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Abstract The validation of a product interface is often a

critical issue in the design process. Virtual reality and

mixed reality (MR) are able to enhance the interactive

simulation of the product human–machine interface (HMI),

as these technologies allow engineers to directly involve

end users in the usability assessment. This paper describes

a MR environment specifically addressed to the usability

evaluation of a product interface, which allows the simu-

lation of the HMI behaviour using the same models and the

same software employed by engineers during the design

phase. Our approach is based on the run-time connection

between the visualisation software and the simulators used

for product design and analysis. In particular, we use

Matlab/Simulink to model and simulate the product

behaviour, and Virtools to create the interactive MR

environment in which the end user can test the product.

Thanks to this architecture, any modification done on the

behaviour models is immediately testable in MR.

Keywords Product design evaluation �
Interactive virtual prototype � Functional behaviour

simulation � Finite state machine � Mixed reality

1 Introduction

Virtual reality (VR) technologies are widely employed

for the aesthetical validation of industrial products. VR

applications, in fact, provide a high quality, immersive

visual representation of virtual prototypes, and designers

can easily evaluate aesthetical qualities and/or discover any

styling defect [1]. VR has also demonstrated to be a valid

tool for usability analyses, because it is able to support and

facilitate the participatory design of industrial products. VR

allows designers to involve the end users of a product at the

early design stages, without the need of a physical mock-up

and with the advantage of being able to assess several

design options [1–3]. The use of mixed reality (MR) in the

product development process is emerging as a promising

solution that combines the advantages of virtual prototyp-

ing (to quickly evaluate various design alternatives) and

physical prototyping (to involve the sense of touch). A

mixed prototype is usually based on a physical mock-up on

which the visual appearance of the product is superimposed

thanks to the augmented reality technologies [4–7].

Unfortunately, visualisation software for VR/MR is

mainly addressed to the aesthetical validation of the

product. The functional simulation is limited to some basic

behaviours, such as movements triggered by an event (e.g.

a door will open if the end user clicks on a handle). As a

consequence, the obtained behaviour is an animation and

not a simulation, so it cannot be considered as a robust

validation tool. Furthermore, in VR/MR the behaviour of

the product is described by a model implemented inside the

VR software [2–7]. This means that each change in the

digital mock-up has to be manually reported in the code of

the VR application, thus requiring a big effort by the VR

operators. In previous works, we approached the problem

of simulating the behaviour of mechatronic products in VR
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[8, 9] through a software tool that links a multi-body solver

with a VR environment.

This paper explores this concept to deal with the prob-

lems related to the evaluation of product usability in VR/

MR. The most notable unmet need is the possibility to have

a reliable simulation of the HMI behaviour inside a VR/

MR environment. For this need to be met the simulation

has to be performed by a solver with a level of precision

acceptable for industries and the behaviour models have to

be exactly the same as the ones engineers use to describe

the product.

Although our approach can be adopted both in VR and

MR environments, we have chosen a MR environment that

is able to overcome some of the limits of VR, such as the

need of dedicated hardware and the lack of tactile feed-

back. VR applications, in fact, still require complex and

expensive devices like tracking systems, data-gloves, or

haptic devices needed to give the user the possibility to

perceive the tactile feedback while he/she is interacting

with a product. The MR set-up that we have adopted

employs a video see-through head mounted display (HMD)

for augmented visualisation. The occlusion management

was solved using a skin-detection algorithm and the rec-

ognition of the user gestures was done thanks to a custom-

made interactive thimble.

The next section provides a review of the state of the art.

The review is focused on the main issues related to the

product behaviour simulation in MR environments. We

also briefly describe some of the most interesting works on

mixed prototyping. Sections 3 and 4 present, respectively,

the MR environment and the solution proposed for the

behaviour simulation. Section 5 reports a test case through

which the creation of an interactive digital prototype is

described in detail. The last section reports the results of

the test aimed at evaluating the acceptability among the

end users of the proposed environment.

2 Related works

The virtual prototyping approach allows designers and

engineers to evaluate their design choices simulating the

behaviour of the product since the early stages of the

development process. VR and MR technologies support

this activity by making the interaction with the digital

prototype easier and more natural.

The first mixed prototyping applications allowed to

augment a physical mock-up with the visualisation of the

surface texture using a see-through HMD [10].

Later on, several mixed prototyping practices were

experimented for rapid design review of new products and,

in particular, for information appliances. In [5], authors use

MR for evaluating some ergonomics aspects of interactive

devices. Since only the physical ergonomics is relevant for

the purpose of this work, authors do not need to simulate the

behaviour of the products. Verlinden and Horvath [11–13]

describe a multiple case study addressed to assess the

benefits of the mixed prototyping approach. They have also

proposed a framework for testing and validating ‘‘interac-

tive augmented prototyping’’, which they define as ‘‘the

combination of physical and virtual artefact models through

augmented reality and rapid prototyping’’. They adopt the

projection-based AR that uses projectors to cast computer

imagery directly on physical objects, but it is apparent that

this technique has some limitations when the user occludes

the projection with his/her hands. Moreover, the proposed

approach does not take into account the issues that usually

arise when one has to simulate the product behaviour.

In [4], the authors present a MR environment that

integrates ARToolkit with an electromagnetic tracker.

They focus the attention only on hand-held products, and

they assume that the user has to press the buttons of the

product only using his/her thumb. Authors do not discuss

the issues related to the behaviour simulation.

In [6], a study about the use of VR in product design

evaluation is presented. The authors focus on the analysis

of the human–machine interfaces (HMI) through a state

transition methodology that is addressed to define a

behaviour model for the functional simulation. The authors

put in evidence that one of the limits of their approach is

that ‘‘it is very meaningful and challenging to devise an

efficient way to reduce the time and effort required to

generate the HMI behaviour model of the product by

reusing the information built in the embedded software’’.

In a recent progress of [6], the same authors propose an

extension of their approach adopting tangible interfaces

and AR visualisation [7]. They use rapid prototyping to

create a physical mock-up, as also suggested in [4], and

they paste the markers needed for ARToolkit tracking on

the physical model. The interaction with this augmented

tangible prototype is done through a paper pen on which

some ARToolkit markers are placed. The authors still

adopt the same methodology proposed in their previous

work to simulate the product behaviour.

Kanai and Higuchi [14] present an environment that

supports both design and testing of product interfaces with

3D digital prototypes. The modelling of the product

behaviour is done through an add-on for Microsoft Visio

based on the Statechart [15]. The behaviour model can be

linked to the 3D model to create an interactive model of the

product. This model can be used in some testing activities

with end users for usability assessment. The environment

also supports the testing phase and the subsequent analysis

of the results. From a methodological point of view, this

work provides an organic view to the problem of usability

assessment, supporting all the phases from design to result
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analysis. On the other hand, it requires the use of a custom-

made tool for behaviour modelling, while commercial

solutions for the design and simulation of interface behav-

iour already exist (e.g. Simulink). In [16], the authors extend

their idea including the support for an XML based language

based on UsiXML. This makes the modelling and the testing

of the interface behaviour more effective and reliable.

The previously mentioned papers prove that there is a

lack of software tools able to support designers in the

development of interactive and functional virtual proto-

types. Engineers, in fact, use specialised simulation soft-

ware to design industrial products. At the moment, it is not

possible to directly evaluate in MR the models developed

in these simulation packages, therefore, it is necessary to

work out a specific solution for the several problems that

occur during the integration between MR and the other

applications of the product development process, including

the simulation.

In this paper, we present a research work aimed to the

development of a MR environment for the functional sim-

ulation of industrial products, mainly addressed to the

usability evaluation. The first step in this research was the

development of a software library for the run-time con-

nection between the VR software and the simulators used

for product design and analysis [17]. In particular, we have

chosen Matlab/Simulink to model and simulate the HMI

behaviour, and Virtools to create the interactive virtual

environment. These two environments are linked through a

socket connection to exchange data at run-time, so that the

Simulink models may control the behaviour of the digital

prototype animated in Virtools. This approach guarantees

the reliability of the simulation and allows a strong reduc-

tion of the time needed to develop the digital prototype.

We have extended this approach also to the MR, in order

to overcome the lack of tactile feedback typical of the

VR approaches [18]. The proposed MR environment is

designed to manage the occlusion between real and virtual

objects and to interpret the user’s gestures while he/she is

interacting with the elements of the product interface. The

use of this MR environment was validated through some

user tests addressed to establish the effectiveness of the

proposed approach in the usability assessment of industrial

products [19]. Taking into account the feedback collected

from the users who have taken the tests, we improved the

set-up with a custom-made interactive thimble that ensures

a better comfort for the user and avoids the use of expensive

interaction devices like data-gloves or tracking systems.

3 The MR environment

The hardware set-up used in this study (Fig. 1) is very easy

to realise and it can be implemented with a very low

budget. A video see-through HMD is used for augmented

visualisation. The HMD is composed of an iWear VR920

and a CamAr, both from Vuzix. The CamAr camera has a

resolution of 800 9 600 pixels at 30 Hz. The camera is

used both for the video see-through function and for mar-

ker-based tracking through the ARToolkitPlus library.

Instead of the glove previously used in [18, 19], we have

currently adopted a thimble equipped with a micro-switch

and an infrared LED. The user wears the thimble on his/her

index finger tip. The micro-switch provides a force-feed-

back reaction when the user is pressing a virtual button, so

he/she can feel the sensation of touching a real button on

the physical prototype. The micro-switch activates the

LED, so the pressing action is captured by the infrared

camera. Compared to the other solutions presented in the

state of the art, this MR environment does not require any

pens [7] or tracking devices [4] to recognise the user’s

actions while he/she is interacting with the digital product.

Compared to our previous works [18, 19], it does not

require the glove, but just a more comfortable thimble.

The rendering pipeline (Fig. 2) designed for the appli-

cation is structured as follows:

1. An image of the scene is acquired through the camera

mounted on the HMD;

2. The camera image is displayed on the background of

the frame buffer;

3. The tracking algorithm identifies the markers present

in the scene and updates the position of the virtual

prototype;

4. The virtual prototype is rendered in its proper

position;

5. The hand-region is detected in the current frame and

stored as a single bit hand-mask;

6. The index finger tip is tracked by applying a blob

detection procedure on the hand-mask;

7. The position of the fingertip is used to check if the

user is pressing a button of the product interface. Any

trigger generated by the button pressing is sent to

Simulink;

8. Simulink processes the triggers and updates the state

variables;

9. Simulink sends the new values of the state variables

to Virtools;

10. The 3D model of the digital prototype is updated

considering the new values of the state variables;

11. The digital prototype is rendered on the frame buffer;

12. The user’s hand is drawn on the frame buffer

considering the hand-mask stored at the step 5;

13. The final image is then displayed on the HMD.

The correct visualisation of the user’s hand in the MR

environment requires the recognition of the skin that has to

be separated from the background as shown in Fig. 3.
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Dozens of previous researches have approached this

issue by analysing the camera images in the different

colour spaces [20–22]. Several techniques are proposed in

literature and there are some comparisons that highlight

the advantages and disadvantages of each algorithm. We

have adopted the hue, saturation, intensity (HSI) colour

space to overcome the illumination problems like high

intensity at white lights, ambient lights or surface

orientation relative to the light source. We have improved

the technique previously adopted in [18, 19] by imple-

menting a multi-pass shader that, after the image seg-

mentation, tries to reduce the false positive and the false

negative pixels. The first pass of the shader performs the

segmentation in the HSI colour space; the second one

recognises and deletes isolated areas, in order to eliminate

the false positive pixels; the third and fourth passes fill the

Fig. 1 The MR set-up used in

product simulation

Fig. 2 The rendering pipeline

of the MR environment

Fig. 3 The Mixed prototype

with occluded (centre) and

correct (right) hand

visualisation
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holes inside the segmented area, in order to eliminate the

false negative pixels. The shader recognises multiple

colours, so it is able to segment both the skin and the

thimble on the same pass.

The adopted tracking strategy determines the position

of the user’s index finger tip in the screen space coordinate

system through a blob detection algorithm. The 2D posi-

tion of the index finger tip is used to determine where the

user is pointing, through a classical ray casting method.

When the user attempts to push a button of the virtual

product, his/her index finger impacts on the physical

prototype, activating the micro-switch mounted on the tip.

The activation of the micro-switch triggers the ray casting

to detect whether the user is activating any button of the

product (Fig. 4).

The approach described until now manages the user’s

interaction with the buttons of the HMI. To apply the

same methodology to more complex interfaces (contain-

ing other widgets like knobs, sliders, or leverages), we

follow the approach described in [23] that proposes to

equip the rapid prototype with some interactive elements.

For this reason, we placed a knob on the surface of the

physical prototype (as depicted in Fig. 3; left) connected

to an encoder that determines any rotation of the knob

itself. This choice is motivated by the fact that the rota-

tion of a virtual knob is a complex task for the user. The

presence of the tangible knob strongly simplifies the

interaction with the prototype.

4 Interactive digital prototypes

In this work, we define an ‘‘interactive digital prototype’’ as

a digital model of the product that interactively responds to

the action performed by the user through the product

interface. This section describes an original approach for

the creation of interactive digital prototypes based on the

coupling of the visualisation software with a simulation

environment. This idea is mainly justified by the fact that,

in many cases, the behaviour model of the product is

already available since the first steps of the product

development process. In fact, control engineers usually

realise a behaviour model of the product using a computer

aided control engineering (CACE) tool. This model is used

not only to schematise the product behaviour, but also to

analyse how it works with a proper simulator.

4.1 Actors of interactive digital prototyping

Figure 5 schematises the proposed approach and the role of

the four actors involved in the process, including the

above-mentioned control engineer. The designer defines

the geometries of the product and, in particular, the

external shape, that is essential from the aesthetical point of

view, and the appearance of the interface.

The VR operator uses an authoring tool to prepare the

virtual environment specifying which ‘input elements’ of the

interface (button, knob, etc.) may be controlled by the user

and which ‘output elements’ (LED, LCD, etc.) may change

their status during the simulation. On the other side, the

control engineer defines the behaviour of the product using

CACE tools. Then, he/she connects the state transition of the

model with the user-generated events and the state variables

with the ‘output elements’ of the user interface (UI) defined in

the virtual environment. The link between the two environ-

ments requires a specific tool that will be described in the

following section. Adopting this approach, the behaviour of

the virtual prototype is exactly the same as the one the control

engineer has defined in the CACE models used for his/her

design and analysis activities. The three actors that we have

identified on the left part of Fig. 5 have to be intended as

‘‘roles played in the design process’’. In some cases, generally

in small enterprises, some of these roles may be played by the

same person. For example, the virtual environment may be

prepared by the designer or by the control engineer. Extend-

ing this reasoning, we may assume that all the three roles may

be played by only one actor with all the competencies.

We suppose that the end user is one of the actors of the

process because, as clearly evidenced in literature [2–7],

VR and MR tools are particularly effective when the user

involvement in the testing phase is needed. In other terms,

our approach allows the user to test what engineers have

designed by a direct interaction with the digital prototype.

Fig. 4 Illustration of the ray casting technique used to check whether

the user is pressing the HMI buttons
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4.2 Software modules

In this paper, we present a case study to demonstrate how it

is possible to realise an interactive digital prototype con-

necting a simulation software with a visualisation tool for

VR/MR. In particular, we have chosen Matlab/Simulink to

model and simulate the product behaviour. This environ-

ment is almost a standard for the general purpose simula-

tion, thanks to its diffusion and versatility. Furthermore, a

lot of optional packages (called toolboxes) are present.

These packages provide further sets of high level opera-

tions for a specific task. They make it easier to implement

the real-time simulation engine needed to fully repro-

duce each kind of behaviour. For the visualisation, we

have employed Virtools Dev because it is one of the

most powerful authoring environments for interactive 3D

graphics and VR. Moreover, Virtools Dev can be extended

through its own C?? application program interface (API).

All implementation details about MR authoring task in

Virtools, as well as the CACE simulation implementation

in Simulink, are given in Sect. 5 through the description of

the test case.

The choice of Matlab/Simulink as a simulation envi-

ronment is mainly motivated by the great flexibility of this

product that can be easily extended with optional packages

or custom-made add-ons. This makes it possible to include

in the simulation different modules that may cover several

engineering domains (electrics, electronics, dynamics,

thermal, etc.). In the easiest case, the engineer may simu-

late only the logics of the user interface through a finite

state machine (FSM) or similar modelling languages. In

comparison with the other solutions present in literature

that use custom tools [14] or specific modelling languages

[16], the adoption of Simulink may allow the engineers to

realise complex models of the product behaviour, speci-

fying also the functional aspects of the product. This means

that most of the internal components (e.g. electric motor,

mechanical parts, hydraulic circuits, etc.) may be simulated

using specific toolboxes available in Simulink. In the test

case (see Sect. 5.1), an electric and an electronic model

were also included, in order to simulate the physical

behaviour of the electric motor and the relative control

circuit.

Simulink was also chosen because it was able to fulfil all

the simulation needs related to the test case described in

Sect. 5, but, in general, the choice of the simulation envi-

ronment should be evaluated taking into account the

complexity of the product interface and the specific func-

tionalities that the designers want to simulate. In the case of

information appliances, e.g., it would be useful to adopt a

simulation tool like Altia Design, or d.tools [24] that make

the design and simulation of complex product interfaces

easier.

4.3 The link between simulation and MR

The data exchange between Simulink and Virtools has

been realised developing some custom add-ons for both the

environments. These add-ons are based on a software

library called SimLib that was previously developed for

dynamic simulation in VR [9]. This library provides an

inter-process communication (IPC) channel using TCP

socket. The SimLib has few functions, implementing the

code for TCP/IP communication and synchronisation.

Therefore, the developer must not take care of sockets and

threads.

To integrate the SimLib inside Simulink, we have

developed two custom S-Functions, responsible for the

communication between Simulink and Virtools through the

IPC channel. One S-Function receives the events generated

by the user that interacts with the virtual product and

switches different simulation parameters according to these

Fig. 5 The schema of the

approach proposed for mixed

prototyping
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events. The other S-Function sends the data that describe

the state of the product and each change that occurs during

the simulation. The data sending is based on an asyn-

chronous channel: the S-Function sends data to Virtools,

without stopping the simulation. To obtain a consistent

visualisation, in fact, it is necessary to send all data at each

time-step simultaneously.

Figure 6 shows an example of these S-Functions used in

an electric fan. The S-Function on the left receives six

triggers generated by the button press events. The triggers

are processed by a FSM and a control system module. The

updated state variables are sent to Virtools thanks to the

S-Function on the right.

On the Virtools side, the IPC has been implemented

through two user defined building blocks (BB). A BB is

like a black box with some parameters in input and some in

output. By connecting several BBs, it is possible to create

an interactive application in Virtools. The two BBs we

have implemented to support the connection with Simulink

are able to send and receive data through the IPC channel.

The first BB sets the 3D model parameters in agreement

with the data coming from Simulink. The second BB sends

to Simulink the messages generated by the user interaction

in the mixed environment (e.g. a button pressed, a knob

rotated, etc.).

4.4 Creation of the digital prototype

We assume that the Simulink model can be realised fol-

lowing a top-down process where the product behaviour is

progressively refined until each component of the product

has been defined. For instance, the model we have realised

for the test case, as described in Sect. 5, can be considered

as the result of the first stage of the design process. In the

subsequent steps of the process, the model could be refined

by transforming the behaviour model (made of functions,

formulas and equations) in a schema where each block

represents a physical component (e.g. electric motor,

actuators, processors, signal converters, etc.).

The geometric model of the product is usually defined

following a bottom-up approach. Using a CAD system, the

engineers model each single component or import them

from previous projects or from the suppliers’ catalogues.

But, in order to realise a virtual test with the product

interface, only the external shape of the product is needed.

All the components inside the object that are not visible to

the user can be omitted in the virtual prototype. This allows

engineers to start the test with the users as soon as the

‘skin’ of the product has been defined by the designers.

When the shapes are ready, these are imported into the

virtual environment and the properties of the interface

elements are connected to the state variables of the simu-

lation model. Then, the events generated by the user are

addressed to the simulator that considers them as triggers

for the state transitions. In most cases, the connection

between the simulator and the visualisation software does

not change during the process because the exchanged data

remain the same also when the behaviour model is updated

and refined.

In the general case, at the end of the design process,

several different models are defined for each engineering

domain involved in the product. For example, in our test

case we could have the Simulink model that simulates the

electric and electronic behaviour and the virtual prototype

Fig. 6 A simple use of the SimLib in a Simulink model
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with all the CAD geometries of each part assembled in a

unique digital mock-up. The latter can also be used to

realise multi-body and/or structural analyses using CAE

software. Different models can also be used together to

realise a mechatronic co-simulation coupling different

simulators or using an integrated simulation environment.

5 The test case

The test case we have analysed to validate our virtual

prototyping approach is a hot mixer (Fig. 7). This product

combines cooking and mixing functions in the same device

and is used to prepare a wide variety of foods. It is a rather

complex appliance with several functions like weighing,

blending, grinding, kneading, steaming and cooking.

The product contains a classic interface consisting of a

knob, which allows the user to set the speed of the motor,

eight buttons to set the temperature, a couple of buttons to

set the timer, the stand-by button, and other three buttons

for special functions: turbo, weighing and counter-clock-

wise rotation. It has also an LCD that displays the state of

the mixer (timer, weight, functions activated) and a set of

eight LEDs associated with the temperature buttons that

show the current and the desired temperature.

5.1 Design and simulation of the product behaviour

The realisation of an interactive digital prototype implies

the formalisation of the product interface behaviour in a

simulator able to process the user’s inputs so as to deter-

mine how the status of the product changes. Therefore, the

behaviour of the product interface could be schematised

using a FSM model.

The behaviour model of the product was realised in

Simulink using the StateFlow toolbox that supports the

creation of FSM, combining hierarchical state machine

diagrams of the kind introduced by statecharts [15] with

traditional flowchart diagrams.

Figure 8 shows the complete Simulink model of the

product. The FSM, labelled as ‘‘logic unit’’, is located in

the left part of the picture. The FSM has two kinds of input:

the first one, on its left, is related to the knob that controls

the speed of the motor. It consists in two arrays that, for

each angle of the knob rotation, specify the speed of the

motor. The other input, on the upper part of the FSM block,

is a bus that transmits all the data received from Virtools

through the socket connection managed by the orange

block.

The user actions are processed by Virtools, which col-

lects all the user-generated events (button pressed, knob

rotated, cover opened/closed) and sends them to Simulink.

It receives all these data through the ‘‘receive from Vir-

tools’’ block. Also the clock signal is transmitted because it

is used to synchronise the two applications. The ‘‘logic

unit’’ continuously update the state of the simulated prod-

uct, based on the received inputs and the current state.

Then, the current configuration is iteratively sent back to

Virtools (see the ‘‘send to Virtools’’ block in Fig. 8), in

order to update the model and simulate the behaviour of the

interactive virtual prototype.

The FSM has seven outputs. The first value, OR, is the

current angular orientation of the knob. The following four

values, md, mu, sd, su, are the four digits on the LCD.

VEL_desired is the desired motor speed set by the user with

the knob, led is a vector that contains the state (on/off) of

each temperature LED. The desired motor speed is pro-

cessed by a block that defines the physical behaviour of the

electric motor and the relative control circuit using the

SimScape and the SimElectronics toolboxes.

5.2 Creation of the MR environment

The design of the behaviour model of the product,

described in the previous section, usually represents one of

the first steps in the design process of the control system for

an electric appliance. With our approach, even this pre-

liminary model can be used to evaluate the functions and

the usability of the product interface. A digital mock-up of

the product is needed to test, with the user, the previously

described behaviour model. As previously mentioned, the

geometric model of the product has been reconstructed by

measuring the real product. This geometry, completed with
Fig. 7 The hot mixer used as test case to validate the virtual

prototyping approach proposed in this paper
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the materials and the textures, has been imported in Vir-

tools. After that, the connection with the Simulink model

has to be created. This activity consists of the following

tasks:

1. To define the state variables that have to be connected

to the Simulink model. The present test case has six

state variables that are the outputs of the FSM

described in the previous section.

2. To create a socket receive BB able to process the data

stream sent by the Simulink model.

3. To connect each output of the socket receive BB to its

relative state variable.

4. To identify all the possible user-generated events and

catch them through a switch on message BB. This BB

sends a message to the Simulink model each time that

the user generates an event.

The user-generated events received by the switch on

message BB may be button pressed and knob rotated.

The display is simulated by defining, on the virtual

model of the product, a series of rectangular patches on

which different textures are mapped; such textures are

changed at run-time according to the values of the different

variables that define the state of the product. The display is

divided into nine parts: four are for the digits used to dis-

play time and temperature, one for the colon between the

digits, four are used to show the status of some functions

(timer, weighing, kneading, counter-clockwise rotation)

(Fig. 9). The textures representing the ten digits are stored

in a vector and assigned to the four slots according to the

messages received by the Simulink connection.

Figure 10 is a screenshot taken while the simulation is

running. In the upper part of the image, the Virtools win-

dow shows the interface with the timer at 01:21; the tem-

perature is currently at 37 �C (yellow LED) and it has to

reach 70 �C (orange flashing LED); the speed is set to 3. In

the lower part of the image, the simulation running in

Simulink is illustrated. The state variables present the same

values of temperature, time and speed seen on the Virtools

model.

5.3 Considerations about the test case

The implementation of the test case allowed us to evaluate

the effectiveness of the proposed approach and, in partic-

ular, the advantages related to the creation of a direct link

Fig. 8 Simulink model of the product

Fig. 9 The display of the product is made of nine rectangular
patches with different textures that are changed at run-time by the

simulator

Engineering with Computers

123



between the simulation and the visualisation environment.

To carry out this evaluation, we have developed a virtual

prototype of the same product analysed in the test case,

without using the connection between Virtools and Simu-

link. In other words, we have simulated what happens in a

virtual prototyping practice conducted using two separate

environments for control engineering and VR. In this sit-

uation, the VR operator has to read and understand the

Simulink model developed by the control engineer and has

to replicate the same behaviour in Virtools using a com-

bination of behavioural graphs and pieces of code written

in Virtools scripting language (VSL). However, an exact

replication of the behaviour is practically impossible

because the Simulink model includes several complex

functions of the Simulink toolboxes used to simulate the

FSM and the sub-model of the motor control circuit. These

functions are necessarily approximated by the VR operator

because a precise re-implementation is practically impos-

sible. For this reason, the VR operator had to perform

several tests on the behavioural model implemented in

Virtools to check if it works exactly as the original one.

Moreover, it is apparent that, if the control engineer

modifies the Simulink model, he/she has to track each

change to explain to the VR operator how to update the

behavioural model implemented in Virtools. This means

that the time that may be saved using the proposed

approach is proportional to the number of modifications

done on the behavioural model during the iterations of the

design cycle.

The last consideration concerns the knowledge sharing

issue. In our study, the VR operator had a good knowledge

of Simulink, so he was able to directly interpret the

behavioural model. But, in general, the control engineer

and the VR operator shall adopt a formalism to schematise

and share the behavioural model. With our approach, the

communication between the control engineer and the VR

operator is strongly reduced because they have to share

only the data concerning the triggers and the state variables

that have to be exchanged between the simulation and the

VR environment. This is an important simplification,

which may allow saving a lot of time.

To evaluate other possible alternatives to the proposed

approach, we have considered the 3D Animation toolbox

available in the Matlab Environment. With this toolbox, in

fact, it is possible to control a VRML model visualised in a

3D window. In particular, it allows to link the Matlab

variables to the position, orientation and scale of the

VRML nodes, thus obtaining an animation of the product

synchronised with the simulation. Obviously, this approach

presents several limitations because the 3D Animation

toolbox does not support AR visualisation and other useful

computer graphics techniques like ray casting and shaders

that are needed to implement the interaction technique

proposed in Sect. 3.

Summarising the results of this analysis, the case study

proves that, with the proposed approach, it is possible to

obtain a reliable simulation of the product behaviour

without any recoding or approximation in the logics defi-

nition; it is possible to clearly separate the tasks assigned to

the control engineer from the ones assigned to the VR

operator; it is possible to quickly modify the behaviour

directly within the simulation environment; it is possible to

take advantages of all the features available in a software

like Virtools that, in general, is more powerful of the 3D

Fig. 10 The simulation of the hot mixer running simultaneously in Virtools (left side of the image) and Simulink (right side)
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Animation toolbox included in the simulation environ-

ments. All these possibilities also contribute to achieve a

reduction of the time needed to develop a virtual prototype.

On the other side, the main limitation of the proposed

approach is that Matlab has to be able to perform an

interactive simulation with an update rate that should be at

least 25 Hz. This requirement is needed to give a realistic

feedback to the user’s actions, but it limits the possibility to

use complex behaviour models. For this reason, it should

be useful to evaluate the possibility to extend this approach

to include other simulation environments that may give

better computational performances.

5.4 Test with the users

In a previous work [19], we analysed the influence of the

MR environment in the assessment of the usability of

virtual products: we verified that the simulation of the

product in MR did not invalidate the result of the usability

evaluation. The study compared the usability tests (per-

formed on a microwave oven) done in real and VR envi-

ronment with the one done in MR. The comparison focused

on the benefits (in terms of efficacy, efficiency and satis-

faction of use) and the limitations related to the two set-

ups. The most valuable result of this study was that,

regardless of the type of interaction taken into consider-

ation (whether real, virtual or augmented), the same diffi-

culties of functional understanding of the product were

pointed out by all the users.

Since the effectiveness of the proposed approach has

already been verified in [19], in this paper we address our

evaluations to the assessment of the acceptability among end

users of the MR set-up through a satisfaction questionnaire.

To carry out the user test, we chose a sample of 10

mechanical engineering students aged between 21 and 24.

The sample size is large enough to reveal most of the

usability problems as stated in different works about

usability evaluation [25–27]. All users presented homoge-

neous features especially concerning the knowledge of the

product we were testing. In particular, before the test, we

asserted that they did not know the product at all, so we

were also able to verify whether they were able to focus on

the task of understanding the product without being influ-

enced by the use of the MR system.

The experiment was carried out in three main phases: an

analytical phase during which we organised the protocols

of the test; an operational phase during which the users

performed the test with the virtual product; an assessment

phase during which we analysed all the collected

information.

During the analytical phase, we prepared two ques-

tionnaires: the first one aimed to identify the users’ profiles,

the second one to evaluate the users’ satisfaction after the

test of the MR system. Moreover, in this phase, we defined

the tasks to be undertaken by users during the test.

During the operational phase, each user carried out four

activities: filling in the user-profile questionnaire; explor-

ing the MR environment; interacting with the mixed pro-

totype; filling in the questionnaire on the degree of

satisfaction.

During the interaction with the product, we asked the

user to execute four tasks presented as realistic scenarios.

After the interaction phase, we asked the users to fill in the

satisfaction questionnaire, made up of four questions. The

collected data allowed us:

• To evaluate the users’ overall degree of satisfaction and

their well-being or sense of unease perceived after

having used the MR devices (in particular HMD and

thimble);

• To identify the problems related to specific aspects of

the interaction.

In the past 30 years, the studies about usability have

introduced a large variety of potential usability measure-

ments that can been categorised in different classes. How-

ever, in our experiment we have adopted as metrics those

suggested by general agreement from the standards ANSI

2001 [28] and ISO 9241 [29]. In particular, we have adopted

the degree of satisfaction using a satisfaction questionnaire

based on psychometric methods, as defined in [30].

The main results related to questionnaire are shown in

Fig. 11. The first two questions show that the easiness of

use and the agreeableness are good. The predominance of

‘‘low’’ in the third question indicates that the users are not

frustrated by the interaction with the system. The only

aspect that does not completely satisfy the users is the

perception of the texture. This problem is mainly due to

the low resolution of the HMD. It is reasonable to assume

that a better HMD and a better camera could improve the

overall quality of the visualisation.

Fig. 11 Degree of satisfaction of users related to the use of MR

devices
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6 Conclusions

In this paper, we have presented an innovative approach to

virtual and mixed prototyping based on the idea that the

CACE software, usually employed by the control, electrics

or electronics engineers, can also be used to simulate the

behaviour of the product HMI in VR/MR. This approach

overcomes the classical problems related to the imple-

mentation of the code inside the VR/MR software to rep-

licate the product behaviour. The implemented test case

puts in evidence that the main advantages of our approach

are

• The reliability of the HMI simulation in VR/MR is

ensured by the direct use of the same solver and the

same behaviour models that engineers use to design and

manufacture the product.

• The time needed to implement an interactive digital

prototype is reduced because there is no need of coding

to model the HMI behaviour.

• Any modification done on the behaviour models in the

simulation environment is immediately testable in

VR/MR.

The paper also presents a MR environment aimed to

overcome two different issues typical of the product

behaviour simulation in MR: the occlusion between the

user’s hands and the virtual objects and the interaction

between the user and the product HMI. Given these

challenges, we developed an interaction technique that

relies on the real-time processing of the HMD video

stream. Our test confirmed that the proposed technique is

able to handle the occlusion issue and to recognise the

user-generated event.

The implementation of the test case shows that the

proposed approach may be effective for the design of

electric appliances where the user interface is made of

electromechanical elements like buttons, knobs, LEDs and

displays. Further development will focus on the imple-

mentation of other test cases by considering products with

a more complex user interface characterised, for example,

by the presence of many small buttons (e.g. television

remote control) or by the presence of elements like touch

screens. In these cases, the easiness of the interaction could

suffer from the low precision of the finger tracking tech-

nique. Also the interaction through more fingers and/or

both hands should be considered as a possible improve-

ment. Moreover, the integration with other simulation

environments (e.g. OpenModelica, Dymola, Comsol,

SimXpert, etc.) should be implemented to have the possi-

bility to adopt the solver that best fits the needs of the

specific case of product simulation.
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