
Vol.:(0123456789)1 3

Research in Engineering Design (2023) 34:477–495 
https://doi.org/10.1007/s00163-023-00420-8

ORIGINAL PAPER

Empirical studies on conceptual design synthesis of multiple‑state 
mechanical devices

Anubhab Majumder1 · Somasekhara Rao Todeti2 · Amaresh Chakrabarti1

Received: 14 June 2022 / Revised: 28 March 2023 / Accepted: 10 June 2023 / Published online: 21 June 2023 
© The Author(s), under exclusive licence to Springer-Verlag London Ltd., part of Springer Nature 2023

Abstract
Conceptual design synthesis, which focuses on generating solution alternatives, has a significant impact on the cost and qual-
ity of the final product. The development of radically new and significantly better solutions requires generation and explora-
tion of a large solution space. Most of the existing literature on conceptual design synthesis of mechanical devices: (1) is on 
synthesising device concepts for a single relation of ‘converting one input set to another output set’—this is called single-state 
design synthesis (SSDS); and (2) primarily employs ‘composition of building blocks’ as the approach for the synthesis of 
concepts. Multiple-state design synthesis (MSDS), on the other hand, refers to synthesising device concepts for more than 
one relation between an input set and an output set. Since not much literature is available on studies of MSDS, it is essential 
to understand how and how well designers currently carry out MSDS. This knowledge can be used as a benchmark and a 
source of knowledge for developing a prescriptive support to improve MSDS. Therefore, the objective of the work presented 
in this paper is to obtain a better understanding of this process by carrying out empirical studies on multiple-state synthesis.
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1  Introduction

Conceptual design synthesis of mechanical devices can be 
considered as an activity of transforming a perceived need 
into a solution concept that utilises mechanical engineering 
principles to satisfy the need. Conceptual design synthesis, 
part of which is referred to as type synthesis in mechanisms 
(Johnson 1978; Yan 1998; Pozhbelko 2019), has a signifi-
cant influence on the cost and quality of the final product 
(Hoover and Rinderle 1989; Zhang et al. 2020). To develop 
a radically better solution, it is very important to generate 
and explore a wide range of solutions (Liu et al. 2003). Con-
ceptual synthesis of mechanical devices is a difficult task 
(Chakrabarti and Bligh 1996b; Pons and Raine 2005). The 
difficulties generally arise from a mechanism’s intrinsically 
complicated geometrical and topological characteristics 
(Tian et al. 2005). Usually, the process of conceptual design 

depends on the designer’s ingenuity, intuition, and expe-
rience (Tsai 2000). However, this approach often leads to 
a bias toward a limited set of solutions and cannot ensure 
the identification of an adequate set of feasible alternatives 
within the time constraint (Chakrabarti, and Bligh 1994). As 
per the survey conducted by Sacks and Joskowicz (2010), 
the majority of mechanisms are planar, having one or two 
degrees of freedom, and with motion along fixed axes. 
Therefore, the scope of this research is currently limited to 
such mechanical devices (i.e. mechanisms or machines).

Generating device concepts for converting one set of 
input (efforts or motions) to another set of output (efforts 
or motions) is called single-state design synthesis (SSDS) 
(Li et al. 1999b). In a single-state design task (SSDT), there 
is a single relation between input set and output set. In an 
SSDT, with ‘m’ inputs and ‘n’ outputs, if m = 1 and n = 1, 
it is a Single Input–Single Output SSDT; if m = 1 and n > 1, 
it is a Single Input–Multiple Output SSDT; if m > 1 and 
n = 1, it is a Multiple Input–Single Output SSDT; if m > 1 
and n > 1, it is a Multiple Input–Multiple Output SSDT. For 
example, ‘generate solutions for converting an input effort 
to two outputs: one of a linear motion and the other of an 
angular motion’ (Chakrabarti and Bligh 1996b) is a Single 
Input–Multiple Output (SIMO) SSDT. Such a device may 
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be useful, for instance, in taking a single input to create two 
outputs: one, e.g. to latch/unlatch a door, and the other to 
change the display to show that the door is now ‘locked’ 
or ‘unlocked’. Zhang et al. (2015) presented such Multi-
ple Input–Multiple Output (MIMO) mechanisms as hybrid 
mechanisms where multiple loop kinematic behaviours are 
captured by qualitative dual state vectors.

Generating solution concepts of a mechanical device 
intended to perform multiple operations, where an operat-
ing state can be described using one or more input set to 
output set relations, is called multiple-state design synthesis 
(MSDS) (Li et al. 1999a, b; Todeti and Chakrabarti 2009). 
In this kind of design task, the function (called as ‘elemen-
tal function’ or ‘EF’) of a mechanical device is defined by 
effort–motion relations between input components and out-
put components. The term effort refers to a force or torque, 
and the motion can be either a rotation or a translation. Here, 
the concept of effort resembles the effort variable used in 
bond graph language and motion can be considered as the 
time integral of flow variable (Karnopp and Margolis 1979). 
The components on which efforts are applied are called input 
components. The components on which motions are desired 
are called output components. In this work, the input and 
output components set is termed input–output Pair or ‘I–O 
pair’. An operating state can have one or more ‘elemental 
functions’ (EFs). Each EF has one effort–motion relation 
between a set of input components and a set of output com-
ponents. Such a set of relations could, for instance, be useful 
in specifying four, inter-connected, intended tasks for a door 
lock, i.e. locked state, opening state, opened state, and clos-
ing state, respectively (and specifying all four, and not just 
latch/unlatch a door, as in the earlier, SIMO example). Liu 
et al. (2015) addressed such devices as ‘multi-modal’ sys-
tems where the word ‘mode’ referred to a certain functioning 
arrangement or condition. However, the definition of ‘multi-
ple state’ given by Li et al. (1999a) is adopted for this work.

The present study considers specifically the type synthe-
sis of multiple-state mechanical devices. Type synthesis is 
the process of identifying or developing potential mecha-
nism structures to carry out a specific task or set of tasks 
without considering the component's dimensions (Olson 
et al. 1985). The overall aim of this research is to support 
designers synthesise a large solution space for design tasks 
comprising multiple operating states. Exploring a large solu-
tion space is important in conceptual design as it influences 
novelty (Srinivasan and Chakrabarti 2010a, b), which is a 
key indicator of creativity (Sarkar and Chakrabarti 2011). A 
review of the existing literature on conceptual design synthe-
sis of mechanical devices, discussed in Sect. 2, revealed that 
most of the existing methods for conceptual design synthesis 
of mechanical devices largely employ compositions of kin-
ematic building blocks or primitive structures. These meth-
ods primarily focused on the type synthesis of single-state 

design problems. In the case of MSDS, the compositional 
approach does not always ensure the exploration of multiple 
alternative design solutions. The behaviour of an existing 
kinematic building block can be altered, or multiple behav-
iours can be achieved by modifying the geometric features 
in the components of a building block. The modification of 
building blocks plays a key role in MSDS, which has not 
been considered by existing works (Li 1998). Therefore, new 
support systems or enhancements to current design synthesis 
tools are required to assist designers in generating a substan-
tial variety of feasible alternative solutions for MSDS. In lit-
erature, it is found that type synthesis problems are difficult 
to describe algorithmically (Jimenez et al. 1997). The exist-
ing design support tools require an algorithm guided by a 
well-defined and systematic procedure, and this often require 
a descriptive understanding of the design synthesis process 
(Finger and Dixon 1989). In this paper, empirical studies 
on MSDS are reported with the purpose of developing a 
detailed understanding of the MSDS process as carried out 
by engineering designers. This should help in developing a 
descriptive model for MSDS. To adapt the descriptive model 
for future computer implementation, it is also important to 
understand which parts of the MSDS process are difficult 
or require domain knowledge or individual competency. 
As future implications, these understandings will help in 
providing appropriate prescriptive support to the designers, 
allowing them to explore a larger solution space by follow-
ing a systematic MSDS process.

2 � Literature review

2.1 � Conceptual design synthesis of single‑state 
mechanical devices

Most of the research on conceptual design synthesis of 
mechanical devices is limited to SSDS and can be broadly 
classified into case-based and process-based approaches 
(He et  al. 2014). The case-based approach (Domeshek 
et al. 1994; Han and Lee 2006; Navinchandra et al. 1991; 
Prabhakar and Goel 1998; Ulrich and Seering 1988; Zhang 
et al. 2001) is a technique where past solutions are reused 
or adapted to solve new problems. Generally, the method 
begins with a knowledge base abstracted from design cases 
and then they are modified to meet the new specifications. 
For example, Han and Lee (2006) introduced virtual func-
tion generators (VFGs) to conceptualise and capture the 
underlying design principles of existing mechanical devices. 
A set of such VFGs is stored as a library of design cases. In 
response to a design specification, pertinent VFGs (a design 
case or portion of a design case) are retrieved from the case 
library and combined according to a synthesis strategy to 
match the specified motion requirements. This results in 
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feasible design solution alternatives for a desired mecha-
nism. In contrast, the process-based approach starts with 
the desired functionality of the device and synthesises a 
structure that satisfies it. This approach of synthesis usually 
generates intermediate behavioural specifications and then 
combines identified kinematic building blocks or primitive 
structures (e.g. levers, shafts, gears etc.) that generate those 
behaviours (Chakrabarti and Bligh 1994, 1996a, b; Chen 
et al. 2005; Chiou and Kota 1999; Ding et al. 2012; Finger 
and Rinderle 2002; Han et al. 2020; Hoover and Rinderle 
1989; Kota and Chiou 1992; Li et al.1996; Li and Wang 
2019; Moon and Kota 2002; Murakami and Nakajima 1997; 
Starling and Shea 2005; Subramanian and Wang 1995). For 
example, Kota and Chiou (1999) built a database of primi-
tive structures, including rotational, translational, and helical 
motion, and developed a matrix-based approach to synthe-
sising mechanisms. The desired functional requirements 
are given as a motion transformation matrix (MTM). This 
intended MTM for a design task is further decomposed into 
a product of MTMs by transformation rules; the decom-
posed matrices are searched against the MTMs of existing 
building blocks to find feasible combinations of building 
blocks to satisfy the design task. In the existing literature, 
different schemes for representing behavioural specifications 
have been proposed; some of the major schemes used by 
most researchers are: matrix-based representation (Chiou 
and Kota 1999; Kota and Chiou 1992), set of input–output 
vectors (Chakrabarti and Bligh 1996a, b; He et al. 2014; 
Moon and Kota 2002), parallel grammar (Li and Wang 2019; 
Starling and Shea 2005), topology graphs (Ding et al. 2012; 
Han et al. 2020) and configuration space (Murakami and 
Nakajima 1997; Subramanian and Wang 1995).

2.2 � Conceptual design synthesis of multiple‑state 
mechanical devices

Li et al. (1999a; b) developed ADCS (automatic design by 
configuration space), a computational tool for generating 
a solution for a given multiple-state design task (MSDT). 
ADCS uses the method of combinatorial retrieval of building 
blocks, which is simply a hierarchical search from require-
ment space to solution space, and the solution generated by 
ADCS is a network of building blocks. ADCS generates 
only one solution for a given MSDT. If one more solution is 
to be generated, some of the building blocks in the present 
solution need to be removed from the ADCS’s database and 
run the program again. ADCS does not consider modifica-
tion of building blocks. If some of the EFs of a given MSDT 
are not satisfied by a building block, ADCS searches in its 
database and retrieves another building block and adds to the 
existing building block(s), instead of modifying the exist-
ing building block. There is no guarantee that a compatible 
building block would exist in the ADCS database, in which 

case no solution could be generated. Multiple-state mechani-
cal devices (MSMD) can also be considered as metamorphic 
mechanisms which have the ability to change their topology 
under different operating states (Pucheta et al. 2012; Zhang 
and Dai 2009; Zhang et al. 2011). Pucheta et al. (2012) pro-
posed a combinatorial method for the topological synthesis 
of a circuit breaker mechanism by using graph enumera-
tion; however, in their work, the existence of energy-stor-
ing components (such as springs) are ignored during the 
enumeration of alternative mechanisms. In contrast, Zhang 
et al. (2011) considered spring components and proposed a 
synthesis approach based on the morphological matrix (Pahl 
and Beitz 1996). This approach was illustrated by a mecha-
nism design example, in which the input effort was fixed to 
a particular driving component in all operating states, which 
is not necessarily true for every MSDT. So, the composition 
of the building blocks approach that is widely used in SSDS 
does not work well for MSDS. The modification process, as 
observed from the empirical studies (presented in this work), 
is a core element of MSDS in generating a variety of solu-
tions, which is highly limited in the compositional approach 
currently used in literature.

3 � Research approach

The purpose of empirical studies is to prove or contradict 
existing proposals or to generate new knowledge about 
designing, with which better models or support for design-
ing can be developed (Gero and Mc Neill 1998; Stauffer and 
Ullman 1988). Carrying out empirical studies should help 
understand the design process better, which in turn should 
assist in developing support, which includes computational 
methods and tools (Fricke 1996; Mulet and Vidal 2008). 
As discussed in Sect. 2.2, research into MSDS is relatively 
sparse; very few approaches for supporting the synthesis 
of MSMD have been developed; even these are inadequate 
in supporting the synthesis of a wide variety of solutions. 
Therefore, the objective of the work presented here is to 
obtain a better understanding of this process by carrying 
out empirical studies on MSDS. The empirical studies were 
conducted with 12 participants. The design task given to the 
participants is formulated from a door-latch device, which 
comprises two operating states (opening and closing) with 
five EFs. The participants were asked to develop a design 
solution in the form of a mechanism that should satisfy all 
five EFs of the door-latch device. No time limit was imposed 
for completing the synthesis task. The synthesis processes 
were video recorded, and the participants were asked to 
think aloud and draw schematic diagrams of the proposed 
solution concepts on paper. All recorded videos are ana-
lysed, and finally, as a research outcome, an empirically 
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evaluated descriptive model of the design synthesis process 
for MSMD is developed.

4 � Empirical studies

4.1 � Design task used in the empirical studies

The design task used in the empirical studies is constructed 
from a door-latch device, which has a handle-block as the 
input–output components or I–O pair, and a two-state design 
task comprising five EFs ( fi, i = 1 − 5 ). The two operating 
states are the opening state and the closing state. Here, the 
EFs f1 , f2 and f3 correspond to the opening state, and the 
EFs f4 and f5 correspond to the closing state. The handle 
and block have two configuration parameters, the orientation 
of handle: θ and the position of block: x, respectively, with 
respect to the world coordinate system. The five EFs in the 
design task (see Fig. 1) to be performed by the mechanical 
device (having handle and block as I–O pair) are as follows:

•	 f1: When the handle is at θ = θ1, and the block is at x = x1, 
if an effort is applied on the handle around its z-axis in 
the clockwise direction, it should rotate it from θ = θ1 
to θ = θ2, and simultaneously the block should translate 

from x = x1 to x = x2 in the positive direction along its 
x-axis.

•	 f2: When the handle is at θ = θ2, and the block is at x = x2, 
if an effort is applied to the handle around its z-axis in the 
clockwise direction, it should not move any further from 
θ = θ2, and the block also should not move from x = x2.

•	 f3: When the handle is at θ = θ2, and the block is at x = x2, 
if the effort is released from the handle, it should rotate 
around its z-axis in the anti-clockwise direction from 
θ = θ2 to θ = θ1, and simultaneously the block should 
translate along its x-axis in the negative direction from 
x = x2 to x = x1.

•	 f4: When the handle is at θ = θ1, and the block is at x = x1, 
if an effort is applied on the block along its x-axis in the 
positive direction, it should translate from x = x1 to x = x3 
along its x-axis in the positive direction, but the handle 
should not move from θ = θ1.

•	 f5: When the handle is at θ = θ1 and block is at x = x3, if 
the effort is released from the block, it should translate 
along its x-axis in the negative direction, but the handle 
should not move from θ = θ1.

4.2 � Subjects and experimental procedure

A total number of 12 subjects participated in this study. All 
subjects were postgraduate students (Masters’ or PhD) with 

Fig. 1   Description of the MSDT provided to the subjects
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a bachelor's degree in mechanical engineering and proficient 
with the theory of machines/ mechanisms. The experiments 
were carried out in an observatory (controlled environment) 
in the presence of an instructor. Each experiment was con-
ducted with one subject at a time. The design task document 
was given to the subjects to provide the description of the 
MSDT with five EFs, as shown in Fig. 1. Apart from the 
MSDT document, a catalogue was given to the subjects for 
their reference, containing various known mechanisms from 
the theory of machines/mechanisms course. The subjects 
were allowed to search and choose mechanisms from the 
catalogue while generating solutions for the given MSDT; 
however, using the catalogue was not mandatory for the sub-
jects during the synthesis activity. The subjects were asked 
to develop one design solution that must satisfy all five EFs 
in the MSDT document. In addition, they were asked to 
think aloud while they carried out their synthesis processes 
and to draw schematic diagrams/sketches of the intermedi-
ate steps of the design concept and outcome. The verbal 
data were captured through video recording, and sketches 
were captured using the camera. No time limit was imposed. 
The experiment was stopped once the subject reached one 
feasible solution (which should satisfy all five EFs). They 
were free to explore as many ideas/ sub-solutions as possible 
for a particular EF until they reached one feasible solution 
which satisfies all the EFs. One of the authors played the role 
of the instructor. During the experiment, the instructor was 
present to help participants understand the task, encouraged 
them to think aloud, and ensured they made sketches of all 
intermediate steps. The instructor’s role was also to verify 
the feasibility of the solution(s) generated by the subjects. 
It is important to note that, in this study, the feasibility of 
a solution is verified only in terms of functionality, i.e. the 
solution should be able to perform all five EFs given in the 
MSDT. Other aspects of evaluating conceptual design solu-
tions, such as manufacturability, reliability, and cost (Liu 
et al. 2000), have not been considered by the instructor for 
verifying feasibility.

5 � Data analysis

5.1 � Representing MSDT with elemental functions 
and specifications graph

EF of a mechanical device with ‘n’ components can 
be written as, < (E1,M1), (E2,M2), ...(En,Mn) > . Here, 
Ei,Mi(i = 1−n) stands for the effort and motion of nth com-
ponent. Effort and motion can be represented using quali-
tative values of +,−, 0 . Ei = ‘+’ means effort is applied 
on the component in the positive direction (or anti-clock-
wise), ‘−’ means effort is applied on the component in 
the negative direction (or clockwise), ‘0’ means effort is 

not applied on the component. Mi = ‘+’ means the com-
ponent undergoes motion in the positive direction; ‘−’ 
means the component undergoes motion in the negative 
direction; ‘0’ means the component does not undergo any 
motion. For example, the EFs of the MSDT considered in 
the empirical studies (refer Sect. 4.1) can be written as: 
f1 ∶< (−,−), (0,+) > ; f2 ∶< (−, 0), (0, 0) > ; f3 ∶< (0,+),

(0,−) > ; f4 ∶< (0, 0), (+,+) > ; f4 ∶< (0, 0), (0,−) >.
The graph shown in Fig. 2 is termed as ‘specifications 

graph’ (Li et al. 1999a). This graph depicts the changes in 
the configuration of the door-latch system during its open-
ing and closing states. Each node of the graph signifies a 
configuration state of the input/output components. The 
initial positions of the handle and the block with respect 
to the global coordinate system (X, Y, Z) can be labelled as 
C1(θ0, x0). The EF f1 leads to a change in configuration from 
C1(θ0, x0) to C2(θ1, x1), and during the closing state, arc f4 
ends at another configuration C3(θ0, x1). However, the arc 
corresponds to the EF f2, which starts and ends at the same 
node implying no change in configuration.

5.2 � Types of elemental functions

The EFs of a MSMD can be broadly characterised into four 
types as follows (see Fig. 3):

•	 Type − 1 : When an I–O pair is at configuration (C1) , 
effort(s) is applied to some component(s) of the I–O pair, 
and the I–O pair moves to another configuration (C2) , see 
Fig. 3a.

•	 Type − 2 : When an I–O pair is at configuration (C1) , 
effort(s) is applied to some component(s) of the I–O pair, 
but the I–O pair does not move, see Fig. 3b.

•	 Type − 3 : When an I–O pair is at configuration (C1) , 
effort(s) is not applied on any component of the I–O pair, 
but the I–O pair moves to another configuration (C2) , see 
Fig. 3c.

•	 Type − 4 : When an I–O pair is at configuration (C1) , the 
effort is not applied to any component of the I–O pair, 
and the I–O pair does not move to another configuration, 
see Fig. 3d.

Fig. 2   The specifications graph of the given MSDT
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Type − 3 EF can be called a dependent EF because for 
Type − 3 to happen, there must exist a Type − 1 before. 
Type − 1 , Type − 2 and Type − 4 can be called independent 
EFs. In the MSDT used for the empirical studies, f1 , and f4 
are Type − 1 , f2 is Type − 2 and, f3 and f5 are Type − 3 EFs.

5.3 � Coding scheme

The captured videos of all twelve subjects were transcribed 
by the authors. The resulting protocol data were analysed by 
categorising each transcribed speech and action (used when-
ever the subject did some work but forgot to think aloud) 
with respect to the following categories:

Activities: An activity in designing can be defined as a 
deed of problem finding or problem-solving (Srinivasan 
and Chakrabarti 2010a, b). In this study, the primary level 
activities during the design synthesis process considered for 
coding were Analyse, Generate, Evaluate, and Modify. The 
activities are defined as follows:

•	 Analyse is to consider something in detail to discover 
its essential features. In this study, the instances of ver-
balisation of given task descriptions by the subjects were 
coded as analyse activities.

•	 Generate is to produce something. Generate has two sec-
ondary level activities: Select and Retrieve. Select is to 
choose something from several alternatives given in the 
mechanism catalogue [it refers to the information repre-
sentation of common domain knowledge (Stauffer and 
Ulman 1991)]. Retrieve is to bring back something from 
memory.

•	 Evaluate is to check whether an EF is satisfied by the 
solution proposal.

•	 Modify is to change something. Modify has four second-
ary level activities: Add, Replace, Remove, and Incor-
porate. Add is to combine something with an existing 
solution. Replace is to substitute a thing for another. 
Remove is to delete something from the existing solu-
tion. Incorporate is to merge something with some other 
thing already in existence.

Requirements: Requirements can be defined as the 
intended technical characteristics of the design or constraints 
imposed on the design. In the literature, requirements are 

classified in several ways, such as functional, non-functional, 
solution-neutral, solution-specific, etc. Functional require-
ments specify the system’s behaviour, i.e. what the system 
should do, and non-functional requirements stipulate quality 
constraints (such as performance, usability, etc.) on imple-
menting these functional requirements (Sommerville and 
Sawyer 1997). Solution-neutral requirements are those that 
are not specific to any of the designer’s solutions (Jagtap 
et al. 2014). Nidamarthi (1999) classified requirements into 
given requirements and solution-specific requirements. In the 
current study, the design task document provides the behav-
ioural specifications of the door-latch device, and thus all the 
EFs can be considered as given requirements and can also be 
identified as functional and solution-neutral requirements. In 
contrast, the requirements specific to the subject’s solution 
can be considered solution-specific requirements. Chakra-
barti et al. (2004) stated that a solution-specific requirement 
is a contextualised version of the given requirement such that 
it retains those features of the existing design that already 
fulfil other requirements. Here, the concepts of EFs, and 
specifications graph are used for identifying and coding the 
solution-specific requirements. This helps to analyse the sub-
jects’ synthesis processes in more detail. With respect to the 
given EFs for the MSDT, the solution-specific requirements 
were assumed to be:

•	 Req. 1: Finding the initial solution for f1 (a Type-1 func-
tion) where a rotary motion needs to be converted to a 
translatory motion and the configuration changes from 
C1(θ0, x0) to C2(θ1, x1).

•	 Req. 2: Finding an intermediate solution that satisfies f2 
(a Type-2 function) while maintaining the previously sat-
isfied EF. Therefore, the initial solution which currently 
exhibits a Type-1 function, needs to support a subsequent 
Type-2 function at configuration C2(θ1, x1).

•	 Req. 3: Finding an intermediate solution that satisfies f3 
(a Type-3 function) while maintaining the previously sat-
isfied EFs. In this case, both input and output components 
have to move from configuration C2(θ1, x1) to C1(θ0, x0) 
but no effort is applied from any external sources.

•	 Req. 4: Finding an intermediate solution that satisfies 
f4 (a Type-1 function) while maintaining the previously 
satisfied EFs. In this case, the current solution which 
already satisfies an existing Type-1 function f1, needs to 

Fig. 3   Types of EFs
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perform another Type-1 function f4 which moves the I–O 
pair from C1(θ0, x0) to C3(θ0, x1). This condition arises 
because the handle remains idle in during closing state.

•	 Req. 5: Finding a final design solution that satisfies f5 (a 
Type-3 function) while maintaining the previously satis-
fied EFs. This scenario is also similar to Req. 3 where 
the I–O pair has to move from configuration C3(θ0, x1) 
to C1(θ0, x0) but no effort is applied from any external 
sources.

Based on the coding scheme discussed above, an activity-
requirement sequence chart was prepared for each subject. 
For example, Fig. 4 shows the activity-requirement sequence 
chart of subject 3. The transcribed data for each subject was 
encoded in terms of the identified activities and the corre-
sponding requirement under consideration during a time seg-
ment. In case of any absence of activities (where the subjects 
remained idle), those specific time segments were left blank 
in the sequence chart.

5.4 � Understanding the subjects’ synthesis strategy 
to approach the design task

It has been observed that the common practice followed by 
each subject is to select one of the EFs for which a fully 
or partially satisfying solution proposal is generated, and 
this proposal is kept on being modified until all the EFs in 
the design task are satisfied. An example of such synthesis 
process carried out by one of the subjects (Subject 7) is 
described as follows:

After analysing the given five EFs, the subject gener-
ated a rack-and-pinion mechanism as an initial solution 

proposal for Req. 1 as shown in Fig. 5a where the handle 
was attached with the pinion with a fixed joint and the 
rack was acting as the block of the door-latch device. The 
subject realised that the rack was supposed to go towards 
positive x-direction with a clockwise rotation of the handle 
and thus modified the current solution by adding another 
gear as shown in Fig. 5b. To satisfy Req. 2, the motion 
of the rack was arrested after a certain limit by adding a 
stopper as shown in Fig. 5c. Next, the solution was fur-
ther modified by adding a linear spring between the rack 
and ground to satisfy Req. 3 as shown in Fig. 5d. While 
considering Req. 4, the subject observed a contradiction 
between EFs f1 and f4 where the effort applied on the rack 
on positive x-direction should not cause any rotation of the 
handle and thus the handle should remain detached from 
the rack during this operating state. The subject solved 
this contradiction by replacing the fixed joint between 
the handle and the gear with a variable constraint joint 
as shown in Fig. 5e where the joint allows the transfer of 
effort from handle to gear while the handle is rotated in a 
clockwise direction, but the joint disengages the gear and 
handle with the gear rotates in a clockwise direction caus-
ing by the motion of the rack in the positive x-direction. 
At this point, to stop the rotation of the handle due to its 
self-weight, the subject decided to add a torsion spring 
between the handle and the ground (see Fig. 5e). Finally, 
the subject analysed f5 and realised that the current solu-
tion was already satisfying the desired requirement, i.e. 
Req. 5, and thus stopped the synthesis process with a final 
design solution shown in Fig. 5f. Overall, the subject took 
38 min to arrive at the final design solution, with Req. 4 
taking the most time (29 min), followed by Req. 1 (6 min), 

Fig. 4   The encoded data of Subject 3
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and the rest of the time spent modifying the solution for 
the other three requirements.

Table 1 shows all the final design solution diagrams pro-
duced by the subjects along with the description of the initial 
mechanism generated for Req. 1 and the further modifica-
tions performed on it to satisfy subsequent requirements. 
The discarded solutions or modifications are not shown in 
the table.

5.5 � A ‘preferred’ synthesis approach 
for the given MSDT derived by analysing 
the final design solutions

Based on the above observation, one can understand that for 
the given MSDT, the selection of the initial solution for f1 
influences the final design solution. For example, if a mecha-
nism (Slider-crank, rack & pinion, etc.) was chosen as an ini-
tial solution for starting the synthesis process, then the final 
design solution was a modified version of that mechanism, 
and no other mechanisms were generated and combined with 
the initial solution. It is important to note that the MSDT 
given to the subjects was described (as shown in Fig. 1) in a 
step-by-step manner and it was expected from the subjects to 
consider the functional requirements in the same sequence. 
Thus, a ‘preferred’ sequence of requirement consideration 
can be hypothesised (shown in Fig. 6) for the given MSDT 
which should start by considering Req. 1 followed by Req. 2, 
Req. 3, Req. 4 & Req. 5 respectively. To satisfy each require-
ment, a sequence of activities needs to be performed. The 
sequence starts with an analyse activity where the subject 

tries to understand the requirement and ends with a success-
ful evaluate activity where the proposed solution satisfies the 
concerned requirement. In between these two activities, the 
subject may perform one or more generate/modify/evaluate 
activities. For the ‘preferred’ approach, the Generate activ-
ity should only occur while solving Req. 1. The ‘preferred’ 
synthesis approach described in this section is built on the 
common understanding developed after analysing the final 
design solutions synthesised by the subjects (as described in 
Sect. 5.4) but doesn’t claim to be the best approach for the 
given MSDT. The purpose of introducing this ‘preferred’ 
assumption is to assess the synthesis process efficiency of 
each subject’s synthesis strategy which has been discussed 
in the following sub-section.

5.6 � Synthesis process efficiency

In this empirical study, the subjects’ actual synthesis pro-
cesses are compared to the ‘preferred’ process discussed 
above, where the sequence of considering requirements 
was expected to run from Req. 1 to Req. 5 monotonically 
as a function of the elapsed time. This assumption implies 
that in a ‘preferred’ scenario, the subjects would have all 
the necessary knowledge to generate and modify a solu-
tion to satisfy the given requirements. As a result, solving 
for one requirement should not take longer than solving 
for another. In summary, the ‘preferred’ assumption is 
supported by the following two criteria: (1) Linearity, i.e. 
the sequence of considering and solving the requirements 
should follow a step-by-step manner as per the description 

Fig. 5   Outcomes of various activities captured during the synthesis process carried out by Subject 7



485Research in Engineering Design (2023) 34:477–495	

1 3

Table 1   Final design solutions created by the subjects

Final design solution Req. 1 Req. 2 Req. 3 Req. 4 Req. 5

Rack 
and 
pinion

Restricted rotation of 
the handle

Linear spring and 
torsional spring

Gear tooths in a 
certain portion of 
the pinion have been 
removed

Linear spring

Scotch 
Yoke 
mech-
anism

Restricted movement 
of the sliding yoke

Torsional spring The slot in the sliding 
yoke

Linear spring

Inverted 
‘T’ 
shaped 
han-
dle, 
block 
and 
con-
nect-
ing 
lever

Restricted rotation of 
the handle

Torsional spring The handle and con-
necting lever are 
connected with a 
‘pin in slot’ joint

Linear Spring

Slider-
crank

Restricted rotation of 
the crank

Linear spring The connecting rod 
and slider are con-
nected with a ‘pin in 
slot’ joint

Linear spring

Slider-
crank

Restricted rotation of 
the handle

Linear spring The connecting rod 
and slider are con-
nected with hooks

Linear spring

Cam and 
fol-
lower

Restricted rotation of 
the handle

Torsional spring The follower and 
block are connected 
with a string

Linear spring
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of the MSDT provided to the subjects; and (2) Uniform-
ity, i.e. the subjects should spend a uniform amount of 
time while solving for each of the five requirements. This 
‘preferred’ assumption is similar to the algorithmic view 
of mechanical design discussed by Stauffer and Ullman 
(1988), where a specific sequence of steps needs to be 
followed to solve design problems. However, in actual 

scenarios, many subjects deviate from this ‘preferred’ or 
algorithmic assumption and follow a dynamic or itera-
tive approach while solving the given requirements. As 
described by Radcliffe and Lee (1989), “Efficient design-
ers are assumed to adopt a systematic approach and to 
follow a logical sequence of design processes”. Thus, to 
develop a measure for calculating the synthesis process 

Table 1   (continued)

Final design solution Req. 1 Req. 2 Req. 3 Req. 4 Req. 5

Rack, 
pinion, 
and 
idler 
gear

Restricted movement 
of the rack

Torsional spring and 
Linear spring

Slot in the pinion Linear spring

Slider-
crank

Restricted rotation of 
the crank

Linear spring Double crank, one 
connected to the 
handle, another with 
slider and spring

Deadweight mass on 
the crank, which 
restricts the rota-
tion of the crank

Slider-
crank

Restricted rotation of 
the handle

Linear spring Slot in the slider Linear spring

Rack, 
pinion, 
and 
idler 
gear

Restricted movement 
of the rack

Torsional spring and 
Linear spring

Slot in the rack Linear spring

Rack 
and 
pinion

Restricted movement 
of the rack

Linear spring Slot in the pinion Torsional Spring

Wedge 
cam-
fol-
lower 
and a 
gear 
pair

Restricted rotation of 
the handle

Linear spring Not required Linear spring
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efficiency, it has been assumed that the actual synthesis 
approaches that were closer to the ‘preferred’ (can also be 
considered systematic or algorithmic) synthesis approach 
were more efficient and should lead to a feasible design 
solution in less time.

To calculate the synthesis process efficiency, the actual 
time-requirement sequence followed by each subject was 
plotted and the extent to which the actual time-require-
ment sequence deviated (measured in terms of residual 
variance) from the ‘preferred’ sequence was taken as an 
indication of the synthesis process efficiency of each sub-
ject. Once the residual variances are calculated for all the 
subjects, the following research questions are investigated:

•	 RQ1: Did all the subjects spend a uniform percentage 
of total time on each requirement as per the ‘preferred’ 
assumption? If not, then on which requirement they have 
spent the maximum percentage of total time?

•	 RQ2: If the subjects' actual synthesis process deviates 
from the ‘preferred’ assumption, does it affect the design 
task completion time? (In other words, is there any cor-
relation exist between the synthesis process efficiency 
and the design task completion time?)

•	 RQ3: The third question focuses on the activities asso-
ciated with the requirements. The ‘preferred’ approach 
says that the subjects are expected to generate an initial 
solution for Req. 1 and modify the same to satisfy the 
other requirements. In case a subject’s activity sequence 
defers from the ‘preferred’ one, does it affect the synthe-
sis process efficiency?

6 � Results and discussion

6.1 � Use of time

A considerable amount of time was spent on the given 
design task by all the subjects to arrive at a final feasible 
solution that satisfies all the EFs. The maximum and mini-
mum amount of time spent by the subjects were 12 min 
and 45 min, respectively. The percentage distribution of 
total time spent among the requirements for all 12 sub-
jects are shown in Fig. 7. As compared to the ‘preferred’ 
synthesis process assumption, none of the subjects spent 
a uniform amount of time across all the requirements. The 

Fig. 6   The ‘preferred’ synthesis approach

Fig. 7   The percentage distribu-
tion of total time spent among 
the requirements
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average percentage of total time spent on Req. 4 was found 
to be 70.5% which was much higher compared to that on 
any other requirement (Fig. 8). Thus, it can be concluded 
that Req. 4 was the most difficult requirement, possibly 
because it demanded prior knowledge of metamorphic/ 
variable constraint kinematic joints, which was lacking 
among most of the subjects. In contrast, the average per-
centage of total time spent on Req. 5 was 2.5%, which was 
the least of all. It can be observed from Table 1 that while 
satisfying Req. 3 and Req. 5 the subjects had to modify the 
current solution such that it satisfied f3 and f5, respectively, 
where both were Type-3 EFs. In order to satisfy Req. 3, 
the modifications performed by all the subjects consisted 
of adding a linear or torsional spring to their current solu-
tions. Since, the nature of Req. 5 was similar to that of 
Req. 3, in most cases, the prior modifications done by the 
subjects, while considering Req. 3 helped them realise the 
Req. 5 and thus it took the least amount of time compared 
to other requirements.

Overall, all the subjects were found to be proficient in 
modifying their proposed initial solution for Req. 2, Req. 3, 
and Req. 5 compared to Req. 1 and Req. 4. In these cases, 
the required modifications involve adding a spring or a 
stopper to the handle or block. According to the assump-
tion of ‘uniformity’, if the subjects had the necessary 
knowledge to perform a modification, then solving one 
requirement should not take longer than solving another. A 
one-way ANOVA is performed to test the null hypothesis 
that there are no differences in the mean percentage of total 
time spent on Req. 2, Req. 3, and Req. 5. The test reveals 
that there is no statistically significant difference at the 
p < 0.05 level in the mean percentage of total time spent 
on Req. 2, Req. 3, and Req. 5 [F(2, 33) = 3.06;p = 0.06] and 
thus the notion of ‘uniformity’ is also justified.

6.2 � Actual sequence of requirement consideration

Table 2 shows the sequence of requirement considerations 
for each subject without reference to the time spent on each 
requirement. It can be noted that except for Subject 3, Sub-
ject 5, and Subject 8, none of the other 9 subjects progressed 
through the requirements in the 'preferred' sequence. After 
analysing the videos, it was observed that although the EFs 
were described step by step in the design task document 
(Fig. 1), some of the subjects ignored intermediate require-
ments. As an example, after finding solutions for Req. 1, 
Subject 6, Subject 7, Subject 10, and Subject 11 jumped to 
Req. 3 and came back to Req. 2 later. When a subject failed 
to satisfy a particular requirement, they often decided to 
skip that requirement for the time being and progressed with 
the subsequent requirement and returned to that unsatisfied 
requirement in later stages. In some cases, after the subjects 
failed to satisfy a particular requirement, instead of trying to 
modify the current partial solution, they decided to discard 
the solution and started the synthesis process all over again 
with Req. 1.

Fig. 8   The average percentage of total time spent on the requirements

Table 2   Requirement sequence 
of each subject

Subject number

1 2 3 4 5 6 7 8 9 10 11 12

Sequence of requirements considered by each subject →  1
2
3
4
5
4
5
4

1
2
3
4
3
4
5

1
2
3
4
5

1
2
3
4
1
4
1
2
3
4
5

1
2
3
4
5

1
3
2
4
1
2
3
4
5

1
3
4
1
2
4
5

1
2
3
4
5

1
2
3
4
5
4

1
3
2
3
2
3
4
3
4
5
4
5

1
3
4
2
4
5

1
2
3
4
5
4
2
3
4
5
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The above discussion also supports the observations 
made by Stauffer and Ullman (1988) that the designer’s 
attention usually shifts towards critical parts of the given 
problem, i.e. designers become ‘opportunistic’ rather than 
‘systematic’. This ‘opportunistic’ nature of the design syn-
thesis process results in deviation from the preferred ‘linear-
ity’ and ‘uniformity’ assumptions. In regard to the amount of 
time spent on the task, it has been observed that, the average 
task completion time for Subject 3, Subject 5, and Subject 
8 was 22 min, whereas for the rest of the subjects, the aver-
age task completion time was 34 min. This implies that, 
while designers' design synthesis approaches are generally 
dynamic and 'opportunistic,' in the context of MSDS, the 
systematic 'linear' approach may be useful for developing a 
design synthesis model for supporting the designers. How-
ever, according to the assumptions regarding synthesis pro-
cess efficiency discussed in Sect. 5.6, ‘linearity’ is not the 
only factor determining efficiency; ‘uniformity’ should also 
be present to support that the subjects did not struggle while 
solving a particular requirement compared to another due to 
a lack of knowledge or individual competency. For exam-
ple, Subject 5 and Subject 8 considered the requirements 
linearly, but the time spent across all the requirements was 
not uniform compared to Subject 3. Subject 5 and Subject 8 
spent 83% and 75% of total time on Req. 4 whereas Subject 
3 spent 33% of total time on Req. 4.

To calculate the synthesis process efficiency of each sub-
ject, the sequence of considering requirements is plotted as 
a function of elapsed time. Two contrasting scenarios can 
be observed from the time-requirement sequence plots of 
Subject 3 (Fig. 9) and Subject 1 (Fig. 10). Subject 3 nearly 
resembles the ‘preferred’ time-requirement sequence with a 
residual variance of 0.263 (the lowest among all) and there-
fore can be considered an efficient synthesis process where 
both the assumptions of ‘linearity’ and ‘uniformity’ were 

nearly satisfied. In contrast, Subject 1 substantially deviated 
from the ‘preferred’ time-requirement sequence, resulting in 
a comparatively higher value of residual variance of 2.343.

Reasoning for the method of calculating synthesis process 
efficiency: In Sect. 5.5, a ‘preferred’ synthesis approach was 
discussed based on the observed synthesis strategy carried 
out by the subjects. As per the given definition of synthesis 
process efficiency in Sect. 5.6, those who closely followed 
the ‘preferred’ time-requirement sequence, resulted in lower 
residual variances than those who deviated more from the 
‘preferred’ time-requirement sequence. In order to evaluate 
the ‘preferred’ assumption, it can be hypothesised that the 
subjects who were more efficient in their synthesis process, 
should take less time to complete the given design task. 
Thus, a statistical analysis is performed to test the correla-
tion between the subjects’ residual variances and task com-
pletion time. In Fig. 11, the task completion time values are 
plotted on the left Y-axis and the residual variances on the 
right Y-axis. The Kolmogorov–Smirnov test is performed to 
check for normality; it was found that the data did not differ 

Fig. 9   The time-requirement sequence of Subject 3 (residual vari-
ance = 0.263)

Fig. 10   The time-requirement sequence of Subject 1 (residual vari-
ance = 2.343)

Fig. 11   Task completion time and residual variances of all the sub-
jects
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significantly (at p > 0.7 ) from that which is normally distrib-
uted. Further, a Pearson Correlation test (https://​www.​socsc​
istat​istics.​com/​tests/​pears​on/) shows that there is a moderate 
positive correlation ( r = .635;p = 0.026 ) between residual 
variance and task completion time, that is, when the sub-
ject’s synthesis process was closer to the 'preferred' time-
requirement sequence, the subject was more likely to arrive 
at a feasible solution in less time.

6.3 � Use of activities

Based on the coding scheme, various activities during the 
synthesis were identified. The number of occurrences of 
activities corresponding to the five requirements is shown 
in Fig. 12. The cumulative number of occurrences of activ-
ities in descending order are: Evaluate, Modify, Analyse 
and Generate. Although it was assumed in the ‘preferred’ 
process that a generate activity should only occur while 
considering Req. 1 to create an initial solution, some of 
the subjects tried to generate new solutions to satisfy 
Req.4 instead of modifying the existing solutions. In order 
to understand whether such strategy influences the effi-
ciency of the synthesis process, the encoded dataset was 
divided into two groups: Group A and Group B. Group 
A consists of those subjects where at least one Generate 
activity corresponding to Req. 4 was observed; whereas 
Group B consists of those subjects where no Generate 
activity corresponding to Req. 4 was observed. In other 
words. the subjects of Group B preferred to progress with 
the semi-working initial solution and modified it further 
while considering Req. 4. Whereas the subjects of Group 
A preferred to generate a different primitive structure that 
satisfied f4 and tried to combine it with the existing solu-
tion generated for f1. For example, Subject 1 from Group 
A generated a rack-and-pinion as an initial solution, which 
satisfied f1. While considering Req. 4, Subject 1 generated 

a ratchet and tried to combine it with the existing rack-
and-pinion. After evaluating the combined solution, the 
subject realised that the proposed solution did not satisfy 
Req. 4. Then, the subject discarded the ratchet and tried 
to modify the gear tooth profile of the pinion (see Table 1 
for reference) to satisfy Req. 4.

The synthesis process efficiencies calculated in terms of 
residual variances of all the subjects are listed in Table 3. A 
Mann–Whitney U test was performed to determine whether 
there are significant differences between the mean residual 
variances of Group A and Group B. The Mann–Whitney 
U test is a nonparametric test that allows two independent 
groups to be compared without assuming that values are 
normally distributed. The observed value of Mann–Whit-
ney test-statistics (Uobs) was 1. The critical value of U at 
p < 0.01 for the combination of sample sizes ( n1 = 7 and 
n2 = 5 ) was 3 for a one-tailed test. The result was significant 
at p < 0.01 and it was concluded that the mean residual vari-
ances of Group A was greater than Group B.

6.4 � Discussion

This section summarises various aspects of the results and 
responds to the research questions. In this empirical study, 
first, the given MSDT was analysed using EFs and specifica-
tions graph, and the types of EFs associated with this task 
were identified. Then, a coding scheme was developed to 
code the video protocol data in terms of the requirements 
under consideration and the associated activities. There were 
mainly two kinds of requirements: identifying a solution for 
a particular EF (considered as a given requirement) and iden-
tifying a solution that resolves the conflict between two or 
more EFs (considered as a solution-specific requirement). 
Further, the subjects’ synthesis approaches were analysed, 
and a common understanding was developed and described 
through a ‘preferred’ synthesis strategy that follows a logical 

Fig. 12   The number of occurrences of activities corresponding to the 
requirements

Table 3   The synthesis process efficiency of all the subjects

Group A Group B

Sub. No. Efficiency (res. 
var.)

Sub. No. Efficiency 
(res. var.)

1 2.343 3 0.263
2 1.788 7 1.576
4 2.152 8 0.828
5 1.990 9 1.444
6 1.596 11 1.182
10 1.505
12 1.677
Mean 1.864 Mean 1.059
SD 0.308 SD 0.529

https://www.socscistatistics.com/tests/pearson/
https://www.socscistatistics.com/tests/pearson/
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sequence of requirements and corresponding activities. At 
this juncture, the ‘preferred’ approach was a hypothesised 
approach and to understand how the subjects’ actual synthe-
sis approaches deviated from the ‘preferred’ one, a measure 
of ‘synthesis process efficiency’ was introduced. The RQ1 
and RQ3 (discussed in Sect. 5.6) primarily focus on what 
caused the subjects to deviate from the ‘preferred’ approach. 
Whereas RQ2 investigates whether any correlation exists 
between the ‘synthesis process efficiency’ and the design 
task completion time. The results are summarised as follows:

•	 From Table 1, it can be observed that each designer, after 
analysing the given MSDT, selected a Type-1 EF (f1), and 
generated an initial solution proposal that can fully or 
partially satisfy this EF. This gives an implication that a 
Type-1 EF can provide a starting point to approach this 
kind of synthesis task.

•	 In response to RQ1, Fig. 8 shows that the average per-
centage of total time spent on Req. 4 was found to be 
much higher compared to any other requirement. Req. 4 
pertained to resolving the conflict between two Type-1 
EFs (f1 and f4). It demanded prior knowledge of meta-
morphic/ variable constraint joints which was lacking 
among most of the subjects.

•	 In response to RQ2, the results from Sect. 6.2 indicates 
that when the subjects’ synthesis approach deviated less 
from the ‘preferred’ synthesis approach, the subjects had 
spent less time to arrive at a feasible solution.

•	 In response to RQ3, the results from Sect. 6.3 shows that 
the subjects who preferred to progress with the semi-
working initial solution (generated for Req. 1), deviated 
less from the ‘preferred’ approach compared to those 
who tried to generate new solutions for different require-
ments.

Overall, the empirical findings indicate that the ‘pre-
ferred’ synthesis strategy can be regarded as one of the 
potential models of the MSMD design synthesis process. 
It can assist in solving MSDS problems in a systematic and 
time-efficient manner. In the following section, the knowl-
edge extracted from the ‘preferred’ synthesis strategy is 
presented in more detail as a descriptive model. The model 
intends to provide information about an ideal flow of work 
(or sequence of activities) which can be followed during the 
MSMD design synthesis process. The model supports ‘sys-
tematic’ or ‘algorithmic’ approach where, the requirements 
can be considered in a ‘linear’ step-by-step manner. This 
can also serve as a basis for future computer implementa-
tion where a design support tool can be developed to help 
designers explore a larger solution space by following the 
proposed model. Of course, the proposed model may not 
be effective and time-efficient in case of every MSDT. The 

‘opportunistic’ nature of design, intuitive thoughts, and indi-
vidual techniques of the designers may also lead to success. 
However, the method can be a useful addition to designer’s 
repertoire of design synthesis methods.

7 � A descriptive model of the MSMD design 
synthesis process

Descriptive models are representations of strategies pro-
posed to show how design is carried out or what is involved 
in designing (Evbuomwan et al. 1996). These models are 
mainly concerned with designers’ actions and activities 
during the design process. The model provides a structured 
approach to design synthesis, helping designers to move 
from the MSDT to the final design solution in a systematic 
way. By following the model, designers can ensure that they 
generate feasible design solutions quickly and effectively 
that meet the design requirements. In this section, a generic 
descriptive model of the synthesis process for a MSDT have 
been discussed.

7.1 � The descriptive model

The descriptive model, given in the form of a flow chart 
of activities, input to these activities and output from these 
activities, is shown in Fig. 13. The process involves sys-
tematically drawing and modifying a solution concept until 
the solution meets all the EFs. Each step of the descriptive 
model is explained below:

Step 1:	 Develop the specifications graph (from the given 
MSDT).

Step 2:	 Analyse all the EFs in the specifications graph to 
identify the types of EFs.

Step 3:	 Select one EF (which has initial configuration Ci 
and final configuration, Ci+1 ) of Type − 1.

Step 4:	 Generate an initial solution proposal for the selected 
Type − 1 EF.

Step 5:	 Modify the proposal for the selected EF if it does 
not completely satisfy the EF.

Step 6:	 Select the next EF, which starts at configuration 
Ci+1 , as specified by the path (i.e. arcs representing the 
EFs) in the specifications graph.

Step 7:	 Modify the solution proposal if it does not satisfy 
the current EF, till the current EF is completely satisfied.

Step 8:	 Repeat Step 6 followed by Step 7 with other 
remaining EFs (if any).

To produce multiple feasible alternative design solutions, 
designers can generate a different initial solution at Step 4 
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and then proceed with the remaining steps mentioned above 
to modify the initial solution till it meets all the EFs.

The descriptive model promotes ‘systematic’ nature of 
the design synthesis process addressed in Sect. 6.2. How-
ever, the model doesn’t ensure ‘uniformity’ as discussed in 
Sect. 5.6. As observed in the empirical studies, some of the 
required modifications may require domain knowledge and 

individual competency. The subjects spent the maximum 
amount of time solving mismatches between two Type-1 
EFs. This kind of modification involves metamorphic kin-
ematic joints, which is an essential feature of any MSMD. In 
general, a MSMD needs to achieve different EFs under dif-
ferent operating states through its variable topological char-
acteristics. Therefore, in addition to the descriptive model, 

Fig. 13   Flowchart of the 
descriptive model
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appropriate prescriptive knowledge needs to be provided to 
the designers to ensure 'uniformity'. The prescriptive knowl-
edge should support designers in modifying the semi-work-
ing solution to eliminate a mismatch between the required 
EF and the existing EF exhibited by the semi-working solu-
tion at a particular configuration state of the given MSDT. 
Different kinds of modifications observed in the empirical 
studies (see Table 1) can be used to develop prescriptive 
knowledge. Structural characteristics of different existing 
MSMDs, such as circuit breakers, electrical switches, bicy-
cle gear shifters, automotive transmissions, etc., can also 
be used to develop a design case library, and appropriate 
knowledge regarding modifications can be abstracted from 
these design cases. However, when it comes to generating 
an initial solution for a particular Type-1 EF (at Step 4 of 
the descriptive model), the existing process-based and case-
based SSDS methods discussed in Sect. 2.1 can be useful.

7.2 � Comparison with other existing models 
on MSMD synthesis

In the context of MSMD synthesis, Zhang et al. (2011) 
employed morphological matrix as a method of mechanism 
synthesis to generate the sub-mechanisms corresponding to 
the subfunctions. In their case, the subfunctions were similar 
to the EFs, which transform the system from one configura-
tion to another. An appropriate mechanism was selected for 
each sub-function from a library of conventional mecha-
nisms realising different motion transformations. Once the 
morphological chart was created, a final working solution 
was achieved by combining the sub-mechanisms. Even if 
this approach technically gives a solution to a MSDT, the 
solution obtained as a combination of sub-mechanisms may 
become cumbersome and not worthy of consideration for 
downstream activities like embodiment or detailed design. If 
a morphological chart contains a semi-working or partially 
working solution, it leads to rejection of the concept. A simi-
lar approach can also be observed in the design synthesis 
process proposed by Li et al. (1999a, b), where the compu-
tational tool called ADCS uses a recursive algorithm to gen-
erate a design tree which contains the design specifications 
(i.e. the EFs). Then, it retrieves primitive structures from 
the database according to the design specifications in the 
design tree nodes. Finally, the design solution is generated 
as a network of primitive structures obtained by traversing 
the design tree. While generating the design solution, ADCS 
does not consider modification of the retrieved primitive 
structures apart from combining a new primitive structure 
to the current semi-working solution proposal to eliminate 
the mismatches between existing and required EFs. In con-
trast, the proposed descriptive model intends to start with 
a semi-working initial solution and encourage the designer 

to modify it until it becomes a fully working solution. It 
is important to note that the proposed descriptive model is 
analogous to the ‘Backwards Design Method’ proposed by 
Burgess (2012). This method also involves starting with an 
idealistic semi-working solution and then systematically 
solving the unworkable parts of the solution until a com-
plete, feasible solution is found. However, the ‘Backwards 
Design Method’ is not specifically developed for an MSDT 
and does not provide any direction to produce the initial 
semi-working solution concept.

8 � Conclusions

It has been found from the literature that existing meth-
ods for conceptual design synthesis of both single-state 
mechanical devices and multiple-state mechanical devices 
predominantly employ the method of composition of build-
ing blocks, where a solution is a network of building blocks. 
As the literature on multiple-state design synthesis is sparse, 
empirical studies are undertaken in the research reported in 
this paper, to (1) understand how and how well designers 
currently synthesise solutions to multiple-state design tasks; 
and (2) to comprehend the knowledge involved in carry-
ing out the multiple-state design synthesis processes. It has 
been observed from these empirical studies that the common 
practice followed by all the designers, during the synthesis 
process for multiple-state design tasks, is to select one of the 
Type-1 EFs for which a fully or partially satisfying solution 
proposal is generated; and this proposal is kept on being 
modified until all the EFs in the design task are satisfied. 
From the video recordings, data were encoded in terms of 
activities and requirements. With help of that, it was possible 
to acquire a better understanding of a subject’s synthesis 
strategy. The actual synthesis strategies taken by the subjects 
were compared with a ‘preferred’ synthesis strategy that fol-
lows a logical sequence of requirements and corresponding 
activities. The findings indicated that when the subject’s 
synthesis process was closer to the ‘preferred’ assumption, 
the subject was more likely to arrive at a feasible solution in 
less time. The subjects spent the maximum amount of time 
resolving mismatches between two Type-1 EFs. This kind of 
modification involves metamorphic kinematic joints, which 
is an essential feature of any MSMD. Most of the subjects 
lacked prior knowledge of metamorphic/ variable constraint 
kinematic joints, which was likely to have been the main 
reason as to why the ‘uniformity’ assumption was not met. 
Based on the empirical studies, a descriptive model of the 
synthesis process for MSDT is developed. In the future, the 
descriptive model will be used in addition to appropriate 
prescriptive support to help designers generate a large solu-
tion space for a given MSDT.
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