for a convergent design approach.
Four criteria were found to be most critical from the stakeholders’ perspective: (i) achieving wider spans by optimizing the three-dimensional structural grid configuration, (ii) standardization and compatibility, (iii) modularity and scalability, and (iv) the location of building cores and service shafts. This finding aligns with an earlier study that analyzed adaptability criteria implemented in real-world MT projects (Hasani and Riggio, 2025). The schematic design and construction documentation phases were key decision points for adaptability and MT prefabrication considerations. Nevertheless, in the MT industry, MEP engineers, MT manufacturers/fabricators, and contractors often engage later than when their input should be incorporated, which leads to redesigns, higher costs, and limited future flexibility. Early collaboration between these stakeholders during these stages can significantly enhance adaptability.
Digital tools used are currently dominated by CAD and coordination platforms, while design automation and parametric modeling tools offer significant benefits: they support structural and spatial optimization for greater adaptability, enable rapid iteration, and accelerate the path from design to fabrication drawings. Embedding manufacturer-specific data upstream also benefits design, while introducing additional coordination and liability considerations for the professionals responsible for the construction documents. Despite these advantages, the adoption of these tools remains relatively limited. Interoperability gaps across platforms further hinder seamless hand-offs.
In current MT practices, the traditional procurement process is still common and preferred by many investors (Atkins et al., 2023). The process follows a linear documentation and review workflow by stakeholders, where fabricators are not fully integrated into design decisions, and contractors are typically brought in after significant portions of the design are complete. Fully integrated workflows are uncommon, and when they do occur, they are often informal among a small network of established collaborators rather than as a formal IPD process. Beyond workflow issues, responses to the survey revealed cost, codes/regulations, and limited familiarity with MT practices as top barriers, and implementing adaptable MT design therefore requires pre-qualified systems/connection standards and clearer regulatory pathways. We recommend a convergent design practice at the schematic design phase that brings all actors together to co-evaluate structural spans, service routing, and fabrication limits in one loop. This workflow may benefit from parametric and simulation tools, incorporating manufacturing-specific constraints, and prioritizing standardization (using available, standardized MT products, details, and connections).
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