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Improving ergonomic value of product interface materials using numerical digital

human models

Gregor Harih and Vasja Plesec

University of Maribor, Slovenia
Abstract

Digital human models are usually constructed to study the human anatomical or topological features and
its variance and to optimize the size and shape of various products and tasks. Therefore, most of the
researchers focussed on developing accurate three-dimensional digital human models based on surface
mesh using various methods and techniques. However, such models do not allow biomechanical and
ergonomic analyses of product interface materials that are in direct contact with the user. Based on
manual testing using various materials and analysing the subjective response of users, researchers have
shown that product interface material has an important impact on the overall product safety, comfort and
even performance. Basic ergonomic and biomechanical guidelines regarding the material choice were
provided based on the findings, however detailed material choice and even material parameter
determination has not been studied, evaluated, and discussed due to the complex biomechanical systems

and lack of appropriate digital human models.

To overcome these limitations, numerical methods, especially the finite element method has been already
used in the past by several authors. Finite element method allows calculating of various results in terms of
internal stresses and contact pressure, deformations, and displacements, however it requires accurate
development of numerical digital human models that accurately represent the anatomical, topological,

material properties and boundary conditions.

In this paper we present theoretical background and provide methodology for successful development of
numerical digital human models that can be used for biomechanical analyses and product material
ergonomic improvement. This is presented with a case study of the development of a numerical digital
human finger model for ergonomic improvement of the biomechanical response of a product handle
deformable interface material. Based on the developed numerical model, a novel deformable interface
material is analysed that reduces the resulting contact pressure during grasping and provides more

uniform pressure distribution while still providing sufficient stability.
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Keywords: finite element method, numerical model, biomechanics, product ergonomics, material

properties.

Introduction

Digital human models are usually constructed to study the human anatomical or topological features and
its variance and to optimize the size and shape of various products and tasks (Duffy, 2016). Therefore,
most of the researchers focused on developing accurate three-dimensional digital human models based on
surface mesh using various methods and techniques. However, such models do not allow biomechanical
and ergonomic analyses of product interface materials that are in direct contact with the user (Harih,
Borovinsek, Ren, & Dolsak, 2015). Based on manual testing using various materials and analyzing the
subjective response of users, researchers have shown that product interface material has an important
impact on the overall product safety, comfort and even performance (Wongsriruksa, Howes, Conreen, &
Miodownik, 2012). Basic ergonomic and biomechanical guidelines regarding the material choice were
provided based on the findings, however detailed material choice and even material parameter
determination has not been studied, evaluated, and discussed due to the complex biomechanical systems

and lack of appropriate digital human models.

Previous research has shown that soft tissue (skin, subcutaneous tissue, muscle, fascia, etc.) exhibits non-
linear mechanical behaviour with low stiffness at small strains with a sudden increase of stiffness with
higher strains. Therefore, also the resulting contact pressure when in contact with various products,
equipment, etc results in high contact pressures, which leads to sudden increase in discomfort and pain

(Hokari, Pramudita, Ito, Noda, & Tanabe, 2019).

Distinctive mechanical behaviour of soft tissue suggests the interface materials should be deformable to
be able to reduce the resulting contact pressure and provide more uniform pressure distribution (Harih &
Tada, 2015). Hence, companies tend to use foam materials in the areas of the products which are in direct
contact with the user and result in high contact pressures. However authors did not optimize material
properties of the interface foam material to improve ergonomics, which usually results in decreased
ergonomic value with lower subjective comfort (Cupar, Kaljun, DolSak, & Harih, 2020). Research has
shown that foam rubber interface material provide more uniform contact pressure distribution, however it
can also lead to excessive deformation of the foam resulting in the loss of control and stability feeling

when grasping the product (Fellows & Freivalds, 1991).
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Measurements of contact pressure at the contact regions are mostly impossible with existing measurement
systems due to complex organic geometry of the anatomical parts that are in direct contact with the
product. Hence, improvement of interface materials using conventional quantitative methods is not
possible. Therefore, several researchers already developed numerical digital human models based on
finite element method (FEM) for biomechanical and ergonomic analyses. Previous research has shown
that FEM provides extensive results (stresses, deformations, displacements, contact pressure, etc), which
can be used for quantitative biomechanical and ergonomic analyses and optimization (Tony & Alphin,
2019). Authors have shown that such technique require accurate development of numerical digital human
models that accurately represent the anatomical, topological, material properties and boundary conditions

to obtain results that are accurate.

Hence, in this paper we present theoretical background and provide methodology for successful
development of numerical digital human models that can be used for biomechanical analyses and product
material ergonomic improvement. Additionally, a case study of the development of a numerical digital
human finger model and numerical analysis and ergonomic improvement of a product handle with

deformable material is studied.

Methods

Finite element method software Ansys was used to develop the numerical model and simulate the

mechanical behavior of the biomechanical system.
Numerical model — geometry determination

Obtaining accurate geometrical information of the studied part is crucial for obtaining accurate results.
Hence, most of the researchers utilize medical imaging for the determination of the accurate geometry
since it allows to obtain geometrical information of internal anatomical structures as well. However,
specific geometry based on imaged subject results also in specific geometry of the subject, which can
differ from the average size and shape of the studied anatomical part of the target population. When
developing numerical models, simplifications need to be chosen carefully to describe the studied

biomechanical system accurately enough and maintain numerical stability.

In the case study of the numerical digital human finger model development, the geometry of the finger
has been obtained by medical imaging (CT) and later with reverse engineering technology. Average sized
human finger has been considered according to anthropometric measurements. The handle interface

material has been modelled as a half cylinder resembling a product handle as seen in Figure 1.
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Figure 1. Geometry of the finger with product interface material.
Numerical model — material properties

Biological soft tissue shows highly non-linear mechanical behavior; therefore, it is crucial to include this
behavior in the numerical simulations with appropriate numerical models to obtain accurate results.
Simplifications by utilizing linear material models have shown to oversimplify the mechanical behavior
and can be only used for simplified biomechanical analyses. Hyper-elastic material models should be

used to include the actual mechanical behavior of the given soft tissue structure.

Therefore, in our case soft tissue was numerically modelled with Ogden hyper-elastic material model,
which has been validated by us in previous research (Harih & Tada, 2019). We considered homogenous
material and isotropic material behavior due to limited experimental data and to provide improved
numerical stability. Bone was considered rigid since it is it is magnitudes stiffer than soft tissue and is not

an anatomical part of interest in terms of results.

For the evaluation and comparison of the interface materials we considered two common materials that
can be found with products, namely steel and rubber. Additionally for the biomechanical analysis and
ergonomic evaluation we performed also numerical simulation using cellular meta-material that has
already shown improved comfort with subjective testing (Cupar et al., 2020). Material properties of the

numerical digital human finger model and interface materials are presented in Table 1.
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Table 1. Material properties

Material Material model

Parameters

Subcutaneous Ogden 3" order
tissue

Skin Ogden 3" order

Steel Linear-elastic

Rubber Linear-elastic

Cellular meta- Segmentially
material linear

MU1 =-0,04895 MPa
Al=5,511

MU2 = 0,00989 MPa
A2=16,571

MU3 = 0,03964

A3 =5,262

D1 =-4,2267 MPa’!
D2 =20,92 MPa’!

D3 =5,2194 MPa’!

MU1 =-0,07594 MPa
Al =4,941

MU2 =0,01138 MPa
A2 =6,425

MU3 =0,06572
A3=4,712

D1 =-2,7245 MPa’!
D2 = 18,181 MPa’!
D3 = 3,1482 MPa’!

2100000 MPa
v=20,3

E =33,7 MPa
v=0,49

c1=0,23 MPa
&1 = 0,1

62 =0,28 MPa
&= 0,4

o3 = 0,65 MPa
€3=0,53
v=04

Numerical model —boundary conditions

Paper 1 - Harih et al

Boundary conditions need to reflect the actual biomechanical behavior in terms of movement and external

loading on the structure. Loading scenarios on a distinctive studied biomechanical structure can be

complex, therefore appropriate simplifications need to be undertaken to obtain numerically stable model.

Biomechanical movement presents additional challenge since biomechanical movement is usually

complex and stochastic. Hence, motion capture systems should be used to obtain actual movement data

for the given study.
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In our case study of the numerical digital finger model, grasping has been simplified with a normal force
of 35N on the distal phalange bone. Finger phalange bone was fixed in all directions, except the direction
of the vertical force as seen in Figure 2. The value represents a typical power grasp scenario, where the

object is firmly grasped for transferring of high loads and moments and to increase stability. All interface

materials have been numerically tested and results can be observed in following section.

Figure 2. Boundary conditions of simplified grasping scenario.

Results

The developed numerical digital human model has been extensively validated in the past and results show
comparable contact pressure, deformation, and displacements (Harih, Tada, & Dolsak, 2016). Therefore,
the result is a numerically stable and feasible numerical digital human model that provides accurate
biomechanical behavior and provides results in terms of stresses, strains, deformations, displacements,

contact pressure, etc.

As presented, obtained results can be used to perform biomechanical analyses and product interface
material ergonomic evaluation and improvement. Hence, results of contact pressure distribution for
studied interface materials are provided in Figure 3 and maximum contact pressure for each interface
material is provided in Figure 4. Additionally, stability is analyzed with results of displacement of finger

and product interface material in lateral cross-section in Figure 5.
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Figure 3. Contact pressure distribution for each infertface material.
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Figure 4. Maximum contact pressures for each interface material.

Figure 5. Displacement of finger and product interface material in lateral cross-section.

Discussion and Conclusions

When developing numerical digital human models, through validation of the model is needed for the later
use of the model in terms of biomechanical analyses and ergonomic evaluations. Research has shown that
validation of biomechanical systems is usually very complex and demanding due to simplifications that

need to be incorporated into the numerical models. These simplifications usually need to be included due

to limitations defining actual model geometry, material determination and definition and boundary
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conditions. This also influences the numerical stability and feasibility; hence an appropriate compromise
needs to be set to obtain usable results with good numerical stability. Hence most of the numerical digital

human models are best suited for relative comparison in terms of biomechanics and ergonomics.

Human grasping of various products usually requires high grasping forces, therefore also the resulting
loads on the hand are high, which can lead to musculo-skeletal disorders. Most of the researchers focused
on defining correct sizes and shapes of the product for the best fit with the user, however they rarely
investigated the materials that are in direct contact. Development of digital human models in last years
had increased substantially, however they are limited to geometrical data and statistical shape models that
can be used for size and shape optimization. Product material choice and determination is usually defined
based on product manufacturing requirements and limitations and also ergonomic recommendations. This

leaves possibility for further ergonomic improvement as presented in this study.

Results have shown that steel is magnitudes stiffer than soft-tissue and hence all deformation can be
attributed to the finger. This is also reflected in the results where numerical simulations with steel
interface material produce the highest contact pressure and concentrated distribution. Rubber interface
material can be found on many products, where manufacturers try to provide better human-product
interaction. While stability is increased due to higher friction of the rubber, contact pressure is reduced
just slightly as shown by results. Contact pressure distribution is similar to steel and hence rubber
interface materials cannot be effectively used for contact pressure reduction and uniform contact pressure
distribution. On the other hand, the proposed deformable interface material reduces the maximum contact
pressure substantially (48%). Additionally, deformable interface material provides more uniform contact
pressure distribution when compared to steel and rubber. When comparing the vertical displacement, all
three biomechanical systems show similar results, hence stability of the product is maintained even with

the deformable interface material.

We have shown that FEM can be successfully used for obtaining results in terms of stresses, contact
pressure, displacements that can be used for ergonomic evaluation. In our case study we focused on novel
deformable meta-material, that allows minimization of contact pressure with maintaining stability. This is
achieved with inverse mechanical behavior to soft tissue, where the proposed deformable material stays
quasi-stiff at low stresses and starts to deform when critical stress (contact pressure) is achieved to
provide higher contact area and distribute contact pressure more uniformly. This behavior of the
biomechanical system has been also confirmed by the results. Based on previous extensive subjective
comfort rating measurement and evaluation we have shown that proposed deformable material provides

increased comfort compared to quasi-stiff materials such has rubber, while providing same stability.
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Using the FEM, the quantitative results that affect the comfort rating values have been evaluated in this
study and have shown that they correspond well to results from subjective comfort rating evaluation.
Hence, appropriately validated numerical digital human models can be successfully used for ergonomic

analyses and evaluations, especially in the area of biomechanical behavior.
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Digital production planning and human simulation of manual and hybrid work

processes using the ema Software Suite

Michael Spitzhirn!, Sascha Ullmann, Sebastian Bauer, Lars Fritzsche

imk Industrial Intelligence GmbH, Chemnitz, Germany
Abstract

For planning and designing production and work systems, a holistic approach is necessary that considers
both levels of factory planning and workplace design. Currently, separate digital tools are mostly used for
the design of factories and the detailed planning of work systems. That leads to workers being considered
inadequately or too late in the planning process of production. The consequence can be a time-consuming
and costly replanning to solve problems in existing production and work processes. Using the example of
an assembly of washing machines, an iterative approach is presented for a combined digital planning on
factory and workplace level. A holistic design of the assembly line is carried out using the ema Software
Suite, consisting of the ema Plant Designer (emaPD) and ema Work Designer (emaWD). In the case
study, emaPD is used to optimize production elements such as operating resources, layout, and logistics
by considering the material flow, throughput times, and production costs. These results are applied for
detailed planning and design at the workstation level with emaWD, which uses an algorithmic approach
for self-initiated motion generation based on objective task descriptions. The generated simulations are
examined and optimized based on production time estimation (MTM-UAS) and ergonomic risk
assessments (EAWS, NIOSH, reach and vision analysis) as well as workers’ abilities (age,
anthropometry). As a result, an efficient factory with an optimized material flow could be planned while
minimizing the manufacturing costs and throughput times while complying with the space specifications
and ergonomics. The takeover of ergonomically unfavorable processes by robots as hybrid workstations
enables, among other things, an improvement in ergonomics. The digital planning approach of combined
factory (emaPD) and workplace design (emaWD) also enable early, coordinated, efficient planning of

economical and ergonomic production.

Keywords: Ergonomics 4.0, Industry 4.0, Digital Factory, Digital Human Modeling (DHM), human-

robot-interaction
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1. Challenges of design of economical and ergonomic factory and work systems

Increasing cost pressure from competition, labor and material costs, greater variety and shorter product
life and market launch cycles require that production and work systems must be planned and reconfigured
faster and more frequently (Spath et al. 2017, Bracht et al. 2018). When planning and designing
production and work systems, in addition to costs, times, quality, time-to-market and flexibility, the
ergonomic design for the user group as well as the skill-based deployment of the workforce must be
considered (Schenk et al., 2014; Schlick et al., 2018). Different departments are usually involved in
planning the factory / production respectively work system design. At the factory planning level, the
focus is on the production program, the dimensioning, as well as the structuring and design of the factory
and production systems. Work planning deal with the design of the workplaces and processes e.g., design
of the workplace heights or the design of the human-machine / robot interaction according to economic
and ergonomic criteria. Early, coordinated, and efficient planning of factory design as well as production

and individual workplaces is important, but is often not done sufficiently (Bracht et al., 2018).

Many companies use digital design and simulation tools for their factory as well as work planning
processes (Wiendahl et al. 2015, Bracht et al. 2018, Burggraf et al. 2021) The available software provides
more and more functionalities such as Integrated Factory Modelling (IFM) model which offers the
advantage of being able to access more detailed information than a pure 3D visualization (Burggrif et al.
2021). However, digital tools are mostly used separately for designing factories / logistics and for detailed
planning of work systems (Bracht et al., 2018, Gunther, 2021). These software systems differ, amongst
others, in functional scope as well as in the software handling. A common data basis is not available and
must be achieved through data conversions. This is a time-consuming process and can lead to errors.
Companies invest a lot of money for the software operation and must have design and simulation experts
for the different applications who are expensive too. Not all software systems offer the appropriate
interfaces to one another, so that factory and workplace planning often must be carried out separately.
That can lead to that worker are considered inadequate or too late in the planning process of production.
The consequence can be a time-consuming and costly replanning to solve problems in existing production

and work processes.

For planning and designing production and work systems, a holistic approach is necessary that considers
both the level of factory planning and workplace design to improve the quality of results and to reduce the
effort. In the following, an iterative approach to continuous digital planning between the factory and

workplace levels using the EMA Software Suite is presented.
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2. Digital factory & work planning for economic and ergonomic production design

A procedure for iterative, combined factory and work planning using the software system 'EMA Software
Suite' is described on the example of a washing machine production and assembly project. The aim is to
redesign the assembly line and optimization the production line. It also should be checked whether the
planned production program can be realized with the existing machines and assembly and how an
improvement in the economic efficiency of the overall production could be realized next to good

ergonomic condition for the worker on the single workplaces.

Based on the production program and range, the target quantities, the planning period and requirements
for the quality and quantity of the production are to be defined. The product must also be analyzed, since
the single components determine the manufacturing methods, the handling technology, etc. and the
product structure the assembly sequence too. Product changes such as simplifying or merging functional
units can also affect the technical, economic as well as ergonomic conditions (e.g. weight, forces,

grasping) of the production (Schenk et al., 2014; Bracht et., 2018).

The washing machine consists of 86 components including a washing machine frame, washing machine
drum, drain pump, various cables, hoses, and screws (see Fig. 1). The parts vary in shape, dimensions,
and weight. The total weight is 82.95 kg and the individual weights vary from a few grams to more than

10 kg. The washing machine is produced in three color variants (white, blue, orange).

Figure 1. assembled washing machine (left) and individual parts of the washing machine (right)

Figure 2 illustrates the goals and functions of the EMA Software Suite with its two software systems
EMA Plant Designer (emaPD, left side) and EMA Work Designers (emaWD, right side). The systems
emaPD and emaWD can be used independently or together in one interface. In emaPD the planning of
production and assembly takes place at the factory level (macro level) and in emaWD the exact 3D
visualization and designing of production lines up to the workplace level are done according to

economical, time and ergonomics criteria. The current planning statuses can be exchanged directly and
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synchronously via the bidirectional interface between emaPD and emaWD to update and refine the

planning data.

Figure 2. goals and functions of EMA Software Suite with emaPD (left) and emaWD (right).

On the basis of mathematical-analytical calculation methods (e.g. queuing theory (Manitz 2008)),
computer-aided modeling, analysis and optimization of production with regard to throughput times, space
requirements and manufacturing costs are carried out in the emaPD. Product data (planned quantities,
parts list, lot sizes), process data (work plans, container data) and resource data (availability, costs, areas,
shift models), which can be transferred via intersection, serve as inputs. As first step it is to be determined
whether the production program (target: 80,000 washing machines per year) can be realized under the
existing conditions (e.g. number, types of machines). Possible bottlenecks, space requirements or the
critical path of production can be identified so that measures for improvement (e.g. adding more
machines, buffer spaces) can be derived. Furthermore, a decision must be made about the proportion of
in-house production and external procurement, as well as the equipment (machines) to be used and the
work processes to be defined. Alternative machines and work plans can be created for the factory /
production and variants can be calculated for the overall production plan considering output quantity,
costs, utilization, space requirements and throughput times. Possible problems for workers in space,
ergonomics aspects as well as a specification of the time requirements can be determined by transferring
the results of emaPD to the emaWD. The interaction between the human using a digital human model
with various characteristics and the workplace can be analyzed in emaWD and can be adapted according

to ergonomic and economic requirements.
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By calculating the overall equipment effectiveness (OEE) in the emaPD, the productivity and any losses
of the machines can be determined. Set-up and processing times, scrap and rework rates, resource time,
availability, planned downtimes can be defined and optimized by suitable measures. In emaWD, the
production and assembly times can be specified at the work process level using the standard time method
such as MTM-UAS (Bokranz & Landau, 2012). Another important point concerns the analysis of the
costs of production and investment. The material and manufacturing costs can be calculated in emaPD
considering the cost of material storage, the machines (hourly rates or fixed/variable costs), purchased and
raw parts. In combination with emaWD, investment costs can be included for the resources, which in turn

affect the costs of production.

At the overall production level in the emaPD, the total utilization of the machines and the available space
in the factory must be included. Based on the entries, various scenarios can be set up and evaluated and
compared according to KPIs such as required space, production volume and costs. For the dimensioning
of the areas, among other things, operation areas are defined in the emaPD. A precise design of the layout
(exact arrangement of machine, workplaces) and the creation of path maps can be specified in emaWD
and can be returned to the emaPD. This allows the optimization of material flow based on transport
intensity and effort. In addition, physical strain on humans could be also included in the planning process.
For the creation and design of the layout in 3D, standard machines and workplaces can be defined in

emaPD (left) and automatically imported into emaWD (right).

Figure 2. Transfer of washing machine production from emaPD (left) to ema WD (right).
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In emaWD, the workstations can be supplemented with additional external objects via command CAD-
formats such as *step, *jt, *dae, *obj, *wrl, *CATProduct and many more. Parameterizable objects such
tables, tools, robots can also be used from the built in ema object library to expand or rebuilt the factory

and the single workplaces.

The detailed planning and design of the workplaces is carried out in emaWD using anthropometric human
models from small women (F05) to large men (M95) with different abilities (age-dependent flexibility,
forces) for the design of economical, ergonomic, and ability-based work processes (Ullmann & Fritzsche,
2021). The human model configurator (cp. fig. 3) allows the user to add manikins in the 3D-environment.
Digital human models in emaWD can be varied in the anthropometry related to different populations (e.g.
German, Chinese, Mexican), different body dimensions (e.g. body height: 5th, 50th, 95th percentiles),
gender and age groups (20, 40, 60 years), which based on anthropometry database and standards such as
DIN 33402-2: 2020 for German population. The selection of an age-related average or restricted range of
motion can also be selected (Spitzhirn 2017). Furthermore, the age group have an impact to the maximum

forces in the ergonomic assessment (Ullmann & Fritzsche, 2017).

Figure 3. Human model configurator with 3D-Preview in emaWD.

The planning of manual and partially automated processes as well as human-robot interactions is possible
using the process simulation in emaWD. To specify the work processes, the path and movement
execution of the digital human model is automatically generated on the basis of a parameterized activity
description (ema task library) with specification of basic work conditions (e.g. objects to be handled,

target positions).



7th International Digital Human Modeling Symposium (DHM 2022) Paper 2 - Spitzhirn et al

The user can use a lot of different and well know analysis methods such as standard execution time
according to MTM-UAS (Bokranz & Landau, 2012), walking distances, proportion of value-adding
activities as well as ergonomic analyzes of feasibility (reachability, visual analysis) and ergonomics and
health risk assessment according to EAWS (Ergonomic Assessment Worksheet, Schaub et al., 2012) and
NIOSH lifting index (Waters et al. 1994) in the emaWD to identify economic and ergonomic problems
(Fritzsche et al., 2019b, Spitzhirn et al. 2022). Improvements can be made by changing the environment
(e.g. table height), by transferring unfavorable activities from humans to the robot or by shifting work
content between workstations. Different human-robot task distributions can be evaluated according to

ergonomics and time, so that the best variant can be determined.

The changes can be examined via the bidirectional intersection for their effects at the factory level in the
emaPD and thus an iterative optimization process can be carried out. The final concept is documented in

the EMA software suite using reports, images, videos and the simulation of the production scenario.
3. Results of digital iterative production planning using digital factory and work planning

A production of 80,000 washing machines in three color variants (white: 55k, blue: 15k, orange: 10k) is

planned. Fig. 4 shows example results for washing machine production.

Figure 4. example results for washing machine production using emaPD.

Taking into account the availability of the machines as well as delivery costs, times and availability, 23
parts are manufactured in-house and 63 parts are purchased. The calculation of the current situation
resulted in a deficit of 7,587 units. By increasing the number of cutting machines from 2 to 3, adjusting

and harmonizing batch sizes and optimizing execution times (reducing waiting times, shifting orders to
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other machines), it was possible to achieve the production volume in production. In the assembly line,
consisting of 8 linked workstations with a total of 14 employees, the blocking times at APB was
decreased from 348 hours to 180 hours and at AP1 from 133 hours to 60 hours as well as the idle times on
AP1 from 86h to Oh by integrating buffer areas between APB & AP1 (5 buffer areas), AP1 & AP2 (8
buffer areas). The production area is 530.06 m? with production costs of €159.98. The utilization of
individual workstations differs from 98.6% for the assembly line to 48.6% for the injection molding

machine type A.

The production and assembly line were transferred from emaPD to emaWD. In emaWD the material
flow, including the route network, was rearranged (see Fig. 5, left) and the assembly was simulated in
emaWD (see Fig. 5, right). New objects such as conveyor belts, shelves, and boxes as well as necessary

input variables (weights, forces, placement accuracy) for ergonomics and time evaluations were added.

Figure 5. Layout optimization of production (left); simulation of the washing machine assembly (right)

The analysis of the current assembly stations using an average 50th percentile male digital human model
(M50-AK40: age group: 40 years, 50th percentile body height: 178 cm according to DIN 14738:2005, age
appropriate avenge range of motion and force) showed that there are 4 red workplaces, 7 yellow
workplaces and 3 green workplaces according to EAWS (red > 50 points, yellow >25 points, green < 25
points). The red and yellow workplaces mean an increased risk of getting musculoskeletal disorders. In
addition, an age-appropriate work evaluation was done by adding different human models - small old
women (F05-AK60: age group: 60 years; Sth percentile body height 60: 154 ¢cm, age appropriate reduce
range of motion), an tall young man (M95-AK20: age group: 20 years 95th percentile body height: 194

cm, age group: age appropriate avenge range of motion and force) and a tall old man (M95-AK60: age
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group: 60 years 95th percentile body height: 183,5 cm, age group: age appropriate reduce range of motion

and force) to the simulation.

The feasibility test showed that the middle-sized man (M50-AK40) and the tall sized man young (M95-
AK20) and tall sized old man (M95-AK60) can carry out all activities. However, the small woman (F05-
AK60) cannot reach all locations that are needed for the activities on the washing machine assembly line.
Figure 6 shows an excerpt of the activities that cannot be carried out by the woman F05 (age group:60).
For example, the woman F05-AK60 cannot push the washing machine drum into the frame (workplace

1R). This also affects workplace 1L, as workers 1R and 1L work together to fasten the drum.

Figure 6. Non-executable activities (woman F05, age group: 60 years) by using emaWD feasibility check

The different characteristics of the people (different anthropometry, mobility, maximum strength) also
affect the workload assessment and biomechanical risk score according to EAWS. Tab. 1 shows that the
physical strain according to EAWS at workplaces 1R, 2R and 4L is higher for the small woman F05-
AK60 than for the men M50-AK40 and M95 AK60. In addition, the feasibility as shown in Figure 6 and
table 1 is limited or not feasible for workplace 1R and 4L due to the smaller body size and body reach as

well as the age-related reduction of flexibility (Spitzhirn 2017).

Table 1. Excerpt of ergonomic results based on feasibility test and EAWS for workplaces 1R, 2R,4L

Workplace 1R Workplace 2R Workplace 4L,

MS50- FO05- | M95- | M5S0- | FOS- M9S- | MS0- | FOS- | M95-
AK40 | AK60 | AK60 | AK40 | AK60 | AK60 | AK40 | AK60 | AK60

Feasibility yes no yes yes yes yes yes no yes
=EAWS Points! | 61,5 |(70,002] 68,5 | 52,5 | 56,5 52,5 59 | (63)2 | 37
+ Boy posiure 6 | 55 | 75 | 2 2 2 24 | (28 | 2
points

+ Force points 50 (59) 56 34 34 34 33 (33) 33
* Load handling i 8 - | 165 | 205 | 165 | - O | -
points

+ Extra points 5,5 (5,5) 5,5 - - - 2 (2 2

Icutline: EAWS (high health risk > 50 points, possible health risk >25 points, low health risk < 25 points)
2 no executability according to emaWD feasibility check; theoretical points in case of reachability
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To improve the ergonomic and economic conditions, the following measures were simulated in emaWD
and evaluated using EAWS and MTM-UAS. A Fanuc CR35ia robot, which can carry out a maximum
weight of 35 kg (weight of washing drum = 30,7kg), is integrated at workplace 1R (handling the washing
drum (EAWS: 61,5 to 23 points), an UR10e robot on workplace 2R (taking over the rear wall
EAWS:;52,5 to 32 points) and a pedestal on workplace 4L (EAWS: from 59 to 31,5 points) as well as on
workplace 5L (EAWS: from 40,5 to 40,0 points). A relocation of work content (relay assembly from
workplace 3L (EAWS: 55,5 to 42 points) to workplace 7R) was also done to improve the ergonomic
conditions and make a line balancing. During the redesign, the cycle time according to MTM-UAS could
also reduce from 70 s to 60 s and the workstations were rebalanced by shifting tasks from one workplace
to another. Figure 7 shows the results of the optimization process for the four red workplaces 1R, 2R, 3L,

4L compared to the initial state according to EAWS.

Figure 7. Comparison of ergonomics accord. EAWS in initial state (top) to optimized state (below)
The results of the optimization process in emaWD were transferred back to the emaPD. Due to the line
balancing and the other improvements the number of buffer space could reduce signifyingly. Only one
buffer space between station APB and AP1 still remains. The idle and blocking times on the assembly
line could be reduced to less than 50 h and the manufacturing costs by almost 10 % while at the same

time increasing the possible output.

Discussion and conclusion

The combined digital factory and work planning presented made it possible to achieve significant

improvements of washing machine production in terms of economic efficiency and ergonomics. Various

10



7th International Digital Human Modeling Symposium (DHM 2022) Paper 2 - Spitzhirn et al

methods are available in emaPD for an extensive factory planning. By using the emaPD the defined
quantities of washing machines are obtained and the space requirements, production costs are reduced
significantly as well as material flows are optimized. Compared to a simulation, the mathematical
modeling in emaPD offers significant time savings in model creation (-90%) and computing time (-99%),
while at the same time there is a high level of agreement in the accuracy of the forecast (approx. 3%
deviation according to Bolch et al., 2006). This makes it possible to carry out different variations of the
planning in a reasonable amount of time. To calculate the variants, various data such as parts lists are
required, which are either entered manually or can be integrated from other systems via an interface,

which can significantly reduce the time required.

As other component of the ema Software Suite, the emaWD ensure that the workplaces and processes, are
economical, safe, and human-oriented designed. Aspects such as feasibility (visibility or reachability
analyses), health risk (e.g. according to NISOH, EAWS) are considered in detail. By integrating different
human models (M50-AK40, F05-AK60, M95-AK20, M95-AK60) with the respective characteristics
(body height, force, range of motion, appearance related to age, nationality) an age-appropriate work
design can be carried out (Spitzhirn et al., 2022). It is important that a representative range of
characteristics (anthropometry, mobility, strength) are mapped to ensure broad use by later users. The
analysis shows that non-compliance could result in that worker such as FO5-AK60 cannot execute all
work tasks. This can be avoided by using the feasibility check in emaWD. A further advantage of the
combined factory and work planning approach is the detailed simulation and the visualization of the
process in emaWD. That ensure, that no necessary process is forgotten by the user. In addition, necessary
places can be planned for example for optimization measures such as pedestal (no use for tall men such as
M95-AK20 or M95-AK60), manipulators, robots, or seating to prevent expensive corrections in the field.
This can save significant time and money. The employees are thus more at the center of the planning. In
addition to economic advantages (e.g. avoiding unfavorable and time-consuming movements, reducing
the reject rate, increasing motivation), good ergonomic design can achieve greater flexibility and longer

employability of employees (Fritzsche et al., 2019a).

The ema software suite supports a new economic and human oriented approach in the field of factory and
work planning, and has the potential to improve the cooperation of both disciplines significantly. The
direct interaction between emaPD and emaWD enables planning to be detailed and accelerated. This
means that extensive data is available for planning that do not have to be obtained from other systems
first. A good usability, bidirectional interfaces between emaPD and emaWD as well as integrated methods
support an interactive, joint, efficient creation, calculation, analysis and improvement process of the

factory and production. An extensive library as well as standard workstations and machines reduce the

11



7th International Digital Human Modeling Symposium (DHM 2022) Paper 2 - Spitzhirn et al

time for construction of the environment. Furthermore, the assembly times (e.g. MTM-UAS) based on
emaWD simulation can be used to specify the planning data in the emaPD. The extensive evaluations
(time, ergonomic, material flow etc.) in combination with a graphic user interface including dynamic
simulation provide the basis for the discussion and evaluation of various measures with different
stakeholders (e.g. planners, works council, production). This increases acceptance and can help improve
the planning results. In the example, the manufacturing costs and unplanned downtimes could be
significantly reduced, and the ergonomic conditions improved, for example by integrating robots into
hybrid workstations. Furthermore, the use of the system should not be viewed in isolation from other
software systems in the respective company. For that purpose, ema Software Suite offers extensive
interfaces to other systems (import and export of CAD data and movements, process data), which can be

used for example for further investigations or visualizations with virtual reality applications.
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Abstract

Simulation using virtual models is used widely in industries because it enables efficient creation, testing,
and optimization of the design of products and production systems in virtual worlds. Simulation is also
used in the design of workstations to assess worker well-being by using digital human modelling (DHM)
tools. DHM tools typically include musculoskeletal risk assessment methods, such as RULA, REBA,
OWAS, and NIOSH Lifting Equation, that can be used to study, analyse, and evaluate the risk of work-
related musculoskeletal disorders of different design solutions in a proactive manner. However, most
musculoskeletal risk assessment methods implemented in DHM tools are in essence made to assess static
instances only. Also, the methods are typically made to support manual observations of the work rather
than by algorithms in a software. This means that, when simulating full work sequences to evaluate
manikins’ well-being, using these methods becomes problematic in terms of the legitimacy of the
evaluation results. In addition to that, to consider objectives in optimizations they should be measurable
with real numbers, which most of musculoskeletal risk assessment methods cannot provide when

simulating full work sequences.

In this study, we implemented the musculoskeletal risk assessment method OWAS in a digital tool
connected to the DHM tool IPS IMMA. We applied the Lundqvist index on top of the OWAS whole body
risk category score. This gave us an integer of the time-based ergonomic load for a specific simulation
sequence, enabling us to qualitatively compare different design solutions. Using this approach, we
performed an optimization in a welding gun workstation to improve the design of the workstation. The

results show that using time-based musculoskeletal risk assessment methods as objective functions in
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optimizations in DHM tools can provide valuable decision support in finding solutions for workstation

designs that consider worker well-being.

Keywords: Ergonomics, Simulation, Time-based, Evaluation, Optimization
Introduction

Simulation using virtual models is used widely in industries because it enables efficient creation, testing,
and optimization of the design of products and production systems in virtual worlds (Fisher et al., 2011;
Kuhn, 2006; Oppelt & Urbas, 2014). Simulation is also used in the design of workstations to assess
worker well-being by using digital human modelling (DHM) tools. One development of DHM tools in
recent years is that many DHM tools, such as Siemens Jack (Raschke & Cort, 2019), IPS IMMA (Hanson
et al., 2019) and Santos (Abdel-Malek et al., 2019), now can predict and represent human motions,

enabling simulations of full motion sequences.

DHM tools typically include musculoskeletal risk assessment methods, such as RULA (Rapid Upper
Limb Assessment) (McAtamney & Nigel Corlett, 1993), REBA (Rapid Entire Body Assessment)
(Hignett & McAtamney, 2000), OWAS (Ovako Working Posture Assessment System) (Karhu et al.,
1977), and NIOSH (National Institute for Occupational Safety and Health) Lifting Equation (Waters et
al., 1993), that can be used to study, analyse, and evaluate the risk of work-related musculoskeletal
disorders (WMSDs) of different design solutions in a proactive manner. However, most musculoskeletal
risk assessment methods implemented in DHM tools are in essence made to assess static instances only
(Berlin & Kajaks, 2010). Also, the methods are typically made to support manual observations of the
work rather than by algorithms in a software. This means that, when simulating full work sequences to
evaluate manikins’ well-being, using these methods becomes problematic in terms of the legitimacy of
the evaluation results. In addition to that, to consider objectives in optimizations the results of the
musculoskeletal risk assessment methods should be measurable with real numbers, which most of them

cannot provide for complete motions.

This paper investigates how to implement a time-based musculoskeletal risk assessment method in DHM
based simulations of motion sequences, and how outcomes from the method can be used within objective
functions in optimizations. In order to test and illustrate, the approach is implemented in a use case from

industry, representing a manual welding workstation.

Methods
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A case study was used to test and illustrate time-based musculoskeletal risk assessment methods in
optimizations. The case study and the modelling in a DHM tool, representation of anthropometric
diversity, ergonomics assessments by OWAS Lundqvist index, and the optimization definitions, are

described in the following subsections.
Case study and modelling in IPS IMMA

The case study represents a manual welding task within manufacturing at Volvo Cars in a factory located
in China. This task involves the use of a welding gun to weld two parts together. Since the gun is
supported by a lifting device, workers are not affected by the weight of the gun. Inertia effects from
moving the guns are not considered in this study. The DHM tool IPS IMMA (Hanson et al., 2019) was
used to model the workstation and the welding task performed by the workers (Figure 1).

Figure 1. Real workstation (left) and corresponding model of the workstation in IPS IMMA (right)

The welding gun can be grasped in different positions, and the welding can be performed in different
angles if the welding gun is kept perpendicular to the welding spot (Figure 2). The geometry of the
workstation can cause collisions with the welding gun and limits the possible angles of welding (Figure

3).
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Figure 2. Perpendicular welding position of the

welding gun Figure 3. Geometry of the welding workstation

The welding gun motion is planned with a path planning algorithm in IPS IMMA (Hanson et al., 2019) to
enter to the welding position in a valid path without considering the manikin well-being. This motion

requires the manikin rotating and placing the welding gun (Figure 4).

Figure 4. Welding motion modelled in IPS IMMA

Representation of anthropometric diversity

The factory of the use case is located in China. A manikin family was created to represent the
anthropometric variation in stature and elbow height, which were considered two key anthropometric
measures of this workstation. The CAESAR database on Asian population (SAE International, 2022) was
used to obtain anthropometric data of 176 individuals (83 male and 93 female). This data was used to
create two confidence ellipsoids, one for males and one for females, both with a confidence interval of
95% (Brolin et al., 2012). Using the method described in Hogberg et al. (2011), considering axial and
centre cases of both ellipsoids, a family of 10 manikins (Table 1) was created in IPS IMMA (Figure 5).

Table 1. Anthropometric measures of the manikins

N° Case Gender Stature Elbow Height



7th International Digital Human Modeling Symposium (DHM 2022) Paper 3 - Iriondo Pascual et al

(mm) (%o-ile) (mm) (Yo-ile)
Case 0 (Median) Female 1571.16 50.00 964.27 50.00
Case 1 Female 1711.24 99.19 1064.66 99.19
Case 2 Female  1431.09 0.81 863.88 0.81
Case 3 Female  1598.02 67.76 945.02 32.24
Case 4 Female  1544.31 32.24 983.51 67.76
Case 5 (Median)  Male 1698.93 50.00 1040.37 50.00
Case 6 Male 1875.53 99.22 1164.28 99.22
Case 7 Male 1522.33 0.78 916.47 0.78
Case 8 Male 1727.50 65.21 1020.33 34.79
Case 9 Male 1670.35 34.79 1060.42 65.21

Figure 5. Cases 0 to 9 modelled in IPS IMMA
Ergonomics assessments by OWAS Lundgvist index

Ovako Working posture Analysing System (OWAS) is an musculoskeletal risk assessment method used
to classify working postures of the Back, Arms, Legs, and Use of force (Karhu et al., 1977; Louhevaara et
al., 1992). OWAS is based on the classification of 84 basic work postures, covering common and easily
identifiable work postures. The Use of force category is classified into three levels, meaning that there are
252 possible combinations in total, each resulting in a unique OWAS code consisting of four digits. Each
OWAS code results in one of four possible action categories, representing the risk level for WMSDs: 1
(green, no corrective measures), 2 (yellow, corrective measures in the near future), 3 (orange, corrective
measures as soon as possible), and, 4 (red, corrective measures immediately) (Karhu et al., 1977,
Louhevaara et al., 1992). The OWAS method provides the assessment of postural load over time, but only
on sublevel, i.e. on the specific back, arms and legs postures separately (Karhu et al., 1977; Louhevaara et
al., 1992). In order to make OWAS a time-based musculoskeletal risk assessment method able to indicate
ergonomic load on an aggregated level, i.e. considering both working postures of the back, arms, legs, and
use of force, in an integrated manner, the OWAS method can be complemented with the Lundqvist index

(Lundqvist, 1988; Pinzke, 2016). This is a cumulative load index that helps to assess the workload over
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time. The index is represented by a number from 100 (meaning that 100% worktime is in action category
1) up to 400 (meaning that 100% worktime is in action category 4). Hence, higher values of the Lundqvist
index represent a higher risk of developing WMSDs. The Lundqvist index method provides no action
levels however. Still the method can be used to qualitatively assess different design solutions from the

perspective of risks for WMSDs, as well as in objective functions in optimization.
Optimization definition

The optimization variable defined for this case is the welding angle. The welding angle has been defined
without considering collision with the workstation. This allows to explore solutions that could be more
beneficial for the well-being of the manikins but would be in collision with the actual design of the

workstation.

When the angle is changed, the simulation is run again for the entire manikin family, and the OWAS
Lundqvist index values are sent to the optimization algorithm for it to define the welding angle for the
next iteration. There are ten manikins, which provide ten OWAS Lundqvist index values that form the ten
optimization objectives to minimize for the use case, which makes the optimization problem a multi-
objective optimization. The optimization algorithm NSGA-II (Deb et al., 2002) was used for this use case

due to its efficiency in multi-objective optimizations and has been run for 100 iterations.

Results

After performing the optimization, the results were analysed and interpreted to obtain more insights of

how the time-based method behaved in the optimization, as well as of the workstation design itself.
Optimization results

For every iteration the welding gun angle was changed by the optimization algorithm, making the 10
manikins perform the welding in different postures. In order to perform the welding in different postures,
the entire motion of the welding gun changed by using the input of the optimization algorithm
implemented in the optimization platform (Iriondo Pascual et al., 2022) and the path planning algorithm

of the DHM tool (Figure 6).
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Figure 6. Different positioning of the welding gun provided by the optimization platform

After finishing all the iterations, the results of the OWAS Lundqvist index for every manikin and welding
gun positioning were analysed. The results show that some manikins obtained higher values of OWAS

Lundqvist index than others (Figure 7).

Figure 7. OWAS Lundqvist index result for each manikin

The results also showed low correlation between the optimization variable, i.e. the welding gun angle, and
the objectives, i.e. OWAS Lundqvist index. For example, for manikin 0, the results show that there are
two main clusters in the OWAS Lundqvist index values, and that the lowest values in both clusters were

for a welding gun angle between 50-80° and 160-170° (Figure 8).
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Figure 8. OWAS Lundqvist index results for manikin 0 depending on the welding gun angle

For some manikins (e.g. manikins 1, 2 and 3) the results for the welding gun angles are directly related,
and the positioning of the gun provide either higher or lower OWAS Lundqvist index values equally for
them (Figure 9).

Figure 9. Direct relationship of OWAS Lundqvist indexes of manikins 1, 2 and 3

However, in some cases (e.g. manikins 0 and 1) the welding gun angles that can be positive for one

manikin can be negative for the other manikin (Figure 10).
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Figure 10. Inverse relationship of OWAS Lundqvist indexes of manikins 0 and 1
Interpretation of results

The results show that some manikins got higher OWAS Lundqvist index values. If we relate the values
(Figure 7) to the anthropometric measures of the manikins (Table 1) the results show higher values for the
manikins with a higher stature, especially for the female manikin 1 and for the male manikin 6. These
manikins correspond to the higher axial cases in both stature and elbow height for female and male
populations. These results (Figure 7) show that even in the best positioning they can have worse postures

than lower stature manikins.

When analysing manikins individually, two clusters are found in all the cases. For example, in Figure 8
the clusters for manikin 0 are over the OWAS Lundqvist index scores 110 and under 104. When
analysing the resulting simulations it can be seen that the cluster with the highest values was created by
simulations where manikins could not obtain a proper positioning to hold the welding gun, e.g.,

simulations where manikins stopped grasping the welding gun.

Some welding positions that gave low OWAS Lundqvist index values had collision with the geometry of
the workstation. Hence, they could not be achieved with the actual design of the workstation (Figure 11).
However, as it might be possible to resolve the collisions by redesign of the workstation, we set up the
optimization to include also solutions with collision, since that can be valuable information to the

designer.
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Figure 11. Positioning of the welding gun in collision with the workstation geometry
Discussion and Conclusions

Designing a workstation considering workers’ well-being in DHM tools requires using musculoskeletal
risk assessment methods that can assess the risk of workers developing WMSDs. Using time-based
musculoskeletal risk assessment methods, like the one provided by combining OWAS with Lundqvist
index, in DHM tools allows users to analyse complete motions of manikins in simulations instead of
single postures. The analysis allows finding out if performing the motions enhances the risk of developing
WMSDs. With common single posture ergonomics evaluation methods, such as RULA (McAtamney &
Nigel Corlett, 1993) and REBA (Hignett & McAtamney, 2000), there is a possibility to choose the wrong
postures to assess, and therefore, underestimate the risk of performing certain operations. With time-based
ergonomics evaluation methods all the postures in the motion are evaluated, leading to a lower risk of
evaluating the wrong postures, as well as considering the aggregated load. However, using time-based
ergonomics evaluation methods requires the motions of the manikins to be representative of how real

humans perform work tasks.

The musculoskeletal risk assessment method OWAS Lundqvist index has been found to be appropriate to
use together with optimization algorithms. OWAS Lundqvist index provides a single integer per manikin
as an optimization objective, which allows using the integers as objective functions in optimization
algorithms. In this case, ten manikins were used to represent the anthropometric diversity at the
workstation, i.e. resulting in a ten objective optimization problem, and a single optimization variable, i.e.
the welding angle. The results show a relation between the anthropometric measures of the manikins and
the OWAS Lundqvist index values, obtaining the highest risk scores in the manikins with highest stature
and elbow height values. In addition to that, the optimal welding positions for different manikins are
different, meaning that there is a risk of designing a workstation that would hinder individuals in the
population to perform the work with an appropriate work posture, and therefore increase their risk of
developing WMSDs, should the designer only consider one or a few manikins. In this study some

beneficial welding positions were found in collision, therefore, modifying the design of the workstation to

10
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allow these positions could enable workers to perform the welding task with lower risk to develop

WMSDs.

In conclusion, implementing time-based musculoskeletal risk assessment methods in optimizations in
DHM tools allows users to perform optimizations of workstation designs where full work sequences are
simulated. The optimizations could be performed for any design parameter, e.g., layout, tool positioning,
and task order, and use time-based musculoskeletal risk assessment methods to assess the worker well-
being. In addition to that, anthropometric diversity can be included to assess the level of inclusion of the
workplace, and by that supporting a sustainable work life for all members of the workforce, basically by
assisting designers to find better workstation design solutions. This study has been limited to one time-
based musculoskeletal risk assessment methods, i.e., OWAS Lundqvist index, however, other time-based
musculoskeletal risk assessment methods should be studied to find the most appropriate ones for the task
assessed. Also, this study did not consider productivity metrics, but future work will include system
performance metrics such as cycle time, spaghetti diagram, and value adding time, added to the
optimization. Optimising both human well-being and system performance is in-line with the definition

and purpose of ergonomics
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Abstract

In the design process of products and production systems, the activity to systematically evaluate initial
alternative design concepts is an important step. The digital human modelling (DHM) tools include
several different types of assessment methods in order to evaluate product and production systems.
Despite this, and the fact that a DHM tool in essence is a computer supported design and analysis tool,
none of the DHM tools provide the functionality to, in a systematic way, use the results generated in the
DHM tool to compare design concepts between each other. The aim of this paper is to illustrate how a
systematic concept evaluation method is integrated in a DHM tool, and to exemplify how it can be used to
systematically assess design alternatives. Pugh’s method was integrated into the IPS software with LUA
scripting to systematically compare design concepts. Four workstation layout concepts were generated by
four engineers. The four concepts were systematically evaluated with 2 methods focus on human well-
being, 2 methods focus on system performance and cost. The result is very promising. The demonstrator
illustrates that it is possible to perform a systematic concept evaluation based on both human well-being,
overall system performance, and other parameters, where some of the data is automatically provided by
the DHM tool and other manual. The demonstrator can also be used to evaluate only one design concept,
where it provides the software user and the decision maker with an objective and visible overview of the

success of the design proposal from the perspective of several evaluation methods

Keywords: IPS IMMA, ergonomics, simulation, design, evaluation
Introduction

Simulation and automation are elements in the Industry 4.0 transformation that affect manufacturing

industries’ production systems and way of working (Rosin et al., 2019). Industry 5.0 has been introduced,
reinforcing the human-centric perspective onto Industry 4.0 (Nahavandi, 2019). Digital human modelling
(DHM) tools is a human-centric category of simulation software that facilitates proactive consideration of

ergonomics in computer-generated environments, hence requiring no physical prototypes (Scataglini &
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Paul, 2019). DHM tools can for example be used at the early stages of the design process to create,
visualize, assess, optimize, and verify workplace designs. In the design process of products and
production systems, the activity to systematically evaluate initial alternative design solutions, often
referred to as concepts, is an important step since the choice of concept has a strong impact on the
subsequent steps of the design process. Several different methods for performing systematic concept
assessments are available, e.g. Pugh’s method for controlled convergence (Pugh, 1981), weighted concept
scoring (Ulrich et al., 2020), analytical hierarchy process (Saaty, 1980), and the ELECTRE methods
(Roy, 1991). Honkala et al. (2007) compare different concept selection methods, where they suggest that
comparisons of concept alternatives should start with more simple methods, e.g. Pugh’s method or
weighted scoring methods, and if there is a reason to question the result from the more simple methods,
the use of more detailed methods can be justified. Several DHM tools exist, e.g. EMA (Fritzsche et al.,
2011), IPS IMMA (Hogberg et al., 2016), Ramsis (Seidl, 1997), Santos (Yang et al., 2005), and Siemens
Jack (Badler et al., 1993). DHM tools include several different types of assessment methods in order to
evaluate the human-system interaction represented in the scenario modelled in the DHM tool, e.g. in
regards to reach, vision, and risks for musculoskeletal disorders (MSDs). Despite this, and the fact that a
DHM tool in essence is a computer supported design and analysis tool, none of the DHM tools provide
the functionality to, in a systematic way, use the results generated in the DHM tool to compare design
concepts between each other. The purpose of such a systematic comparison is to identify those design
solutions that are superior compared to other design alternatives. Hence it is a convergent activity in the
design process. The aim of this paper is to illustrate how a systematic concept evaluation method is
integrated in a DHM tool, and to exemplify how it can be used to systematically assess design

alternatives.

Methods

The DHM tool IPS IMMA was used as a software platform to demonstrate the integration. Pugh’s method
was interpreted and then integrated into the software with LUA scripting to systematically compare
design concepts. A graphical interface for comparing concepts was created. In order to test and illustrate
the functionality of the demonstrator, four engineers were recruited as test subjects. The four engineers
were familiar with DHM tools in general, and IPS IMMA in specific, and had overall knowledge about
the work task represented in the test case, i.e. a pedal car assembly work. The task of the test subjects was
to design a workstation layout for pedal car assembly. Four parts were to be mounted at the pedal car
assembly in the station: a mud guard, a wheel, a bracket for the seat, and the seat itself. The four parts and
the pedal car assembly were available with CAD models in an IPS IMMA scene. The given sequence and

tasks only included manual efforts from an assembly operator and there are therefore no need for hand
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hold tools or other resources to mount the parts on the pedal car assembly. To simplify the test,
anthropometric diversity was not considered, and therefore just one manikin was used, representing a
Swedish 50th percentile male in stature.. The workstation area was not allowed to exceed 8 m2, i.e. the
workstation the test subjects designed should fit inside a box in the scene. The test subjects were free to
add any fixtures, logistic racks, primitives, etc. to make the workstation complete and functional before
giving the manikin tasks. The subjects were creating one layout concept and were informed that four

evaluation methods should be used to assess the design concepts:

1. Lundqvist OWAS index (the lower the better) (Lundqvist, 1988)

2. Arvidsson’s action levels for preventing MSDs (Arvidsson et al., 2021)

3. Length of spaghetti diagram (total walking distance) (Kanaganayagam et al., 2015)
4. Percentage of time performing value adding tasks (Womack & Jones, 2003)

The design concepts were also evaluated from an “engineering cost perspective”, represented by the time
the test subjects spent on designing the workstation layout. The cost was measured in minutes. The clock
for measuring the minutes started when the test subject received the written instruction. The subjects had
accepted to participate in the test, and they were notified in advance that they would receive an email with
instructions and access to software files on a specific day and time. The cost clock for a certain test
subject was stopped when the IPS IMMA scene was sent back by email, i.e. representing the test subject’s
proposed design of the workstation layout. Three of the four subjects fulfilled the task and replied with an
IPS IMMA file of the suggested workstation layout (example in Figure 1).
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Figure 1. Example of one test subject’s proposed design of the workstation layout.
Results

The result demonstrates an integrated solution where design concepts can be compared in a systematic
way. The solution provides a demonstrator that provides objective design decision support, based on data
automatically generated in the DHM software. When needed, data can also be manually added, as done
for the “engineering cost” in this case. The demonstrator (Figure 2) includes two major steps: (1) to build
up the Pugh matrix, and (2) to use the matrix for the design concept comparisons. The Pugh matrix build
up phase is carried out using two major selectors: the concept alternatives selector (building the matrix
horizontally), and the criterion selector (building the matrix vertically). In the first selector the design
concepts, as described in unique IPS IMMA files, that are to be included in the design concept evaluation
are selected. In accordance with Pugh’s method for controlled convergence, one of the concepts selected
will form the datum, i.e. the reference concept that all other concepts will be compared with. The second
selector is the criterion selector, where the user selects the parameters to be considered in the concept
evaluation. As ergonomics, per definition, regards the optimization of both human well-being and overall
system performance (Wilson, 2000), the demonstrator enables adding criteria that are based on data on
both human well-being and overall system performance. Here, the following two criteria were used to

assess human well-being: Lundqvist OWAS index (Lundqvist, 1988) and one of the suggested action
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levels for preventing MSDs by Arvidsson et al. (2021), namely the right arm angular velocity. For the
assessment of system performance, the following two criteria were used: length of spaghetti diagram
(Kanaganayagam et al., 2015) and percentage of time spent on performing value adding tasks (Womack
& Jones, 2003). The data for these four criteria came from the IPS IMMA simulation of the pedal car
assembly tasks, performed by the manikin in the proposed workstation layout. Hence, objective data was
retrieved automatically per design concept, based on the data provided by the DHM simulations of each
concept. In the matrix it is highlighted in red if any criteria are outside the recommendation for the
criteria, e.g. if an exposure exceeds the recommended action level. It is also possible for the user to add
own criteria, as well as values that do not origin from the DHM simulation itself. In this case, cost based
on time spend to carry out the design task was added as a criteria, and the time value per design concept

was added manually. This step ends the first step to build up the Pugh matrix.

Figure 2. The Pugh concept evaluation matrix demonstrator in [PS IMMA.

The second step is the assessment step, which consist of comparing design concepts and making decisions
on how to progress in the design process. In the demonstrator there is an option for the user to add
weighting factors per criterion, if one or several criterions are more important than others. In accordance
with Pugh’s method for controlled convergence, the demonstrator provides the functionality for the user,
or for a multi-disciplinary team when the concept evaluation is performed as a group activity, to rate
concepts with consideration to each criterion, using the scale: worse than reference concept (-), equal to
reference concept (0), or better than reference concept (+). In the summary section of Pugh’s method, the
numbers of -, 0 and + for each concept are automatically calculated, as well as the weighted sum of the

scores. This to ease the user or the team to make decisions of how to progress in the design process, e.g.
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to select a concept or several concepts to develop further, or possibly to iterate the design process in order

to find even better design solutions or combine design concepts.
Discussion

The demonstrator illustrates that it is possible to perform a systematic concept evaluation based on both
human well-being, overall system performance, and other parameters, where at least some of the data is
automatically provided by the DHM tool. The result is very promising. A key feature of the presented
approach, which is believed to be a large strength, is that the concept evaluation can be performed with
support of objective data automatically generated from the simulation in the DHM tool. Thus, the
potential of the DHM tool to provide objective data based on simulations of human-system interactions is
used to find better design solutions. To use simulation tools to a high extent is one of the focus areas in
Industry 4.0 (Nahavandi, 2019). Another focus area in Industry 4.0 is automation. The demonstrator is
semi-automatic, which we believe is advantageous for concept evaluation activities, in order to facilitate
transparency, dialogue in the design team, and to facilitate consideration of aspects that cannot be
provided by the DHM simulation. Still, the criteria values are automatically filled in for the concepts, and
quantities and sums are automatically calculated. The possibility to manually add criteria makes it
possible for the user to customize the matrix. While such customized matrices most likely have been
made before using tools such as spreadsheets, the demonstrator provides the functionality to make
evaluations of multiple design concepts in a structured way in the DHM tool. The ability to perform the
evaluation in the DHM tool will increase the efficiency as the user do not have to copy and paste
information from one software to another. There is also less risk to make human errors, if information is
kept within one software, or automatically transferred between different software, and do not have to be
entered in another software. The ability to easily, quickly and objectively assess and compare different
design concepts directly in the DHM tool is also believed to encourage the DHM tool user to find even
better design solutions, hence assisting the design work being carried out in ‘small loops* as discussed in

Hogberg (2009) as a way to enhance design process performance.

The demonstrator also facilitates method triangulation. There are several evaluation methods that have
been developed to evaluate human well-being and system performance. Each of them has a unique set of
advantages and disadvantages and using them in appropriate combinations is essential to get a
representative evaluation that covers several relevant perspectives. The demonstrator can therefore also be
used to evaluate only one design concept, where it provides the software user and the decision maker with
an objective and visible overview of the success of the design proposal from the perspective of several

evaluation methods. The objective and visual presentation will support the decision maker to compare the



7th International Digital Human Modeling Symposium (DHM 2022) Paper 4 - Hanson et al

results of each evaluation method, and hence assist to make a well-founded decision. In summary, the
demonstrator acts as a design decision support tool, utilizing the capability of the DHM tool to provide
objective data, but also enables the user to enter additional data, and the design team to discuss and agree
on decisions. The demonstrator that supports that data are transparent to the stakeholders, e.g. engineers,
managers and ergonomists, and that arguments and conclusions regarding DHM simulations can be
documented, stored and traced, which is in line with the guide and documentation system to support
DHM tool usage proposed by Hanson et al. (2005). Even if the presented demonstrator is promising, more

integration and usability work needs to be carried out based on user feedback.
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Abstract

Manual material handling such as box lifting is a very common task that is used in the industrial and
medical fields. It is widely accepted that manual lifting can potentially lead to low back injury.
Asymmetric lifting, which involves twisting of the trunk, shifts trunk muscle activation and can increase
the lower back loading on the spine thus further increasing the likelihood of injury. Other researchers
have explored asymmetric lifting but have not considered the effects of handedness. Sex has also been
considered as a factor related to low back injury, but majority of research work include only male subjects
in literature. This work aims to examine the effects of sex, handedness, box load, and box origin on the
maximum lumbar flexion/extension L5-S1 joint moments generated during two-handed box lifting so that
safer lifting recommendations can be made for those tasks. Eight participants (sex: 4 women, 4 men; age:
28.62 + 4.53 years; height: 170.00 £ 7.45 cm; body mass: 72.36 + 8.97 kg; handedness: 4 left-dominant, 4
right-dominant) performed two-handed box lifts with five different box origins (two left lifts, one
sagittally symmetric lift, and two right lifts) and three different box weights (1.20 kg, 5.74 kg, 10.27 kg).
Motion data was collected using a motion capture system and force plates. There were no clear trends for
the effect of sex, but our results suggest that individuals should lift from their dominant-hand side when
performing asymmetric two-handed lifting tasks. Future work which will incorporate the use multiscale
modeling (musculoskeletal modeling and finite element modeling) to perform a deeper analysis of spine

biomechanics during these lifts at the muscle and tissue levels, respectively.

Keywords: Manual Material Handling; Lumber Spine; Low Back Pain; Asymmetric Lifting.

Introduction

Low back pain is a common symptom experienced by all age groups. It is the leading cause of disability
across the globe and accounts for more lost workdays than any other occupational musculoskeletal
condition (Hartvigsen et al., 2018). In addition to physical cost of low back pain, the USA spends more
than $100 billion on low back pain management (Katz et al., 2006). A better understanding of low back

pain is needed so that prevention may be possible.
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It is believed that manual material handling may have some direct relationship with low back pain as it is
the most common musculoskeletal disorder experienced by workers performing heavy physical work and
lifting tasks (Marras, 2000). For example, it has been shown that individuals triggered an episode of low
back pain shortly after performing awkwardly positioned manual tasks, heavy load manual tasks, or a
combination of the two (Steffens et al., 2015). This connection has prompted further exploration of the
causality of low back pain by other researchers who have looked at factors such as foot placement (Delise

et al., 1996), box weight (Potvin et al., 2021; Song & Qu, 2014; Weston et al., 2020), and more.

Differences in lifting biomechanics between the sexes have been identified with regards to coordination
(Lindbeck & Kjellberg, 2001) and lumbar spinal loading (Firouzabadi et al., 2021). Furthermore, the peak
risk of low back pain for men and women occurs at different ages such as 40 and 60 years old,
respectively (Marras, 2000). Over the years, researchers have taken sex into account but majority of these
works include only male participants (Beaucage-Gauvreau et al., 2019; Delise et al., 1996; Ghofrani et al.,
2021). It is critically important to include women in low back pain research studies as low back pain is

more common in women than in men (Hartvigsen et al., 2018).

In addition to sex, handedness has yet to be thoroughly explored in lifting research. One study identified
that spine compression and lateral shear increased at double the rate during asymmetric lifts beginning
from the left side than the same lift from the right side (Marras & Davis, 1998). Intuition leads us to
believe that humans naturally favor one side over the other, but little research has considered handedness

during lifting (Butler et al., 2009; Weston et al., 2020).

The objective of this work is to examine the effects of sex, handedness, box load, and box origin on the
maximum lumbar flexion/extension L5-S1 joint moments generated during box lifting as producing a
higher low back joint moment is known to indicate low back pain risk (Hoozemans et al., 2008; Kingma
etal., 2010). We hypothesize that women will experience higher maximum lumbar joint moment across
all loading conditions. Additionally, we expect that individuals will experience higher maximum lumbar

joint moment when lifting from their dominant side.

Methods

OpenSim Lifting Model

The previously validated lifting full-body (LFB) OpenSim model was used in this work (Beaucage-
Gauvreau et al., 2019). It contains 30 rigid body segments, 29 degrees-of-freedom, and 238
musculotendon actuators as shown in Figure 1. The model treats the trunk and head as a rigid body, but
contains spherical joints at the T12/L.1, L1/L.2, L2/L.3, L4/L5, and L5/S1 intervertebral joints within the

spine.
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Figure 1: Lifting full-body (LFB) OpenSim Model

Lifting Protocol

The lifting protocol consisted of five box origins as shown in Figure 2. The milk crate was lifted with
three loading conditions: unloaded (1.20 kg), 10 Ibs (5.74 kg), and 20 Ibs (10.27 kg). Each trial began in
T-Pose and ended the lift with the milk crate at hip level while facing forward. Participants performed 30
lifts that included two repetitions of all box origins under all loading conditions in a randomized order.
Subjects were allowed to lift in whatever way felt most natural to them but were instructed to keep one
foot on each force plate throughout each trial. Figure 3 shows a subject mid-lift where they are turning to

their right-hand side to pick up the box from the P5 box origin.

Figure 2: Box Origins
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Figure 3: Subject Lifting Box from P5

Experimental Data Collection and Processing

Eight subjects participated in this study (sex: 4 women, 4 men; age: 28.62 £+ 4.53 years; height: 170.00 +
7.45 cm; body mass: 72.36 + 8.97 kg; handedness: 4 left-dominant, 4 right-dominant). This study was
approved by the Institutional Review Board of Texas Tech University (IRB2017-406) and participants
signed informed consent forms. Participants had reflective markers and marker clusters placed throughout
the whole body as shown on the LFB OpenSim model and Figure 3. Motion data was collected using an
8-camera motion analysis system (Motion Analysis Corp., Santa Rosa, California, USA) and two force
plates (Bertec Corporation, Columbus, OH, USA) at 100 Hz and 2000 Hz, respectively. Kinematic and

kinetic data were filtered using a Butterworth filter with a cutoff frequency of 6 Hz.

OpenSim Simulation Workflow

This study closely follows the workflow methodology described in a recent publication (Akhavanfar et
al., 2022). First the LFB model is scaled to match each participant by using their static T-Pose motion
file. Inverse kinematics is performed using the motion files of the tasks with the newly scaled model.
Lastly, inverse dynamics is performed using the inverse kinematic results and filtered force plate data.
The box load was applied as a downwards external force to the mid-point between the second and fifth
metacarpal bones, i.e., half of the box load was applied to each hand. Maximum joint moments at the L5-
S1 intervertebral level were extracted for flexion/extension for all lifting scenarios and were normalized

by participant mass.
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Results

The results for the overall group, left-handed/right-handed groups, and male/female groups can be seen in
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Figures 4, 5, and 6. Tabular versions of these groups can be seen in Tables 1, 2, and 3.

Average Maximum Moment
(N*m*kg™ )

3.0

2.5

2.0

1.5

1.0

0.5

0.0

1.20 kg

5.74 kg
Box Mass

Figure 4: Average Maximum Flexion/Extension Moment at L5-S1

OP1
mP2
mP3
NP4
B P5

Table 1. Average Maximum Flexion/Extension Moment at L5-S1 Tabular Results (Average £ 1 SD in

N*m*kg")

Table 2. Left-Handed and Right-Handed Average Maximum Flexion/Extension Moment at L5-S1

1.20 kg

574 kg

10.27 kg

P1

1.83

+ 0.15

201 + 0.12

221

+ 0.12

P2

1.92

0.16

215 £ 0.15

2.34

+ 0.14

P3

1.98

H_

0.16

2.27 0.13

H_

2.49

+ 0.13

P4

1.99

H_

0.26

2.15 0.23

H_

237

+ 0.21

P5

1.95

H_

0.20

2.07 0.17

H_

2.26

+ 0.20

Tabular Results (Average + 1 SD in N*m*kg")

Left-Handed Right-Handed
1.20 kg 5.74 kg 10.27 kg 1.20 kg 5.74 kg 10.27 kg
Pl |18 =+ 016]205 + 012|215 + 009|184 + 015|198 + 0.12 228 + 0.11
P2 1195 + 017216 + 013]236 + 015|188 + 014|214 + 017|232 + 0.13
P3 1201 + 015]234 + 005|248 + 017195 + 017219 £ 013|251 + 0.08
P4 1208 + 022233 + 013|244 + 015]189 + 027|198 + 0.16 230 + 0.26
P51205 £ 017215 £+ 020]230 + 02318 + 017200 + 0.09 (223 + 0.17
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(a) Left-Handed (b) Right-Handed
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Figure 5: Average Maximum Flexion/Extension Moment at L.5-S1 for (a) Left-Handed and (b) Right-

Handed Groups
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Figure 6: Average Maximum Flexion/Extension Moment at .5-S1 for (a) Male and (b) Female Groups
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Table 3. Male and Female Average Maximum Flexion/Extension Moment at L5-S1 Tabular Results

(Average = 1 SD in N*m*kg")

Male Female
1.20 kg 5.74 kg 10.27 kg 1.20 kg 5.74 kg 10.27 kg
P1|18 £ 011|206 £+ 0.10]223 £+ 012|180 + 0.18|197 + 0.13 219 = 0.12

P2 197 + 013218 + 0.11|234 + 0.11]18 =+ 017|211 + 0.18]|234 + 0.17
P3|197 + 009|223 + 011|253 + 012|199 + 021230 + 014|245 =+ 0.13
P4)194 + 021212 £+ 024|235 + 022]203 £ 031|219 + 023|239 + 022
P5|190 + 0.14 205 £+ 012|221 + 016|200 = 024|209 + 021|232 + 024

Discussion and Conclusions

Box Mass

The effect of box mass on lumbar moment across each lifting scenario can be seen in

3.0
rg 2.5
> I
~ 2.0
E 1 OP1
2 2
*
go i 1.5 mP2
Sz mp3
> 1.0
%‘) NP4
>
Z 0.5 BEP5
0.0 !
5.74 kg
Box Mass

Figure 4. In general, the lumbar moment increases as the box mass increases, which is consistent with

what has been found in the literature (Song & Qu, 2014).

Box Origin

The box origin of the lift had an influence on the lumbar moment. Figure 4 shows that the greatest flexion
moment occurred when lifting from P3, while the lower flexion moments occurred when lifting from P1
and P5. This is an interesting result as it was expected that asymmetric lifts should be the most dangerous.
This work did not take lateral bending or rotational moments into account, which have been known to

increase during heavy asymmetric lifting tasks (Kim & Zhang, 2017). It is possible that the combination
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of increased lateral bending and rotational moment could result in higher risk of low back pain and should

be explored in future work to assess low back pain risk.

Handedness

Our original hypothesis was that individuals will experience higher maximum lumbar joint moment when
lifting from their dominant side, however, Figure 5 shows the opposite trend. Across all mass conditions,
left-handed individuals experienced higher lumbar moments during right side lifts than they did during
the reflected left side lifts, i.e. P1 vs P5 and P2 vs P4. Similarly, right-handed individuals experienced
higher lumbar moments during left side lifts than right sided lifts, except for the 1.20 kg condition. This
finding suggests that individuals should lift from their dominant-hand side if they want to reduce their

lumbar flexion moment and, in turn, reduce their risk for low back pain.

Sex
We expected women to experience higher lumbar moments than their male counterparts. However, as
shown in Figure 6, there does not appear to be any large differences in moments between the sexes. This

suggests that men and women can be treated equally when lifting under the conditions tested in this work.

Limitations

This study is not without limitations. First, only eight participants were analyzed which prevented a
robust statistical analysis to be performed. This small sample size provides preliminary trends, but a
thorough statistical analysis with a larger sample set would further support the current conclusions. Our
future work includes the data processing of 12 additional subjects. With a larger data set, an analysis of
variance (ANOVA) can be calculated to identify the statistical significance of sex, handedness, box mass,
and box origin on the average maximum flexion/extension moment. Second, the study only explored the
flexion/extension moment and has not yet investigated the lateral bending or rotational moments at the

L5-S1 level. Future work will include these moments.

Conclusions

This work aimed to assess the effects of sex, handedness, box mass, and box origin on the maximum
lumbar flexion/extension joint moments during two-handed lifting tasks. There were no clear trends for
the effect of sex, but our results suggest that individuals should lift from their dominant-hand side when
performing asymmetric two-handed lifting tasks. This preliminary work serves as a starting point in
identifying how sex and handedness affect underlying biomechanics of lifting. A better understanding of
these tasks can lead to safer lifting recommendations to individuals that work in manual material handling

occupations. Besides including a larger sample set, future work will incorporate the use of
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musculoskeletal modeling and finite element modeling to perform a deeper analysis of spine

biomechanics during these lifts at the muscle and tissue levels, respectively.
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Abstract

Applying DHMs in ergonomic design of vehicle interiors has been established for many years. Most use
cases focus on various aspects of static driving configurations. But several dynamical occupant tasks must
be evaluated for new vehicle concepts in addition. Because of the task complexity these tests are still
performed in physical mock-ups. Over the past years new DHM technologies have supported evaluating
dynamic ergonomics of interior designs in digital mock-ups more efficient. Nevertheless, there are still
simulation aspects to be improved for proper industrial applications. This paper presents the recent
development progress on knowledge-based motion simulation techniques using motion capture data and
DHM prediction methods. The focus was put on a large variability of motions in the database, more user
control on the simulated motions and functions for collision avoidance. Based on adjustable mock-ups, a
range of ingress and egress motions into a truck and a passenger car were systematically measured taking
various positions of vehicle components like steps, doors, pillars and roofs into account. These motion
takes were reconstructed and annotated by DHMs and stored in a database. A new simulation tool was
developed which use the database to predict motions in virtual environments. The GUI provides a range
of motion components subjected to various motion data and simulation methods. These components can
be combined to create a cumulative motion. In addition, the intersection frames of consecutive
components can be controlled by user-defined postures or tasks. Smooth transitions are supported by
specific truncating and sewing up consecutive motions. In addition, the tool got new functions to
consider collision avoidance during simulation. First, characteristic parameters (door angle) are extracted
from the environment and used to find corresponding collision-free motions in the database. Second,
specific geometric constraints avoid collisions at key frames. Applying both functions supports qualitative
motion strategy changes and quantitative body positions to cope with collision situations. The tool
development is accompanied by user evaluations with respect to usability and prediction capabilities.

These identified open issues to be solved and pushed the tool further forward to a productive level.
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Introduction

DHM applications in ergonomic vehicle design have a long history. Nowadays industrial engineers use
DHM systems to optimize the interior ergonomics focusing on static aspects of driver and passenger
configurations like comfort, vision, reachability and roominess (Raschke 2019, Wirsching 2019). But
several design questions require the analysis of dynamic aspects like ingress / egress motions which
currently are not provided by these tools in a sufficient matter and hence require still expensive physical

tests in mock-ups.

A necessary technology for this would be a task-specific simulation of human motions in vehicle
environments. While the digitalization and analysis of real motions have reached a sufficient application
level (Hermsdorf et al., 2019), the simulation of complex motions is still under research. Cherednichenko
(2008) proposed a functional model for predicting ingress motions into a car. Model approaches like this
require an extensive investigation and understanding of real motions to catch characteristics which can be
represented by a simulation model. These models can hardly be used in a generic way and their

complexity increases with the number of parameters to be considered.

A more pragmatic approach for simulating motions is the direct use of captured motions in a database
which showed promising results with respect to usability and functionality (Wirsching et al. 2013, 2016).
This approach does not require to understand drivers of motions, but just a standardized description how
the motion looks like with respect to the environment. It provides a generic procedure which can be
applied to all kind of motions, especially highly constrained motions. Just the size of the database

determines the simulation quality.

Nevertheless, this approach suffered from several shortcomings like restricted data pools, inflexible user
control and insufficient collision handling. This paper focusses on these shortcomings and describes the

next evolution step for this technology applied in a car and a truck ingress use case.

Methods

Overview

The methods utilize a simulation framework which simulates task-specific motions by extracting a best

fitting motion from a database and adapting this motion to the given environment. The system
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architecture and motion digitization & simulation process is similar to Wirsching et al. (2016), but

enhanced in the following aspects to overcome the identified shortcomings:

e The experiments are setup to provide a large variability of annotated motions in different car and
truck ingress concept variants.

e The motion simulation environment allows flexible input and more control on the simulated
motions, especially the concatenation of motions.

e The simulation engine has several functions to handle collisions in qualitative and quantitative

aspects.
These enhancements are described in the following sections.
Experiments

Real movements are necessary for realistic movements in the virtual world. Therefore, motion studies
were realized on a real mock-up for a truck and for a car. The mock-ups were designed in such a way that
certain geometric parameters could be varied. In the case of the truck, the height, width, and angle of the
steps can be varied as can the door opening. The experiments for truck ingress have already been
explained in Dorynek et al. (2021). In the case of the car, the variations concerned the height of the sill

and the roof. Figure 1 shows a photo of the car mockup.

An optical motion capture system made by ART is used for high-quality digitization of human
movement. Nineteen targets are applied to the human body to record the motion trajectories of the
segments. Further targets are also applied to parts of the mock-up to record these. In case of the truck
these are the mock-up itself, the door, seat and steering wheel and in case of the car these are the seat
backrest, seat surface, steering wheel, roof and sill. Figure 1 shows the visualization of the recorded

targets and the colored point clouds for seat, steering wheel, roof and sill.
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Figure 1: Car mockup and visualization of the recorded targets

The truck ingress study included 29 subjects with 9 to 12 mockup variations. The car ingress study
contained 10 subjects with 9 variations of the mockup. Each subject completed 10 trials per variation.
After completion of the measurements, the database contains ingress and egress movements into a truck

(approximately 3000) and a car (approximately 900).
Data processing

The simulation model consists of the two components human and environment. The methodical
description and application of the Dynamicus model can be found in (Hermsdorf 2019). Dynamicus is a
biomechanical human model which uses the methods of multi-body dynamics. It consists of 43 bodies
that describe the kinematic structure of the human body. The bodies are connected by joints where the
movement possibilities can be configured. The spine represents all vertebral bodies and is controlled by a
movement pattern. The individualization of the human being is represented in Dynamicus via the
parameterization of anthropometry. The model of the environment is based on the construction data. The
motion of the human and the environment is based on the captured marker trajectories. This information
is transferred to the human model Dynamicus. The inverse kinematics methodology is used for this
purpose. For the analysis of the interactions, geometric equivalent bodies are used, which, analyze the
contact between the model bodies. The following Figure 2 shows the model of the human and the

environment (colored point clouds) as well as the functional model (red planes and boxes).
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Figure 2: DHM Dynamicus, environment and the functional model

The interaction between the reconstructed motion of the DHM and the functional model of the mock-up
can be detected and analyzed. The functional model contains in case of the car the ground outside, cabin
floor, sill, roof, seat backrest, seat surface, pedals, and steering wheel. In the case of the truck the
functional model contains of the ground outside, cabin floor, steps, handrails, steering wheel, seat
backrest, seat surface and the door. But there is also a functional model for the human model, and this
includes contact elements in hands, feet, head, and pelvis. By linking the results of the interaction analysis
with the biomechanical parameters of the movement, it is possible to describe an annotation of events. An

example is shown in the following Figure 3.

Figure 3:Annotation of events along the motion
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Simulation framework

While the framework in Wirsching et al. (2016) focusses on one motion for one manikin, the current
framework allows the concatenation of various motion components (e.g. car & truck ingress. walking)
from a library and the application to manikin samples. Each motion component runs an individual
simulation engine (e.g. database or animation techniques) and requires corresponding input parameter like
geometry and strategies. The connection between consecutive motion components is controlled by
connectors which define the transition postures. In the connector mode “free” this posture is calculated
from the motion component, in mode “posture” the posture is given by the user and in mode “restrictions”

the posture is calculated from restrictions given by the user. The final motion sequence is calculated in an

iterative process by successively predicting transition postures and motions in-between.

This procedure guarantees continuous transitions between consecutive motion components. But this leads
into a non-smooth total motion in many cases because motion-capture-based motion components start or
end in static standing postures in general. A possible solution is to intelligently truncate the motions
before concatenating them. The implementation of this procedure is shown for the concatenation of a
walk and a truck ingress motion (Figure 4). The ingress motion is simulated starting at the key frame
when the manikin grasps both handrails and lifts the left foot from the ground (Figure 4, top row, image
with star). The original segment from the start standing posture is automatically truncated. The walk
motion is simulated until the key frame when the manikin lifts the left foot from the ground, but requiring
to adopt the start posture from the ingress motion (Figure 4, bottom row, image with star). The original

segment to the end standing posture is automatically truncated.
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X

Figure 4 Concatenation of walk (bottom) and ingress (top) motion

Collision avoidance simulation

The collision avoidance is done on two levels. First collision relevant parameters are extracted from the
environment (e.g. door opening angle) and a best fitting motion to that parameter is extracted from the

database.

Since the best fitting motion may show a qualitative motion strategy change for the collision but does not
guarantee to quantitatively fulfill all collision requirements, this motion is additional adapted in a second
step on key frame level. A key frame defines a frame of the motion when the interaction of the occupant

with the environment changes, for example when a foot is placed on the first step. Specific collision

avoiding restrictions are added to these tasks from which the relevant key frame postures are calculated.

This method is illustrated for the truck ingress use case (Figure 5) in the following. For the specific step
height and door opening angle in the environment the best fitting motion is extracted from the database
containing motion patterns for step heights 280mm - 400mm and opening angles 30° - 95°, From this
motion, the prediction of the key frame postures while the manikin grasps the handrails takes collision

avoiding restrictions between the door surface and the shoulder, elbow, hip and knee into account.
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Figure 5 Collision avoidance of cabin door during truck ingress (door angle 95, 60, 30) (left to right)

Another application of this method is illustrated for the car ingress use case (Figure 6) in the following.
For the specific roof and sill height the best fitting motion is extracted from the database containing
motions (with different patterns) for roof heights 1237mm - 1558mm and sill heights 315mm — 450mm.
From this motion, the prediction of the key frame postures while the manikin feet are above the sill and
the head is below the roof takes collision avoiding restrictions between the sill and the foot and between
the roof and the head into account. This leads to an evasive movement starting before and ending after the

phase when the collision originally occurs.

Figure 6 Collision avoidance of during car ingress (r. foot to sill, head to roof, I. foot to sill) (left to right)

Results



7th International Digital Human Modeling Symposium (DHM 2022)

The results can be separated in a structured motion data pool and a DHM simulation tool making use of

that pool. The motion data is transferred from the DHM Dynamicus to the DHM RAMSIS following the

principal process in Wirsching et al. (2016).

The simulation framework and the collision functions are integrated into a tool based on the DHM

RAMSIS. The GUI supports the user specification of concatenated motions (Figure 7).
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Simulation Components

+ NextGen - General Metion Simulation

Simulation Parameters
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Load... Save...
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Walk v
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pre =

Figure 7 GUI for definition of concatenated motions

From the (right) list of available motion components the user can assembly the desired motion in the left

list. The necessary parameters for each motion component and the connectors are defined by the user

through specific masks (Figure 8).

Figure 8 Motion component (left) and connector (right) definition

Paper 6 - Wirsching et al
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The motion component parameters depend on the available motion data of the specific component (Figure
8 left). First the user specifies the available strategies for the motion. The GUI supports here by
displaying the percentages of the strategies and providing the option to automatically determine the most
probable strategy. Second the user has to define geometrical objects which are required by the motion
component simulation engine. The percentage of the selected strategy with respect to the entire database
as well as feature similarity is displayed at the bottom of the mask. The latter measures the similarity
between the best fitting motion and the to-be simulated motion with respect to features like stature and

vehicle parameters.

The connector parameters depend on the user selection “Free”, “Posture” or “Restrictions”. In the latter
two selections the user additionally specifies which posture or restriction set should be used for the
connector posture. Selecting “restrictions” enables the user to run the entire motion component definition

(Figure 8) on different sized manikins.

Discussion and Conclusions

The presented motion simulation approach shows promising results and resolved the following formerly

shortcomings:

The motion measurement procedure has been applied to truck and car ingress applications considering
several vehicle variations which increases the prediction capabilities of the entire system. Nevertheless,

especially in the car use case the number of measured subjects should be increased in the future.

The user control of the simulation is now more flexible. Motions can be concatenated and the transition
postures can be defined. The method to smoothly join motions is promising but requires a lot of manual
modeling work in advance to define the segments to be truncated. This procedure should be done

automatically in the future.

The collision handling is now more powerful than in formerly versions. It still focuses on discrete key
frames which is suitable for many applications. But the collision control of the entire motion should be

investigated in a next step.

The user evaluation of the tools is still in progress. A big user benefit of the tool has been perceived, but it
is currently open how it finally can be used in the daily productive engineering work. This is closely
related to the possibility of assessing motions with respect to various ergonomic criteria. This function

would be very important for engineers to compare different design variants.

10
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Most simulated truck and car ingress motions are smooth and plausible, but the planned quantitative

evaluation of the motion simulation quality will bring more confidence in the tools.
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Abstract

Pedestrian safety is a central topic in the automotive industry because of the high number of deaths in car-
to-pedestrian accidents. Different systems have been developed to protect pedestrians and other vulnerable
road users. So-called Active Safety Systems are used to avoid possible collisions with the VRU or to
mitigate injury severity by reducing the collision speed in case the collision can't longer be prevented. The
autonomous emergency braking system (AEB) is one of these systems and aims to intervene in conflict
situations by stopping the car, Haus et al. (2019). The performance assessment of the AEB System can be
done via virtual simulation. One crucial aspect is the modeling of pedestrian behavior. Current studies use
a simple pedestrian behavior model, sometimes called a trajectory-based model, in which the pedestrian
moves with constant speed on a given path and without any interaction with the environment. This study
investigates how the AEB Performance in virtual environments is influenced by using a more realistic
pedestrian behavior model based on reinforcement learning approach, a particular Machine Learning branch
perfectly suited for modeling decision-making processes. For that, a generic AEB-System, the trajectory-
based pedestrian model, and the reinforcement learning model were implemented in CARLA Simulator. A
scenario catalog was created by varying some parameters and used to evaluate the front collisions with and
without the AEB system. The study indicates that due to some pedestrian reactions of the reinforcement

learning model, like unexpected stopping in front of the car, the performance of the AEB-System is reduced.

Keywords: Pedestrian Crossing behavior, efficiency assessment, active safety, simulation
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Introduction

Vulnerable Road Users (VRU) are non or poor-protected road users like pedestrians or users or passengers
of non-motorized or powered two-wheelers e.g., cyclists or motorcyclists. They accounted for 51,4% of all
total road fatalities in the European Union in 2021 (Decae, 2022). An Autonomous emergency braking
(AEB) system, an active safety system used to avoid imminent collisions, can help to reduce this higher
number of fatalities. Its performance assessment can be done via virtual simulation, but one current
limitation is the pedestrian representation, which only walks a pre-defined path with constant velocity

without interacting with the environment. This model is called in trajectory-based model in this study.

The aim of this paper was to investigate if a pedestrian behavior model with visual perception and
interaction with the environment and other agents, changes the performance of the AEB-System in a virtual
simulation. For that, a behavior model based on a reinforcement learning algorithm was developed by
Phantasma Labs GmbH (https://www.phantasma.global/) and compared with the current trajectory-based
model. In Methods, the simulation platform used in this study is presented together with the vehicle model
and the two pedestrian models. In the same section, the generic model of the AEB system, the road network,
and the parameterization of the simulation for the generation of different scenarios are presented. Finally,

the results are presented and discussed for both pedestrian models.
Methods
Pedestrian Models

Modeling pedestrian behavior and movement are very complex, especially considering the decision-making
process. Papadimitriou et al. (2009) highlight the relevance of two aspects of pedestrian behavior to be
modeled. One of them is the route choice, which regards the decision process about the optimal path
between the current location and destination. The other one is the crossing behavior regarding the decision
of when and where to cross the road. They conclude that most pedestrian behavior models treat route choice
and crossing behavior separately. Teknomo et al. (2016) reviewed different approaches to modeling
pedestrian movement on a microscopic level, where the pedestrian is treated individually. In general,
pedestrian movement between a start point and destination uses repulsive effects between the pedestrians
and other obstacles and in most cases is not validated or calibrated on real pedestrian movement data. The
pedestrian models available in most vehicle dynamic simulation tools, the trajectory-based models, don’t

model the route choice or the crossing behavior either. Both aspects are defined before the simulation and
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implemented manually by giving the pedestrian a pre-defined trajectory. The pedestrian in most cases is
also devoid of visual perception and internal representation in such a way that the interactions with the
infrastructure (avoiding obstacles) and with other road users, like vehicles and other pedestrians, is not
present. Similar models are used in current studies by Lindman et al. (2010), Schanchner et al. (2020), and

Hamdane et al. (2015).

Considering that car-to-pedestrian accidents occur in most cases in urban areas (Adminaité-Fodor et al.,
2020) on the road or very close to it and involve mostly just one pedestrian, the microscopic approach is
the most suitable for this study, Wakim et al. (2004). The pedestrian should also be able to choose different
routes between start point and destination, exhibit an unsafe crossing behavior, have visual perception, and
interact with road infrastructure and other agents. No model was found in the literature that achieves all the
requirements above. For this paper, a new model was developed based on a reinforcement learning (RL)
method, once this machine learning approach is perfectly suited for modeling decision-making process and
therefore can directly be employed for the design of pedestrian behavior models. RL is a branch of machine
learning that faces a real problem from the perspective of a learning agent interacting with its environment
to achieve a goal. This requires that the agent is capable to perceive the state of the environment and to take
actions to affect the state. By this category of learning algorithms, the agent always collects new data points
by directly interacting with the provided environment and later uses them for training. In this study, the
model will be called reinforcement learning behavior model (RL model) and it was developed for the
specific traffic scenario analyzed in this paper. The learning agent is the pedestrian that interacts with the
environment (road infrastructure and vehicles) to achieve the goal, a specific position on the other side of
the road. During the development of the model, attention was paid to the maximum possible pedestrian-car
interactions (this also covers the visual perception, internal interpretation, and decision making) and

plausible, human-like, and diverse trajectories.

In this study, the trajectory-based model and the RL model were used. By the trajectory-based model
approach, the pedestrian is spawned at the start position at the beginning of the simulation and crosses the
road following a pre-defined path perpendicular to the vehicle's direction with a constant speed until it
reaches the other side of the road. The pedestrian does not interact with the environment and other agents.
This approach reflects the pedestrian dummy used in the Euro NCAP test protocol (Euro NCAP, 2019).
The RL model, unlike the previous model, perceives its environment and interacts with other agents. The
model moves towards in order to reach a defined destination. Unlike the previous model, the RL model
developed for this study is not capable of being parameterized, so the speed cannot be set, and the starting

point and destination cannot be changed.
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Simulation Environment and Road Network

CARLA, Car Learning to Act, (Dosovistikiy et al., 2017) is an open-source simulator for urban driving.
CARLA was built in a server-client architecture. The server runs the simulation, rendering the scene and
the client, a python API, defines the scenario and establishes the interaction between the agent and the
server. The simulation run in a synchronous mode with a constant time step of At = 0.04 s (25 Hz). The
road network was designed based on the definition from the Euro NCAP test protocol. In addition to this

definition, a parking area was added with two parking vehicles. In Figure 1 the road in CARLA can be seen.

Figure 1 - A representation of the road. The blue mark indicates the initial position of the RL model and the orange mark of the
trajectory-based model. The red is the destination of the pedestrian. The green mark is the start position of the vehicle. The road
has 2 driving lanes and a parking lane with widths of 3.5 m. The arrows indicate the direction of movement of the pedestrian. The

OpenDRIVE format was used to define the road network.

AEB System and vehicle model

Against other simulation platforms, CARLA does not provide a pre-implemented AEB system. A generic
AEB system was implemented based on the definition given by the harmonization group Prospective
Effectiveness Assessment for Road Safety (P.E.A.R.S.), Page et al. (2015). The systems consist of an ideal

sensor, a decision algorithm, and a control algorithm.

This study assumed an ideal sensor for pedestrian detection. An algorithm was implemented in the client
that, based on the current position of the vehicle, calculates the field of view of the sensor as an arc of a
circle using the maximum range and azimuth angle, see Figure 2 (a). At each timestep, the algorithm checks
if the pedestrian is inside of the field of view using the current pedestrian position. In a positive case, the

pedestrian is considered to have been detected by the sensor and a signal is sent to the decision algorithm.

The decision algorithm defines the intervention strategy of the AEB. It is based on the time-to-collision
(TTC) and on the detection of the pedestrian. This calculation holds if the vector of relative velocity, Uy ==

Vcar — Vpeq is in the same direction as the relative position 7.g; = 7peq — Toqr. Equation 1 hold:
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1})rel TTC = Frel (D

Once the pedestrian is inside of the field of view and the TTC gets equal to or smaller than 1.0 s, the vehicle
starts the braking process. The control algorithm calculates the vehicle speed at each time step. By normal
driving, the vehicle drives at a constant speed. Once the AEB is activated the new car velocity based on the
current deceleration is calculated and applied to the vehicle. The deceleration profile is defined by an
actuator delay, a build-up time, and a maximal deceleration. The deceleration increase over time is modeled
to be linear until the maximum value. The deceleration profile can be seen in Figure 2 (b). Two settings for
the AEB system were evaluated in this study (cf. Tablel), one based on P.E.A.R.S. and the other based on
the setting applied in Schachner et al. (2020).

Figure 2 - (a) - Field of View of the ideal perception systems. It is parametrized through azimuth angle ¢ and maximum range r.
At each time step is checked based on the current position of the pedestrian and the vehicle if the pedestrian is in the sensor's
Field-of-View. (b)The deceleration profile for settings 1. It is divided into three steps. It is divided into three steps: actuator
delay, build up time (deceleration increases linearly with the time), and the full brake (maximum deceleration is achieved and
stays constant until the vehicle stands still).

Table 1: AEB parameter settings

Parameters Maximum Build-up  Actuator Braking Maximum Azimuth angle
deceleration time delay gradient range
Settings 1 ‘ 882 04s 02s 245252 60 m 60 °
S S
Settings 2 ‘ 7,02 0,35 s 0,25 s 20 2 60 m 60 °
S S

Scenario Generation

One approach to generate scenarios in order to assess the performance of the AEB system is to reproduce
conflict scenarios based on accident data, Jeppsson et al. (2018), Gruber et al. (2019), Li et al. (2021). In

this case, the pedestrian follows a given trajectory. Schachner et al. (2020) propose a different approach
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generating a scenario catalog of critical car-pedestrian conflict situations by varying the following
parameters: vehicle speed, pedestrian speed, and pedestrian waiting time. The trajectory for vehicle and
pedestrian was previously defined. A similar approach was implemented in this study with some adaptations
considering some constraints of the RL behavior model. The base scenario was inspired by the Euro NCAP
test cases Car-Pedestrian Nearside (CPNA) and Car-Pedestrian Farside (CPFA). Two conflict situations
were simulated. In conflict situation A the vehicle drives forward on a straight road, and the pedestrian was
crossing the road coming from the vehicle's nearside. This conflict scenario was simulated with both
pedestrian models. In conflict situation B the vehicle drives forward on a straight road, and the pedestrian
was crossing the road coming from the vehicle's farside. This conflict scenario was simulated only with the
RL model. The parameters used to generate scenarios with the trajectory-based model and RL model can
be found in Table 2. For the RL model, no pedestrian waiting time is possible since setting this as a tunable
parameter is not possible, as well as the constant pedestrian speed. Instead, the waiting time was applied to
the vehicle. The car waiting time was extended to 8 s, to generate more interaction between pedestrian and

higher vehicle speeds.

Table 2: Parameters to generate different conflict scenarios for trajectory-based pedestrian model and RL model.

Parameter Value Step size
Trajectory-based pedestrian model
Vehicle speed [km/h] | 10— 60 2,5 km/h
Pedestrian speed [km/h] ‘ 1-12 1 kmv/h
Pedestrian waiting time [s] | 0.1 —3.6 05s
Reinforcement Learning behavior model

Vehicle speed [km/h] | 10— 60 2,5 km/h

vehicle waiting time [s] | 0—8 02s

Results

The performance of the AEB was evaluated by comparing the number of frontal collisions between the
baseline simulations (vehicle without an AEB system) and the simulations with the AEB system in conflict
situations A and B. The results discussed here are referent to the AEB system with settings 1. Tables 3 and
4 show all results including the AEB system with settings 2.

Table 3: Results trajectory-based pedestrian model

Baseline AEB System, setting 1 AEB System, setting 2
Number of scenarios | 2016 2016 2016
front collisions | 201 123 162
Percentage of front collisions | 10 % 6,1% 8,0%
Collision reduction due the AEB system | - 38,8% 19,4%

As expected, the results with a lower maximal deceleration and higher actuator delay led to lower
performance. In 2016 baseline simulations with the trajectory-based model, 201 ended in front collisions.

This number was reduced to 123 with the AEB system, a reduction from 38,8%. This result agrees with the
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literature, Lindman et al. (2010), Handame et al. (2015), Gruber et al. (2019), Schachner et al. (2020) that
goes from 20% up to 50%. With the RL model, a total of 862 baseline scenarios were generated resulting
in 182 frontal collisions, generating 10% more collisions concerning the total, than in the trajectory-based
pedestrian model. This higher number of collisions is due to the unsafe behavior of the pedestrian. The
pedestrian's trajectories make the pedestrian stay more time on the road in the same lane as the vehicle, see

figure 3 (a). The average pedestrian speed over time is shown in Figure 3 (b).

Figure 3 - (a) Pedestrian path over all simulations scenario A; (b) Pedestrian average speed

The AEB system reduced the number of front collisions to 108, a reduction from 40,6% similar to the
results of the trajectory-based model. Unfortunately, in most cases of conflict situation A, the pedestrian
crosses the road with his back to the approaching vehicle. Once the field of view of the pedestrian has an
opening angle of 180°, he was not able to see the car and then did not react to it. To force this situation, the
conflict situation B was simulated, where the vehicle was in the field of view of the pedestrian. In this
situation, there were 191 front collisions in the baseline simulations and 138 with the AEB, a reduction

from 27,7%.

Table 4: Results reinforcement learning behavior model

Baseline, Baseline, AEB System,  AEB System, = AEB System,  AEB System,

Scenario  Scenario B Scenario A, Scenario B, Scenario A, Scenario B,
A setting 1 setting 1 setting 2 setting 2
Number of simulations | 861 861 861 861 861 861
front collisions | 182 191 108 138 140 149
Percentage of front collisions | 21,1% 22.2% 12,5% 16% 16,2% 17,3%
Collision reduction due the | - - 40,6% 27,7% 23,1% 21,9%

AEB system

Discussion and Conclusions

All behavior shown were considered human-like, once he didn’t walk into stationary objects, moves with
an average speed not too fast or too slow, and didn’t shake, walk laterally or backward. It was observed

that the RL behavior model shows a higher variability in the trajectories when the car is in the field of view
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of the pedestrian. The pedestrian's most common reactions to the approaching vehicle were
“waiting/looking around”,” slowing down”, “moving forward” and “standing still”. The “standing still”
behavior together with the fact that the pedestrian walks in the opposite direction of the car in conflict
situation B was one of main the causes of frontal collisions. The reinforcement learning behavior model
showed to be useful to evaluate a generic AEB system by generating more collision and different corner
cases due to the different trajectories and their interactions with the vehicle. These interactions have
decreased the performance of the AEB system. It needs to be considered that the model was not trained for
conflict situation B and the performance of the behavior could not be guaranteed in this situation. Further
development of the model in this direction should be considered for future works. Another enhancement to

the current study would be to include more pedestrians crossing the road, getting conflict scenarios closer

to real-world situations. The vehicle model also needs to be improved with a better vehicle dynamic model.
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Takeover performance according to the level of disengagement during automated
driving
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Abstract

Taking over the manual control of a car after Automated Driving (AD) is a key issue for future road
safety. However, performance to resume this manual control may be dependant of the driver’s level of
engagement in driving during AD. Indeed, according to the level of automation (from L2 to L3 of the
SAE), drivers will be in charge of monitoring the driving situation, or will be allowed to perform non-
driving related tasks (NDRT) and thus, to be fully disengaged of the driving task. In this context, the
present study aims to investigate the influence of the driver’s level of engagement/disengagement during
AD on takeover performance using a driving simulator. Four levels of engagement/disengagement were
studied: (C1) being engaged in driving situation monitoring without TakeOver Request (TOR) to resume
the manual control, (C2) being engaged in driving situation monitoring with a TOR to resume the manual
control, (C3) being disengaged of the driving monitoring by performing a cognitively demanding
secondary task with a TOR to resume the manual control, and (C4) being disengaged of the driving
monitoring in a relaxed position situation with eyes closed and with a TOR to resume the manual control.
Forty participants were performed sixteen critical takeover scenarios involving different critical takeover
situations. Drivers reaction times and collision risks were measured to assess their takeover performances
and to investigate the safety of automation levels 2 and 3. Driving situation monitoring with a TOR (C2)
induce shortest reaction times and a lower number of collisions. For the relaxed posture (C4), drivers took
longer time to react than the other three conditions. Driving situation monitoring without TOR (C1), had
the highest number of collisions. This suggests that the engagement in driving is not always effective and
efficient without TOR. Moreover, being in a relaxed position during automated driving decreases

takeover performance.

Keywords: Takeover Performance; Automated Driving; Driving Supervision; Reaction Time; Collision
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Introduction

Until today, car drivers have to be fully engaged in driving. Driving seems simple and intuitive, but this
task is in reality complex and cognitively demanding for the driver. In the future, thanks to technical
advances in automation, drivers may become less and less engaged in driving. Depending on the degree of
automation (SAE, 2021), drivers will have to monitor the driving situation (level 2, partial automation) or
will have the possibility to be engaged (level 3, conditional automation) in Non-Driving Related Tasks
(NDRT). Drivers may be less vigilant than in manual driving because they will no longer need to control
the vehicle constantly. Meanwhile, they may be engaged in a more or less cognitively demanding NDRT.
The meta-analysis by De Winter et al. (2014) indeed shows that drivers' situational awareness (SA) is
deteriorated with a Highly Automated Driving (HAD) or with Adaptative Cruise Control (ACC).
Furthermore, in the study by Dingus et al. (2016), observation of real-world driving revealed that crash risk
increased significantly when drivers' eyes were off the road for only two seconds. For the Level 3 of
automated driving, occupants will be able to take their eyes off the road not for a few seconds, but for

several minutes before they have to resume manual control of the vehicle.
Takeover Performance

In addition to having to monitor the driving or to perform NDRTs, takeover activities are new. Due to
unexpected situations, such as accidents or road constructions, the automation system can request to resume
the manual control of the vehicle in unplanned emergency TakeOver Requests (TOR). For this purpose,
takeover performance has been studied in recent years (Gold et al., 2018; Yang et al., 2018; Lin et al.,
2020). Most frequently characterized by the time and quality of takeover, the analysis of takeover
performance in critical situations is important and necessary for safety (Gold et al., 2013). Its performance
varies depending on many factors, such as the time available to takeover, the type of alarm or the

engagement in the NDRT (Zhang et al., 2019).
Takeover Request

At level 2 of automation, the system manages the lateral and longitudinal control of the vehicle while the
driver has to be engaged in driving situation monitoring. The driver must supervise the AD and be able to
resume manual control at any time without being asked to intervene, because the system is not always able
to detect its malfunctions or its limits. At level 3 of automation, drivers will be able to perform NDRTs and
thus will no longer be required to be engaged in driving supervision. This implies that the AD systems must

be able to detect all relevant limits and reliably return control to the driver by using a warning.
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It could therefore be argued that supervising the road constantly, as opposed to being disengaged from
driving monitoring, increases takeover performance because drivers have their eyes on the road and can

detect failures more quickly.
Out-of-the-Loop

On the one hand, research suggests that drivers may neglect their monitoring task (Banks et al., 2018) and
do not always respect safety requirements. Indeed, Boos et al. (2020) showed that drivers who were well
aware of their responsibility to supervise the road tended to neglect their supervision task, in part because
they were too confident in their system. On the other hand, when drivers performed NRDT while the system
was in AD, they were considered as not being in the driving control loop. Endsley et al. (1995) then
discussed the out-of-the-loop performance problem, leaving “operators of automated systems handicapped
in their ability to take over manual operations in the event of automation failure”, partly due to decreased
Situation Awareness (SA). Unlike L2 of automation, drivers will be disengaged from driving situation
monitoring for L3. When they have to take the control of the vehicle, they must collect information about
the environment and the situational risks in order to make an adequate decision and response to avoid an

accident, which requires time.
Non-Driving Related Tasks

Furthermore, many studies focused on NDRTs as a factor that influences takeover performance including
time and quality (Bueno et al., 2016; Gold et al., 2016). In particular, engagement in NDRTs has a
significant effect on the quality of takeover (Lee et al., 2021; Zeeb et al., 2016), especially if the driver is
engaged in the NDRT when a TOR is issued. Yang et al. (2019) also showed that a relaxed posture could

have a negative effect on takeover performance.

Obijectives and Research Questions

Using a driving simulator, the purpose of this study is to examine the effects of the level of engagement in
driving situation monitoring on takeover performances as well as the effects of engagement in NDRT. Two
research questions were formulated: (1) When engaged in driving monitoring, does TOR improve takeover

performances? And (2) when engaged in NDRT, does the state of vigilance affect takeover performances?
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Methods

Participants and Experimental Setup

Forty volunteers (20 males and 20 females) between 20 and 43 years old (M=26.9, SD=5.1) participated to
this study. Their body varied between 158 and 190 cm in height (M=174 cm, SD=8.1 cm) and between 47
and 108 kg in weight (M=70.85 kg, SD=14.5 kg). The local ethics committee approved the experimental

protocol. Informed consent was obtained prior to experiment for all participants.

This study was conducted using a static driving simulator composed of a steering wheel, three pedals, a
control panel and five screens in a semicircle and three mirrors are integrated. The vehicle automation was
simulated by the V-HCD software environment (Bellet et al. 2019). All data from the driving simulator,
including vehicle control commands and environmental information such as collisions, lane positions and

vehicle speeds, were recorded under the RTMaps software environment.
Scenarios and Experimental Conditions

16 scenarios were designed, taking place on a two or three lane highway at a cruising speed of 90 km/h for
a duration of 2 to 4.20 minutes and all end with a critical situation that must be controlled manually by the
vehicle occupant. For each scenario, the participant could either brake or change lane to avoid the collision.
The times available (Time Budget - TB) to takeover control and to avoid accident were short in order to
simulate an emergency situation (mean TB=4.2 s). Pre-tests were carried out to ensure that the TB was
short enough provide a challenging task in terms of manual control resuming, but not too short to allow the

participants to avoid the crash in case of a prompt and efficient reaction.

In order to investigate the influence of the driver’s level of engagement/disengagement during AD on

takeover performance, four test conditions were studied (Figure 1):

- Condition 1 (C1): Being engaged in the driving situation monitoring to decide to resume the manual
control without any TOR, implying a cognitively demanding task of supervision.

- Condition 2 (C2): Being engaged in driving situation monitoring but supported by a TOR when a
takeover is required, implying a supervision that is less demanding from the cognitive aspect.

- Condition 3 (C3): Being disengaged from the task of monitoring by performing a cognitively
demanding NDRT, implying a state of hyper-vigilance.

- Condition 4 (C4): Being disengaged from the task of supervision in a relaxed position with eyes

closed, implying a state of hypo-vigilance.
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For C3 and C4, participants experienced automated driving with 2 NDRTs. These two NDRTs were
selected to induce two opposite states of vigilance in the driver. First, the objective was to induce a state of
hyper-vigilance (C3) thanks to a game on a touch pad. The touch pad was placed on the dashboard in the
right of the steering wheel. Participants were asked to, as fast as possible, select the verbs (1 to 3) in the
infinitive form among 5 words in French on the pad in a given time. The difficulty level increased with less
and less time given for selecting right verbs as the game progressed. This task required a high level of
engagement in gaming. Participants had no time to observe the road environment before TOR, thus were

disengaged from the task of road supervision.

C4 corresponded to a state of hypo-vigilance (C4) where the participants were in a relaxed position with
their eyes closed. The seat was tilted back 40° for all participants and they were instructed not to open their

eyes until the TOR was present.

A same traffic scenario cannot be used to test more than two conditions. Sixteen traffic scenarios were all
different in order for participants to avoid learning effect. They were grouped into 4 blocks of 4 scenarios.
Combining 4 test conditions and 4 blocks of scenarios forms 16 combinations, allowing a group of 4
participants to test 4 conditions. Therefore, each block of 4 scenarios was played once for each test

condition, while each participant performed 16 trials (4 conditions x 4 scenarios).

Figure 1. Overview of the 4 tests conditions
Procedure

Before starting the experiment, participants were informed about the study and filled in a demographic
questionnaire. The driving simulator and its operation were then presented to them. A phase of training

with the simulator was first performed in manual driving. Then, before each test condition, participants
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performed two additional short trainings in order to be prepared and to understand how each condition
works. Finally, they performed 4 scenarios by condition. The experiment lasted about 3 hours (including 2

breaks) for each participant.
Takeover performance measures

In this study, TakeOver Time (TOT) was used to measure takeover performance. It was determined by the
interval from the TOR to the first action performed by the participant on the steering wheel, the pedals
(brake or accelerator) or one of the turn signals which will deactivate the AD mode. To measure takeover

quality, the number of collisions was considered.
Results

A total of 640 takeover situations (40 participants x 16 takeovers) were performed. Among these 640
scenarios, 10 were not correctly registered due to technical issues. Data was analysed therefore presented
from 630 observations. Regarding the first action to takeover control, 96.5% (608) of reaction concerned
the brake pedal use, 1.3% (8) the activation of a turn signal, 1.1% (7) depressing accelerator pedal and 1.1%
(7) the rotating of the steering wheel. Three different ways of takeovers were observed: 58.1% (366) of
situations were controlled by staying on the same lane, 28.7% (181) of the situations were achieved by

changing lanes to the left, and 13.2% (83) by changing lanes to the right.
TakeOver Time

Due to the short TB available in this experiment, the mean TOTs obtained were also very short (from 1.01
s for C2 to 1.41 s for C4). A repeated measures Analyse of Variance (ANOVA) was conducted on TOTs
for the four test conditions (C1 to C4), showed in Figure 2. A post-hoc Bonferroni test showed that
participants took significantly shorter time in C2 to takeover control than the three others conditions

(p<0.001).
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Accidents Analysis

Among the 630 situations, 139 accidents occurred. The mean TOTs when a collision occurred were
different from the mean TOTS in all situation. A repeated measures Analyse of Variance (ANOVA) was
conducted on TOTs, showed in Figure 3. A post-hoc Bonferroni test showed that participant took
significantly longer time in C1 to takeover control when a collision occurred than the three others conditions
(p<0.001). In addition, the highest number of accidents was observed in C1 (48 collisions) and C4 (40

collisions), followed by C3 with 27 collisions and C2 with the smallest number of collisions (24).

Discussion and Conclusions

The main objective of this study was to investigate the influence of the driver’s level of
engagement/disengagement during AD (partial and conditional automation) on takeover performance using
a driving simulator. We were interested in takeover time and in the collisions as a quality of the takeover
performance. Our results suggest that the TakeOver Request is very important in partial automation.
Without TOR, drivers take longer to react and have more accidents, which could indeed confirm that drivers
neglect their supervisory task (Boos et al., 2020) and perform worse in reacting to critical situations. It

appears here that the TOR positively affects takeover performance.

When participants were engaged in NDRT, we found no significant differences in TOT between hyper and
hypo-vigilant state. In contrast, the number of accidents was higher in case of takeover from a hypo-vigilant
state (40) compared to a hyper-vigilant state (27). This could be explained by the postural difference, since
according to Fitts's law (Fitts, 1954), the longer the distance between the hands and the steering wheel, the
longer the takeover task from a reclined posture. On the other hand, the fact that drivers have to be
cognitively engaged in the NDRT prevents them from being in a hypo-vigilant state and thus from being in
a state that is more favourable to taking control of the driving. It could therefore be accepted that the state

of vigilance has an impact on the quality of accident takeover.

Finally, when drivers are required to supervise driving without being alerted to a possible system failure,
the results show that they took about the same amount of time to regain control of the system as when they
were engaged in cognitively engaging NDRTs. In contrast, they had more accidents in the first case (48 vs
27). Results thus show the limits of human drivers' abilities to monitor L2 systems that might fail. A large
amount of additional data has been collected and remain to be analysed in the near future, as the time of the

eyes on the road, takeover quality, visual strategies, motor behaviours of drivers, etc.
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Abstract

This paper presents an early-design methodology to quantify vision obstruction caused by halo-type
cockpit safety equipment introduced into Formula One (F1) racing in 2018. The halo is a curved bar that
surrounds the driver's head over the cockpit opening and offers additional protection to drivers. However,
the halo's introduction has raised concerns over vision obstruction-related issues due to its vertical and
horizontal bars (pillar-like elements) sitting in front of the cockpit. This study assesses vision obstructions
by exploring the driver's forward field of view (FoV) based on the coverage zone analysis. This research
utilizes digital manikins inserted in a digital F1 racecar mockup to assess the effects of halo concept
variants on vision obstruction. The preliminary results showed that the vision obstruction was not only
affected by the halo geometry and size but also the orientation of the F1 car in different racetrack
segments. The methodology discussed in this study is critical for other early-stage product design and
development challenges, where designers demand "quick-and-dirty" ergonomics evaluation of vision

obstruction before building time-consuming and costly physical mockups.

Keywords: Preliminary Design, Human-Centered Design, Digital Human Modeling, Formula One,

Vision Obstruction

1. Introduction

Past incidents in Formula One (F1) racing have resulted in severe injuries and deaths due to a lack
of a cockpit closure. Advanced helmets have only provided limited protection to minimize the
threat of rollover crashes and high-speed projectiles hitting the driver's head. Current F1 race cars
have recently incorporated the halo safety device to mitigate the adverse effects of open cockpit
racing to protect the driver's head. The halo is a curved bar attached to the F1 car at multiple points.
It offers additional protection by surrounding the driver's head over the cockpit opening (Fig. 1).
The generic halo safety device is made of titanium, weighs around 6 to 10 kgs, and is designed
and manufactured by the Federation Internationale de 1'Automobile (FIA). Although the halo
device has brought an additional layer of improved safety to drivers, its introduction was
unorthodox as it went against the aspect of the open cockpit racing style by creating a canopy-like
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cockpit enclosure. In addition, the halo design has received controversial reviews among F1 drivers
and critics due to its potential to obstruct drivers' forward field of view (FoV) [1].

Mental and physical fatigue effects on a driver are known to be strenuous while operating
an F1 car. The added visual fatigue due to maintaining an intensely focused driving for the entire
race duration impacts the driver's overall performance. Hence, providing the driver with an
unobstructed field of view (FoV) is crucial for safety and performance. The halo design introduces
a narrower and more articulated vision through a semi-confined space, which can tax visual
performance. Some critiques have also expressed concerns that the vertical bars included in the
halo design may have compounding effects along with the sudden acceleration and deceleration
throughout the race [2,3].

Figure 1. Generic 2022 F1 racecar model with the stock halo (in red) located over the cockpit opening.

The development F1 racing car reveals that cost often restricts the battle to meet performance
requirements. The financial burden of prototyping and manufacturing costly bespoke physical prototypes
is excruciating even for F1 teams. When designing for human factors engineering (HFE), the vehicle
development process requires expensive mockups where any rework or retrofitting to correct ergonomics
errors adds to the overall time and cost. Thus, early in design, the lack of proactive ergonomics impacts the
final product's quality in terms of safety and usability, whether it's an F1 or a road-going car [5—7]. This
study proposes a computational design approach that integrates DHM with visualization techniques to
facilitate a "quick-and-dirty" vision obstruction assessment for concept halo variants.

2. Methods
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Since having adequate visibility is critical for the safety and performance of operating an F1 car, we propose
a preliminary design method to evaluate halo concept variants in terms of their performance in reducing
drivers' forward vision obstruction zones. This research proposes a proactive ergonomics approach for early
design concept evaluation of halo variants by integrating CAD, DHM, and VR (Fig. 2). The following
subsections elaborate more on the model and simulation development.

Figure 2. The methodology proposed in this paper provides opportunities to inject proactive ergonomics
early in design. It links human modeling with photorealistic and virtual reality techniques.

2.1 Development of CAD Models:

A generic F1 2022 car model was created based on guidelines proposed by Formula One Group (FOM),
which provides insight into the basic form and the development of body designs that are mandatory rules
for teams. We used these guidelines to replicate a 1:1 scale CAD model to accommodate different halo
concept designs (Fig. 3). Each halo model was created, modified, and adjusted to meet design requirements.
Along with the vehicle and halo models, we modeled two different racing scenarios (based on racetrack
segments) to illustrate cases where the opponent vehicle is blocked in the driver's vision by the halo. CAD
models of the racetrack segments were created by considering the track width, length, and elevation
changes. It is important to note that representing elevation changes in the CAD racetrack models was
essential since a portion of this study focused on creating photorealistic and virtual reality environments to
represent the racing scene with high fidelity (Fig. 4).
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Figure 3. Concept halo design variants implemented on a generic 2022 F1 racecar model.

Figure 4. A simplified 3D CAD model of the Circuit de Spa-Francorchamps racetrack (La Source and
Eau-Rouge segments) used in this study includes realistic elevation changes and track camber.

2.2 Digital Human Modeling Simulation Setup:

Prior research shows that incorporating HFE design principles in the early-stage design process can
positively impact user interaction and the overall quality of products [8,9]. Applying proactive ergonomics
with the aid of digital manikins enables engineers to discover potential design errors that can be identified
and fixed before the physical prototyping process starts [10,11]. Further, in this study, we hypothesize that
DHM-based design that combines high-fidelity models of the products and their use environments can help
increase the success of injecting proactive ergonomics during early-stage design.

In this research, we created a computational representation of the racing environment, including
the vehicles, racetrack, driver manikins, and environment objects, illustrating a simulation environment
comparable to the real-life scenario. The integrated design framework proposed in this research intends to
push the boundaries of traditional DHM what-if scenarios and extend the fidelity of early design
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assessments. This study uses a 3D model of the Belgium Circuit de Spa-Francorchamps racetrack, including
realistic elevation changes and track camber (Fig. 4). We selected two segments from the racetrack: (1) the
Eau-Rouge straight and (2) the La Source right-turn hairpin. These segments represent scenes of the
racetrack where drivers are involved in overtaking maneuvers that require heavy vision concentration.

A 50th percentile male from the Anthropometric Survey of US Army Personnel (ANSUR) manikin
database representing an F1 driver was seated inside the generic 2022 F1 cockpit. The manikin's head/neck
joint (atlanto occipital) was adjusted based on a vision target (coverage plane) representing another F1 car
ahead (Fig. 5). The posture represents typical scenarios of high-speed maneuvering of corners and the effect
of cornering on the driver's posture. Meanwhile, another F1 car is situated on the track where it has stopped
directly ahead by the distance covered in one second. For example, the F1 car is expected to enter the corner
at 300 km/h and exit at 180 km/h. In the event of a mishap at this corner, the driver's reaction time demands
less than one second. If this sub-second reaction time is missed, the driver will directly collide with the
vehicle placed roughly 80 meters ahead immediately.

In this DHM study, the vision obstruction due to the presence of the halo design was measured using
the coverage zone analysis in Siemens Jack software. The ray-casting-based vision analysis toolkit within
Siemens Jack software was used for exploring vision obstructed by the pillar elements of the halo design
(Fig. 6). While designing the DHM approach is superior in quantifying vision obstruction based on rough
CAD and environment models, it lacks mimicking actual racing conditions. The absence of high-fidelity
information regarding the use environment causes perception-related data only partially represented in
DHM platforms. To overcome these issues, DHM models were imported into high-fidelity visualization
(photorealistic and virtual reality) software to improve early design capabilities.

Figure 5. Head forward view of the driver with the stock halo used in coverage zone analysis.
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Figure 6. The image illustrates the coverage zone analysis performed in the 2022 F1 model with the thin-
bar halo design. The area of the target plane (represented with dash lines) shaded in green represents the
rays blocked by the vertical bar.

2.3 Photorealistic and Virtual Reality Environment Setup

Our current paper only focuses on the design and analysis efforts up to the photorealistic and virtual
environment study. Our photorealistic (Fig. 7) and virtual reality (Fig. 8) studies are currently under
development and will enable us to investigate the perception/cognitive aspects of the halo vision
obstruction.

Figure 7. Photorealistic models and screenshots of the Spa racetrack from the VR environment.



7th International Digital Human Modeling Symposium (DHM 2022) Paper 9 - Srinivasan et al

STOCK DOUBLE-BAR

THIN-BAR V-BAR

Figure 8. VR mockups of halo concept variants from the driver’s point of view along with the high-
fidelity visualization of the track segments.

3. Results

In this case study, we used coverage zone analysis to compare four halo concepts (illustrated in Fig. 3) in
two track segments (La Source and Eau-Rouge) to measure percent visibility. The initial DHM assessments
showed that the double-bar (100%) and v-bar (100%) halo models provided better visibility of the opponent
vehicle when in the trough of Eau-Rouge on the Spa circuit. In contrast, stock and thin-bar designs only
resulted in lower percent visibility, 32% and 75.4%, respectively. Likewise, the single wide central pillar
design found in the stock (100%) and thin-bar (100%) halo variant models provide better visibility of the
opponent vehicle during the La Source right-turn hairpin of the Spa circuit. In contrast, double-bar and v-
bar designs yielded 84.6% and 55.4% visibility. These results indicate that the percent visibility of the
forward field of view (FoV) vehicle varies based on the shape and size of halo designs and the track
segment. Thus, no single design provides high visibility in both conditions. Different halo concept designs
work differently based on track conditions and racing scenarios.
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Figure 9. Visibility assessments (provided inside the callout bubbles) based on coverage zone outcomes
indicate percent visibility in each scenario per halo concept variant.

4. Discussion and Conclusions:

While DHM simulation results are considered favorably for early design purposes, the simulation outcomes
obtained in this study provide a limited understanding of vision obstructions caused by halo concept variants
in F1 racing. The ray-casting approach used in coverage zone analysis utilizes static images on a 2D target
plane, which lacks fidelity. There is a need to consider the effects of halo structure on human vision beyond
investigating motion in 2D. Also, further development in DHM vision analysis should include factors such
as perspective and depth of field.

There is also a need to replicate the dynamic nature of the simulation environment in DHM and
VR studies to increase the fidelity further. Overall, integrating DHM and VR early in design allows the
creation of a design feedback loop that minimizes the necessity of physical prototype testing and evaluation.
Experiments for fit and feel using the VR setup would allow for a more robust design evaluation method
by keeping humans (drivers) in the loop, which we plan to explore in our future studies.

Even with the introduction of dynamic driving simulation and advanced VR techniques, it remains
challenging for any driver to identify and detect objects hidden behind the halo zone. Further research is
needed to investigate halo variants that further minimize the obstruction zones. Models that use topology
optimization and generative design techniques can help designers develop see-through zones (cut-out
sections) on halo structure, which enables improved forward FoV.
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Abstract

Accidents between vulnerable road users and trucks have been linked to the inability of drivers to directly
see the areas in close proximity to the front and sides of the vehicle cab. The lack of direct vision is
mitigated through the use of mirrors. The coverage requirements of mirrors are standardized in a UNECE
standard. Direct Vision for trucks is not currently standardized in any way. Research by the authors
identified key requirements for a Direct Vision Standard (DVS) which was subsequently designed. The
method used to quantify direct vison measures the volume of space that is visible, of an assessment
volume around the vehicle cab, from a driver's eye point. The result is a volumetric score in m?. This
standard is now being applied in London, England, and a UNECE version is in development. This paper
describes how DHM was used to provide a measure of real-world performance which correlates to a high
level with the volumetric score, and an automated version of this process that is being used in the UNECE

version.

Keywords: Blind spot, collision, regulation, safety.
Introduction

This paper reports the development of methods for quantifying direct vision from heavy good vehicles.
Whilst there has been general improvement in road safety the UK, there has been an increase in collisions
between Vulnerable Road Users (VRUs) and Heavy Goods Vehicles (HGV, category N3, with a gross
weight in access of 12 tonnes.). Research has identified that the number of accidents occurring is
disproportionate to the number of HGVs on the road and identified specific scenarios in which accidents
are most likely to occur (Talbot 2014, Cook 2011, Summerskill 2019a). In Europe over 4000 VRUs are
killed or seriously injured in collisions with HGVs each year. The size and location of blind spots in
direct vision of the HGV driver caused by the height and structure of the vehicle has been the focus of
multiple research projects and papers. The height of the HGV driver’s eye point above the ground plane
can be in excess of 3m for European vehicle designs. Therefore, direct vision is not possible for large

areas in close proximity to the cab. Figure 1 shows a typical long haul design which can obscure the direct
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vision of the a large number of cyclists from a single eye point. The inset image shows the view from the

driver’s eye point that was derived from the methods reported in Reed (2005).

Figure 1. From the defined eye point, none of the cyclists can be seen using direct vision.

In Summerskill (2015a) a blind spot was reported which existed between the volume of space visible to a
driver through windows (direct vision) and the volume of space visible through mirrors (indirect vision).
The identification of this blind spot led to the revision of UNECE regulation 46 which improved the
coverage of the Class V mirror (UNECE, 2015). Further work has been reported in Summerskill (2015b)
to examine and measure blind spot locations for all sides of 19 European HGV cab designs. The findings
of this work indicated there were multiple factors in the design and use of HGV cabs that potentially
contribute to the size and location of blind spots for HGV drivers. These included the height of the
driver’s eye point above the ground, the position of the driver in relation to the front and sides of the cab

and height of the windscreen and lateral window bottom edges with respect to the driver’s eye point.

This is mitigated for by the use of six standardized mirrors which must meet the coverage specification of
UNECE regulation 46 (UNECE, 2015). The use of six mirrors and multiple windows produces a
minimum of nine ‘viewports’ that must be scanned to enable situational awareness of the areas in close
proximity to the vehicle cab in urban environments. Mole (2017) examined this situation in a simulator
study and determined that when comparing the use of direct vision and indirect vision to identify VRU’s,

indirect vision use increased the reaction time of HGV drivers by 0.7 seconds. This, combined with the
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findings of Summerskill (2015a) led to the definition of a requirement for a direct vision standard by the
authors. The aim of the direct vision standard was to determine a minimum direct vision requirement for
HGVs to be used in urban environments, and therefore foster safer cab designs which refine direct vision
capabilities in future vehicles. This direct vision standard uses DHM and CAD methods to accurately
measure the direct vision performance of a cab design. This is achieved by placing an assessment volume
around the vehicle determining the volume of the assessment volume that can be direct seen from a
predefined set of eye points (Summerskill, 2019a and 2019b). Figure 2 shows the keys stages of this
process. The test produces a volume of visible space that can be split into the views provided by the
windscreen and lateral windows. The result is presented in m3. However, it is clear that it is difficult to
determine what a minimum requirement is for the volume is in isolation as a value of 12.4m? is a difficult
measure to relate to real world accident scenarios. This paper presents the method that was used to
quantify the volumetric scores that were produced for the 56 vehicle variants that were included in the
sample. The method described in Summerskill (2019a) has now been adopted in a direct vision standard
which applies to all vehicles entering London. A minimum direct vision requirement of 10.04m? has been

defined.

1.602m

Im to rear
of eyepoint

Figure 2. The key stages of the process used to measure the direct vision performance of HGVs

Methods
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The following section describes the methodology used to explore the issue of quantifying the volumetric

scoring system.
Sample of vehicles

The project that defined the DVS was funded by Transport for London (TfL), the organization that runs
the public transport and road network in the UK capital. TfL built a working group which included all
major European HGV manufacturers. The specification of European vehicles in terms of engine size and
suspension type can lead to a wide variability in the driver height above the ground plane. One example
vehicle that was analyzed in the project had a cab mounting height range of over 800mm. This issue
needed to be accounted for in the definition of the sample. In order to address this each manufacturer was
asked to provide CAD data for the cab designs, and data on the absolute maximum and minimum height
at which the cab can mounted based upon component specification. Therefore two variants were tested for
each of 28 different designs, leading to a sample of 56 vehicles. This covered over 98% of the vehicle cab

designs sold in the UK.
Accident scenarios considered

A review of accident data in the UK was performed to determine which are the most common accident
scenarios. This resulted in the identification of two scenarios which accounted for 90% of accidents in the
UK. These were, a vehicle pulling away from a crossing point and hitting a pedestrian that was not seen,
and cyclists colliding with HGVs which are turning left, with the cyclist on the passenger side of the

vehicle. The detail on the accident statistics analysis can be seen in Summerskill (2019a).
The definition of the driver eye points to be used for the projection of volumes and viewing VRU locations

The definition of the eye points used in the DHM simulations has been detailed in Summerskill (2019b).
It involved the definition of a common H-point envelope by combining data from all vehicle designs,
determining a common achievable H-point. An offset was then produced from the H-point to the front eye
point using an average of Dutch, British, German, Italian and French 50"%sile Drivers with 90:10 male
female ration. The left and right eye points were then determined by a rotation based upon UNECE
regulation 125.

Design of the assessment volume

The concept of defining a volume of space around the vehicle and determining how much of that volume

can be seen was defined in the proposal for the project work. The actual size and shape of the assessment
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volume was determined as part of the project. A number of alternatives were considered in the design of
the standard (See Appendix B in Summerskill, 2019a). The end result shown in Figure 2. The rationale
for the final assessment volume is that direct vision should, where ever possible, allow the volume of
space that is currently visible through indirect vision (mirrors) to be directly visible to drivers. Hence, the
assessment volume in plan view covers the same area as the mirror coverage zones defined by UNECE
regulation 46. That is, 2m to the front of the vehicle, and 4.5m to the passenger side of the vehicle. Whilst
accidents to the driver side of the vehicle account for 10% of accidents between VRUs and HGVs, and
direct vision is generally good in the area due to the proximity of the driver the driver’s window. With no
other evidence found for the definition of a specific value, the area to the driver’s side matched the
distance from the front, 2m. The height of the assessment volume was defined by the shoulder height of

the 99M%ile Dutch Male (the tallest population in the world).
Methods for quantifying the minimum volume requirement for urban environments

The research performed in Cook (2011) and Summerskill (2015a) used DHM simulations of VRUs, and
determined the distance from the sides and front of the cab at which those VRUs could be hidden from
the driver’s view. This was a model that was followed in the work to quantify what a particular
volumetric score means in terms of a real-world accident scenario. The hypothesis was that the distance at
which VRUs can be visible from the side and front of the truck could correlate with the volumetric score
for each cab design assessed. However, some modification to the method were required. In this case it
was important to determine the distance at which a VRU could be seen, whereas the previous methods
measured to the point at which they just invisible. A review of the literature was performed to try and
determine how much of a VRU should be visible to allow recognition, but none was found. Therefore, an
approach was taken which linked to the data gathered in surveys of pedestrians by TfL. This highlighted
that making eye contact with a driver was seen as important by pedestrians as it gave some assurance that
their presence had been noted. The solution was determined to be that the driver should be able to see the
head and shoulders of the VRU simulation. The size of the VRU simulation was a great source of debate.
The accident data showed that collisions with children were rare, and that elderly people were more likely
to be involved in the pedestrian scenario. This led to an adult population being selected. The smallest
population in Europe is the Italian Females (Peebles, 1998). Italian females with a stature of 5"%ile weere
selected for the VRU simulation as this allowed over 95% of the adult European population to be visible
to the driver for a vehicle that passes the minimum requirement. A rig of VRU simulations was created in
the DHM system which were arranged around the vehicle in a predetermined manner as shown in Figure
3. The was based upon the position of VRU simulations in Summerskill (2015a). The two VRUs closest

to rear of the cab shown in Figure 3 were located in the X axis by an offset of one body width from the
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forward eye point. The ten lateral VRU simulations were then moved in the Y axis until their head and
shoulders were visible from the predefined eye points. The front three VRUs were located in the center of
the HGV cab and at the lateral extents of the cab, and were again moved in the X axis until their head and
shoulders were visible from the predefined eye point. The aim was to determine the quality of the
correlation between VRU distance and volume. Nine VRU simulations were initially considered, but this
was increased to thirteen as this improved the quality of the correlation between VRU distance and

volumetric score.

Figure 3. The arrangement of the VRU simulations and the view from the eye point used to determine the

VRU location where the head and shoulders were visible

Results

Figure 4 shows the results of the volumetric and VRU distance scoring of each of the design variants
included in the sample. The correlation between these measures is 0.97 using Pearson’s test, where a
value of 1 is a perfect correlation. Values above 0.5 are considered to be strong. As discussed, other

versions of the assessment volume were tested, including a much larger assessment volume, and a version
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result shown in Figure 2 provided the best differentiation between the vehicle designs and was considered

the superior method due to the design of the assessment volume.

Figure 4. Graph showing the correlation between VRU distance and volumetric score for each cab design

With a good correlation achieved the method was seen as sufficient for defining the minimum volumetric
requirement by consideration of the acceptable distance at which VRUs can be seen from the side and
front of the HGV. The TfL working group was involved in the decision of how to define the minimum
requirements for direct vision. The rationale was that should not be a situation in which a VRU can be

located around the vehicle, and not be seen in either direct or indirect vision. Figure 5 shows such a

situation.

Figure 5. A situation in which the VRU simulation cannot be seen by the driver in either direct vision

though windows or indirect vision through mirrors
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This equates to a maximum average VRU distance of 2m to the front of the cab, 4.5m to the passenger
side and 0.6m to the driver’s side. A Vehicle was identified which had VRUs distances at these values or
better. The volumetric performance of this vehicle defined the minimum volumetric requirement for the

direct vision standard, with a total visible volume of 10.4m?
Discussion and Conclusions

The methodology that has been defined to quantify volumetric performance with a test that shows the
real-world implications has been successful. There is a high correlation between the two methods of
measuring direct vision. The CAD based approach allows the effect of design changes on direct vision to
be quantified in an accurate manner and the VRU distance measure provides context for what a volume
score means. As can be seen in Figure 4, the majority of the vehicles in the sample are unable to meet the
minimum requirement 10.4m?3. This means that VRUs can be obscured from direct vision at a distance
beyond the mirror cover zone, creating a blind spot. The original announcement of the Direct Vision
Standard by the London Mayor included a policy of banning HGV designs which did not meet the
minimum direct vision requirement. However, the poor performance of the fleet was unexpected and an
impact assessment of banning such a large proportion of the vehicle fleet showed that the economic
impact would be too severe. Therefore, TfL. defined a system of safety measures which would need to be
fitted to any vehicle not meeting the minimum requirement. Interest in the DVS increased from cities in
Europe and the USA where HGV-VRU accidents were also increasing. The research team supported
TfL’s lobbying efforts of the European Parliament, which added to the calls for a DVS for all HGVs. This
policy was adopted by the EU in 2019 (EU, 2019), and subsequently the research team has been
supporting the development of a UNECE standard for all HGVs in Europe. The UNECE DVS adopts the
methodology defined by the authors in its entirety, with modifications that increase the minimum direct
vision requirements and specific minimum to each side of the vehicle. This new standard will finally be
adopted in November of 2022. The minimum requirements for direct vision will be applied to all vehicles
from 2026, and all vehicles by 2029. A substantial proportion of the European cab designs will need to be
redesigned. An impact assessment funded by the European Commission (EC, 2015) states that the DVS
should save 550 lives per year in Europe by reducing the size of HGV blind spots.
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Overview of software and file exchange formats in 3D and 4D body shape scanning
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Abstract

3D body scanning is well known in various application areas such as medicine, automotive, sports, clothing,
product design and gaming. These models have some limitations in that they are unable to capture dynamic
poses that can provide more information about real-time tasks and interactions with a real-life object,
machine or environment. As a result, in the literature, to provide a more realistic movement of static shape
models, researchers provided an idea of attribute kinematic capturing or "skeletal animation" as Biovision
Hierarchy (BVH) file using a wearable inertial mocap system applied to a 3D statistical shape model,
obtaining a "moving statistical shape" using exchange format in open source software like Blender. But in
this case, the attribution was not a perfect attribution of the real-time capturing of a dynamic 3D body shape
in real-time Nowadays, 4D body scanning can perform 4D measurements in real-time of dynamic body
shape without using any wearable inertial mocap system that can occlude the scanning surface and represent
a comfortable solution without influencing the performance of the user. In addition, 3D and 4D can be used
in open and closed source software using specific file exchange formats for modeling and animation or
interaction and integration with other devices, e.g., synchronization with pressure mat and force platform.
In particular, open-source software represents a more intuitive, fast and inexpensive platform for
performing animation, modeling, and file exchange formats in a multidisciplinary approach. Based on the
previous assumptions, in this study, we will provide an overview of open and closed source software along
with file exchange formats in 3D and 4D body scanning, looking at the advantages and disadvantages of
their use in different fields of applications. Future research will focus on studying the interoperability of
data interchange formats utilizing 4D scanning technology, with an emphasis on developing and validating

a methodology using a universal skeleton capable of representing and rigging a real population capture.
Keywords: body scanning, dynamic anthropometry, file exchange formats, DHM
Introduction

Digital anthropometry appears with the first 3D body scan device, arise in 1987 with the Loughborough
Anthropometric Shadow Scanner (LASS), as an advanced solution to digitally measuring three dimensional

body shape, substituting traditional anthropometry based on the identification of anatomical points
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(landmarks) by palpation, which requires calipers or tape to take measurements (Brooke-Wavellet, Jones,
West, 1994). Bartol et al. (2022) recently reviewed the body measurements using 3D scanning, focusing on
describing the 3D scanning technologies, the body measurements, and their extraction and classification.
While Heymsfield et al. (2018) presented a critical review of digital anthropometry, describing the
techniques and the field of applications. However, from these reviews emerged the software used and the
problematic issues related to the compatibility and interoperability of exchange data formats between
software and a standard procedure of introducing or exporting them starting from survey databases. Indeed,
the emergence of 3D body scanning technology around 2000 created the need to examine population
variability between countries. The first survey appeared in 2000, entitled "CAESAR database", covering
the USA (Cyberware) and part of Europe (NL and Italy, Vitus pro). This was followed by a survey from
UK (Size UK, 2001-02, TC2), Japan (2004-10, Voxelan LPW-2000 Hamano engineering), France (2003-
04, Vitus smart), Korea (Size Korea 2003-04, 2010, Cyberware and Hamamatsu), Romania (2007-09, Vitus
Smart), Thailand (2007-2008, TC2), Spain (2007-2014, Vitus smart), Germany (2007-09, Vitus smart),
India (2009-2010, Vitus smart), Brazil (2012, TC2 ), Belgium (Smart Fit, 2013, SYMCAD II TC2), Italy
(2012-2013, Vitus pro), Portugal (2014, TC2 ), China (2018, Vitus smart), (Alemany, Ballester, Parilla,
2019). The databases use different body scanners and, consequently, different output data formats that are
decided by the proprietary body scanning companies, limiting the interoperability. It appears that each body
scanner tool is using a different data format such as: PLY, OBJ, WRL and STL, see Table 1.

Table 1. 3D body scanners (S), their light sources system (LS), and their data exchange formats (D).

S Cyberware | Vitus | TC? Hamamatsu SYMCAD II Voxelan LPW-2000
Pro TC? Hamano
Body Line . .
and Engineering
Smart
LS Laser Laser | White | Infrared light White light Laser
light
D PLY OBJ, | OBJ, PLY OBJ, STL, PLY PLY
STL | STL

Consequently, it is necessary to study the interoperability of the data formats, especially when we are using
the 3 dimensional body shape (DHM) file for importing and exporting in open and closed software programs
(DHM tools) for successive elaboration. But in 2004, digital anthropometry was evolving with the evolution

of the 3D scanning techniques (Werghi, 2007; Fan, Yu, & Hunter, 2004) that were able to map digitally the
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3D geometry of the body surface in 4D scanning techniques (Liberadzki, Adamczyk, Witkowski, & Sitnik,
2018) where the geometry was evolving in time, adding a 4th dimension: time (Nowak & Sitnik, 2020). In
2004, 3dMD introduced the dynamic 4D system that captures the body in 1.5 milliseconds with dense
markerless surface tracking (400 plus points), (John Tzou, Artner, Pona, Hold, Placheta, Kropatsch, Frey,
2014). While, in 2019, the Biomechanical Institute of Valencia introduced the 4D scanning device,
Move4D, that delivers noise and artefact-free watertight dense mesh (99k triface) per frame (up to 180fps)
with a spatial resolution of Imm. One sequence's 3D models can be provided with point-to-point
correspondence (50K landmarks) and rigged (23-joint skeleton), according to Parilla et al. (2019). 4D
scanning technology with respect to optoelectronic systems is able to capture the movement without using
any markers attached to the body, providing free natural movement with no contact, especially during
COVID time. This possibility ensures maintaining distance and the deployment of less operators in the lab.
In addition, the 4D scanning device can be synchronized with other biometrical signals without interfering
with other optical sets, permitting the synchronization of 4D scanning technology with for example force
plate signal for measuring postural control or gait, as it is possible in traditional standard optoelectronic
motion capture systems. The processing software used in this technology is based on deep learning and a
data-driven body model that includes shape, position, and soft-tissue deformation. The system exports PLY,
OBYJ, and FBX files, but not yet a BVH file. Furthermore, studying 3D body shape, soft tissue deformation,
and texture in motion using high-resolution photogrammetric cameras opens up a new pathway into human-
system and environmental interaction for personalization and customization in a variety of fields of
application, including medicine, sport, clothing, automotive, and product design. In this scanning evolution,
we are passing from using 3D scanning for animating DHM during different activities (functional measures)
to capturing measurements during movement (dynamic measures), (Gupta, 2014). In both situations, we
are reproducing a movement that requires additional data formats such as FBX files as in the case of the
MOVE 4D device to track the vertices along the motion frames or rigging as association of the skeleton
(bones) animation of an OBJ file using motions described in a BVH file that comes from an external device
as an inertial mocap wearable system integrated into open source software (Scataglini, Danckaers,
Haelterman, Huysmans, & Sijbers, J., 2018). According to the previous assumptions, the authors present
an overview of exchange data formats in 3D and 4D scanning, considering open and closed software for

DHM simulations.
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Methods and Results
Data formats

Data formats can contain geometry, or texture and material information, a scene, rigging for animation, and
encoding for animation. In this review we are selecting data formats that are used in 3D and 4D body
scanners, such as OBJ, PLY, STL, FBX, and BVH (McHenry & Bajcsy, 2008). The OBJ (Wavefront
Object) is an open file format that contains the geometry, specifically, the vertex position, the UV positions
of each texture coordinate vertex, vertex normals, and the faces that make up each polygon, expressed as a
list of vertices and texture vertices. By default, vertices are kept in counter-clockwise order, making explicit
specification of face normals unnecessary. Although OBJ coordinates lack units, OBJ files can include scale
information in a human-readable comment line. While the Polygon file format (PLY), also known as
Stanford Triangle Format, contains three-dimensional data from the scanner that is described as a group of
polygons. However, the PLY format can be used to specify color, the specification's core element list does
not include capabilities for describing material properties, shading, or the usage of images to define surface
appearance. The STL file is a file format known as "standard triangle language or standard tessellation
language" that is used more for 4D prototyping, 3D printing, and computer-aided design (CAD). The STL
represents the surface of objects as a mesh composed completely of triangles, which is only sufficient for
elementary geometry. A higher model resolution necessitates a bigger number of triangles, increasing the
file size nearly tenfold. While OBJ contains several polygons in a single file and allows for exact surface
encoding. Instead of facet forms, surfaces can instead be specified by Non-Uniform Rational Basis Splines
(NURBS) patches, resulting in a considerably smoother and more realistic depiction. Nevertheless, this
comes at the expense of bigger file sizes. OBJ, on the other hand, comprises several polygons in a single
file and enables precise surface encoding. Surfaces can be described by NURBS patches rather than facet
forms, resulting in a much smoother and more realistic representation. This, however, comes at the expense
of larger file sizes. While its FBX (Filmbox) format comprises geometry, animation, and scenes. Although
the FBX file format is proprietary, the format definition is available in the FBX Extensions SDK, which
includes header files for FBX readers and writers (Peters, Wischniewski, Paul, 2019). Regarding the motion
data, Biovision Hierarchical Data (BVH file) developed by motion capturing company Biovision contains
two parts: one that describes the hierarchy and initial pose of a skeleton and a second part with motion data.
In this case, the skeleton that is used for rigging and animation comes from devices such as wearable inertial
mocap systems that have the number of joints that are configured by the company itself. It means that it can
differ from company to company in the number of joints of a skeleton of a wearable mocap system, affecting

not only the quality of the rigging and animation but also the compatibility, (Paul & Scataglini, 2019).
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Open and closed source software for animating the 3D shapes of digital humans

In this section, we are collecting all the software open source (OA) and not open source (N-OA) with
relative data formats that are used for elaborating body shape data for different purposes in different fields

of application.

Table 2. Open (OA) and closed source software (N-OA), their website and exchange data format (D)

Name Website (OA) and D
(N-OA)
3ds Max https://www.autodesk.be/ N-OA STL, OBJ
Blender https://www.blender.org/ OA FBX, OBJ,
PLY, STL
Cinema 4D https://www.maxon.net/en/cinema-4d N-OA FBX, OBJ,
STL
Clara.io https://clara.io/ OA OBJ, PLY,
STL, BVH
Daz Studio https://www.daz3d.com/daz_studio OA OBJ, FBX
IClone7 https://www.reallusion.com/iclone/ N-OA BVH, FBX,
OBJ
Maya https://www.autodesk.fr/products/maya/ N-OA OBJ, STL
Unity https://store.unity.com/ N-OA FBX, OBJ

Importing different data format and 4D scanning in Clara.io

In order to test the interoperability of the data formats coming from 4D scanning, an FBX file
representing a subject that is walking was imported into Clara.io open software. The file shows
only the rigged 23 joints skeleton but not the body mesh. Therefore, to understand the
interoperability of BVH file, we decided to import the BVH file of wearable motion capturing

system as Yost Labs (17 joints skeleton) and Xsens (22 joints skeleton) into Clara.io, see Figure


https://www.maxon.net/en/cinema-4d
https://www.daz3d.com/daz_studio
https://all3dp.com/fr/1/meilleur-logiciel-animation-3d-software/#maya
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1. All the skeletons can be used for rigging and animation of body shape, but one of them comes from a 4D
scanner (MOVE 4D, IBV, Valencia). As a result, we can see that a universal skeleton that is used for motion

capturing does not exist.

Figure 1. Importing of two BVH files coming from Xsens and Yost Labs wearable mocap systems and a

FBX file from 4D scanning for Move4D in Clara.io.
Discussion and Conclusions

In marker-based movement analysis, markers are positioned on the body for the estimation of the joint
positions and, consequently, the movement. In 4D scanning, without using any markers, we can identify
the vertex of the homologous mesh (Karoui, M.F., Kuebler, T. (2019) that represents the same position as
a marker-based movement analysis system to identify and calculate the joint positions (Faisal, Majumder,
Mondal, Cowan, Naseh, & Deen, 2019). If we compute the structure of the skeleton using the kinematic
approach with the vertex of the homologous anatomical points, the joints that we obtain are different from
the joints that are used in the rigging. As a consequence, we have two skeletons that have the same structure
of bones and joints but the position is different. The animation obtained with the traditional optoelectronic
system respects the animation obtained using the inertial measurement system, which is different. The two
models are obtained in different ways: one is based on the markers positioned on the body to identify the
structure, while the other is based on the inertial sensors positioned in different locations to animate the
mesh. Accordingly, it is necessary to have a universal skeleton (Wu & Cavanagh, 1995) that can be used

internally for the rigging and externally from the vertices of the 3D mesh that communicate in a data format
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such as the BVH file. Therefore, in DHM, one of the problems that we are encountering with the
introduction of the 4D scanning technologies is not only related to data formats but also to skeleton formats.
In inertial wearable measurement systems such as Xsens, the positions of anatomical landmarks are not
measured directly as in optical mocap systems (Roetenberg, Luinge & Slycke, 2009), but calculated using
the measured segment kinematics in combination with the anatomical model (Mavor, Ross, Clouthier,
Karakolis, & Graham, 2020). Sfalcin et al., 2019 compared an optical system with two inertial full mocap
measurement systems (Xsens and Perception Neuron) using Jack ™ found errors in joint kinematics. The
Xsens system reduced this error. However, the authors suggest using optoelectronic traditional systems for
their accuracy respecting the inertial measurement units, especially when the animation is used for
ergonomics assessments. Indeed, if we are animating a static file, for example, in Blender, we are losing
the potential of the scanner that is capturing the external 3D shape in each frame of the movement. If we
are comparing the same frame animated with the rigging in Blender with a 4D scan, then we can see that
the surface of the body is different. The solution should be to use exchange data that can combine the
rigging animation that is more "artistic" with a real scan using 3D in a real way. Scataglini et al. (2019)
animated a static mesh from the CAESAR database in Blender using a BVH file obtained from the inertial
measurement mocap system Xsens without using an optoelectronic system. However, no comparison in
accuracy of the animation using the rigging from Xsens and optoelectronic systems was studied,
representing a limitation. As a result, future research will focus on studying the interoperability of data
interchange formats utilizing 4D scanning technology, with an emphasis on developing and validating a

methodology using a universal skeleton capable of representing and rigging a real population capture.
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Abstract

Anthropometric data can be measured manually, through traditional methods, or obtained from a 3D body
scan. In both cases, anthropometric dimensions are measured in a static posture (e.g. standing, sitting)
however, people interact with products and environments in movement. Anthropometry applied to the
ergonomic design of spaces (e.g. workplace, cockpits) includes measurements of reaches and considers
dynamic anthropometry, that is the functional ranges of movements of the limbs. In the case of wearables,
products that are worn in contact to the body (e.g. clothing, protective gear), the variability of the shape
and dimensions during the moment is crucial information to achieve a good fitting, comfort and

performance.

The appearance of new 4D body scanning technology enables the generation of digital human models in
movement which reproduce the actual body shape in motion. Anthropometry in movement is a new
category of body metrics that can be obtained from a sequence of scans. In this paper, the variability of
eight anthropometric dimensions (neck to waist length, back length, arm length, thigh girth, crotch length,
arm girth, waist girth and hip girth) is analyzed in different movements. For this purpose, ten subjects,
with a variety of morphotypes, have been measured performing different movements using a 4D scanning
system. The methodology to process the sequence of body scans is described to obtain automatically
anatomical references of the anthropometric measurements along the movement. The results presented
show the evolution of the eight anthropometric dimensions during the movement for the different subjects
and movements. The mean ranges of variation are also reported and can reach values between 2-14 cm
that will be relevant information for wearable design. Anthropometric dimensions in movement is a new
body metric that require further research to establish new protocols, better anthropometric definitions and

the creation of new datasets.

Keywords: Anthropometry, 4D body scanning, dynamic anthropometry, body scanning in motion

Introduction
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One of the main applications that drives advances in anthropometry and body shape modeling is the
industry of wearables, understood as a product that is worn in direct contact with the body (e.g. personal
protective equipment, clothing, exoskeletons). For those fields, there is a demand of advanced technics of
body measurement, such as new protocols and advanced scanners, with the aim of ensuring an
appropriate fit and comfort and to optimize product performance. The use of traditional manual
techniques, have been widely used to obtain heights, widths, lengths or circumferences through the
definition of anatomical points in static postures described in several standards (ISO 7250-1:2017, 2017;
ISO 8559, 1989). Also, the appearance of conventional 3D body scanners permitted new ways of
capturing the shape of the body (Daanen & Ter Haar, 2013). However, the common use of this
technology consisted basically of measurement extractors, and the potential was not exploited to their
maximum (Ballester et al., 2014; Robinette, 2012). Several authors study new body measurements in
extreme postures with the objective of achieving better fit and performance of protective and sports
clothing (Braganca et al., 2016; Klepser et al., 2020b; Masaaki Mochimaru, 2010). Scanning in cycling
postures for the study of aerodynamics (Garimella et al., 2019) or, scanning in driving postures as part of

the design of car interiors (Reed et al., 2014).

In the field of ergonomics, there are numerous software with specific packages for ergonomic applications
which uses anthropometry. The data are re-scaled according to stature or weight to build body models of
different populations and morphotypes (Rajesh & Srinath, 2016; Bubb, 2019). With respect of the design
of wearable products, the variability of shapes and dimensions of the body in the interaction with the
devices, is an essential input to consider. However, the interaction of device-body in movement has not

been solved, further study from a dynamic perspective is required.

Klepser et al., (2020a) defined the “functional measurements”, they analysed body measurements with
respect to the body using a 3D body scanner. They found points of improvement in the reproducibility of
the landmarks and in the limitations of the scanners. However, all the studies on the dynamic measurements
have used 3D scans to capture static postures in extreme positions. The evolution of the dynamic

measurements over time while the motions are performed has not yet been studied.

New 4D scanning technology is able to capture the human body surface in motion. Thus, more realistic and
complex anthropometric data can be collected allowing its application in a CAD environment for simulating
human-product interactions. These 4D systems provide an enormous amount of data that must be processed

automatically before being applied in ergonomics.

In the present work, a 4D scanner was used to capture a sample of people performing a series of motions.

Post-processing based on homologous meshes, enables the computation of body measurements over time.
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The aim of this study is to create new anthropometric definitions for eight body measurements that can be
computed from 3D body scans in movement. The new anthropometric definitions should consider that
anatomical references (e.g. planes, axis, landmarks) vary during the movement. The new measurements

have been analyzed in a limited preliminary study with subjects.

Methods

Five females with mean heights of 163+7cm, mean weights of 60+11kg, and a distribution of Body Mass
Indexes (BMI) between 17 (underweight) and 27 (overweight) kg /m? to cover a variety morphotypes
and five males with mean heights of 173+9cm, mean weights of 75+15kg, and BMI between 17

(underweight) and 33 (obesity) kg/m?participated in the study.

Subjects were scanned in movement using MOVE4D. This scanner is composed of modules composed by
a pair of IR cameras for capturing shape and an RGB camera for capturing texture. The scanning volume
is of 3x2x3m with a total of 16 modules arranged in two rows. The total resolution is under Imm with
accuracies in the order of 0.1lmm. An automatic template-fitting processing was applied to obtain
homologous sequences of meshes with a common topology of 50 thousand vertices (Parrilla et al., 2019).
The mesh is obtained from an A-Pose template and has point-to-point correspondence along the sequence

of frames and across different subjects (Ballester et al., 2018)

Each subject was scanned performing four movements at the specified frequency rates: running (60 fps),
vertical jump (60 fps), trunk flexion touching feet (30 fps), and a squat (30 fps). For all these sequences of
movements we have obtained eight measurements. They are the distance through the back from neck to
waist, the arm length from the acromion to the wrist, the thigh girth at 25%, 50% and 75% distance from
the knee to the hip respectively, the total crotch length which goes from the back waist to the front waist
passing through the crotch, the arm girth, the waist girth and the hip girth. So far, measurements are taken
in a static A-Pose with little postural variation across subjects (Ballester et al., 2014; Trieb et al., 2013).
And are defined using the ISO 7250-1 (ISO 7250-1:2017, 2017; ISO 8559, 1989)and ISO 8559 (ISO
8559, 1989) standards. This makes it possible to use planes with a normal in one of the reference axes.
For example, the waist girth in a static pose is obtained by slicing the body mesh with a plane at waist
point with a plane perpendicular to the y axis. This procedure is not possible in dynamic poses where the
waist isn’t aligned with the y axis. For example, the torso could be abducted to one side or tilted front or
back, and using a plane perpendicular to the y axis would give undesirable results. Table 1 includes the
strategies used for the definition of the selected measurements and Figure 1 shows the measurements over

the A-Pose of two users together with the points used for the calculi. In general, lengths obtained over the
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body surface can adopt the same definition for the standard A-pose and during the movement while girths

should be redefined considering axis relative to the body segment.

Neck to waist length and total crotch length use the sagittal line of the human model to compute the
respective measurements. This method of computing the measurements is inherently compatible with
dynamic measurements because the sagittal line is well defined in any pose. Arm length measurement is
computed by adding the measurement of two segments, one from the acromion to the elbow and another
one from the elbow to the wrist. Each segment is computed by measuring the distance of the intersection
of a plane and the human model surface from landmark to landmark. The orientation of these planes are
obtained from the cross product of the vector joining the landmarks and the mean of the points’ normals
in the geodesic path between the landmarks. The definition of thigh girth and arm girth uses the
orientation of the corresponding bone to create a perpendicular plane. Waist girth is computed in two
segments that go from the left waist landmark to the right waist landmark, one segment goes through the
front and the other one through the back. The orientation of the segment is computed as the plane that
passes through left and right waist landmarks and a front landmark for the front segment, and similarly for
the back segment. Finally, the hip girth is divided 5 segments. One for the back, and 4 segments for the
front of the hip. This subdivision in the front of the hip is done so that when the legs reach the height of
the hip, such as in a squat, the measurement doesn’t go through the legs. All the above-mentioned

measurements are computed using convex hull, except neck to waist and total crotch length.

Table 1. Definition of the anthropometric measurements.

Neck to waist length | Length of the sagittal semantic line from the neck to the waist.

Back length Sum of sections from right acromion to seventh cervical vertebrae and from seventh
cervical vertebrae to left acromion. The orientation of this segments is computed using the
normals of the geodesic paths.

Arm length Sum of section from acromion to elbow and from elbow to wrist. Orientation of the
segments is computed with geodesic path point normals.

Thigh girth (25%, Perimeter of the leg obtained at the corresponding percentage between the hip and knee

50%, 75%) joints with the orientation of the bone.

Total crotch length Length of the sagittal semantic line from waist back to waist front passing through the
crotch

Arm girth Perimeter of the arm obtained in the midpoint of the acromion and the elbow with the

orientation of the bone that goes from the shoulder to the elbow
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Waist girth

Static definition: Perimeter at the height of the waist with horizontal orientation

Dynamic definition: Sum of front and back section that go from left waist to right waist.
The orientation of the front section is computed using the left and right waist points and a
homologous point representing the front waist. The back section is analogous except it
uses a homologous point representing the back waist.

Hip girth

Static definition: Perimeter at the height of the hip with horizontal orientation.

Dynamic definition: Hip girth divided into segments, one for the back and 4 for the front.
Orientation of the segments is computed with geodesic path point normals.

Figure 1. Surface without texture of the homologous meshes obtained with post-processing algorithms of two

participants in A-Pose, front view on the left, back view on the right. Over the surface, blue points marking the

points used in the definition of the 10 measurements, which appear in red.

Results

The evolution of each anthropometric measurement along the movement has been calculated in order to

check if similar patterns can be observed among subjects. The patterns described by the measurements are

in line of the movement. In order to illustrate this result, Figure 1 plots the measurements’ evolution along

the movements (frames) of a specific participant and selected motion.
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Figure 2. Plots of the measurements evolutions along the movements (frames) for one measurement and motion.

For quantifying the magnitude of the variation of each measurement throughout a motion, the range
(maximum minus minimum value of length) was calculated. As an example, looking at last plot in Figure
1, the arm length of a given user varies from 51 1mm to 565mm while performing squats. So, the
measurement’s range is 54 mm, which expresses the total variation. These ranges were calculated for all

motions and the mean and standard deviation of all users were obtained. In Figure 2 the plots of the four

motions (running (a),jumping (b), squats (c), and touching toes (d)) mean ranges are shown.
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Figure 3. Mean range and standard deviations by motion: running (a), jumping (b), squats (c), and touching toes (d).

In Table 2, the mean values of ranges and their standard deviation for each motion included in Figure 2

are listed.
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Table 2. Measurements mean values of ranges (maximum minus minimum) and their standard deviation by motion.

RUNNING JUMPING SQUAT TOUCHING TOES
Mean + St. Dev (mm) Mean + St. Dev (mm) Mean + St. Dev (mm) Mean + St. Dev (mm)
Neck to waist 16.8 += 3.2 428 + 84 42,6 + 8.7 325 £ 45
Back length 371 + 92 1394 + 152 79.6 + 154 634 + 16.1
Thigh 25 30,8 + 54 365 + 7.9 31.1 + 8.7 275 + 83
Thigh 50 232 + 58 267 + 7.7 242 + 58 183 =+ 4.1
Thigh 75 304 + 6.5 305 = 5.6 29.6 + 8.8 13.7 + 1.8
Waist 285 = 6.7 854 =+ 179 419 + 137 624 £+ 412
Crotch 234 + 6.0 104.8 =+ 35.0 67.2 + 20.1 777 £ 223
Hip 327 = 7.0 1945 =+ 36.7 219.7 = 60.0 995 £+ 295
Arm Girth 250 = 44 426 + 94 410 £+ 6.5 330 £ 69
Arm Length 298 + 6.8 480 =+ 85 324 + 57 175 += 2.6

Discussion and Conclusions

When observing the graphs in Figure 1 it is appreciated that in the cyclic motions, such as squat, running,
and touching toes, it is clearly observable the cyclic variation in the length of the measurement. The
graphs are useful to visually get an idea of the pattern and the magnitude of contraction and expansion of
each measurement. In the plot neck to waist, and thigh girth in Figure 1, it can be seen that the values
fluctuate from one frame to the next. This is due to the current processing methodology based on
template-fitting which is calculated frame by frame. In future work, these issues will be solved by

introducing a new condition that considers the neighbour frames.

The results of mean ranges (Figure 2 and Table 2) express clear variations among the four movements
due to the deformation produced on each body part. The values obtained of arm and thigh girths ranges
are consistent with the expected variations, and show small dispersion among users. The three thigh
girths, 25, 50, and 75 ranges vary among 2 to 4 cm depending on the motion performed. In the case of the
arm girth and length, the values of ranges are similar to the low extremities. The measurement of neck to
waist was one of the measurements obtained without relevant discrepancies, depending on the motion.
For example, when running, the ranges were smaller, being around 2 cm, while in jumping this
measurement reaches a highest range around 4 cm. In the case of back length, the differences are
considerably higher, conditionally to the back motion in the different exercises, vary from 4 cm when

running, where no great changes are found, to 14 cm in the case of jumping.

Besides, measurements related to the trunk, such as waist girth, hip girth, and crotch length presented
some noteworthy limitations. The calculation of these measurements relies on the obtaining of certain
contours that depend on the rotation axes of the spinal cord, which have many degrees of freedom and
change during motion. Also, some of the motions interfere in the contours, as for example, the leg raising

or opening may introduce errors in the calculation of the hip girth. In conclusion, the definition of both
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measurements should be reconsidered. The crotch measurement also shows high ranges, from 2 cm in the

case of running, to around 10 cm in the case of jumping, but no relevant problems were observed.

To compare the differences obtained with the data available in literature, only the study done by Klepser
et al., (2020a) can approach the type of measurements calculated in this work. From the differences
obtained the authors only “neck to hip” distance could be analogue to the present “neck to waist”. The
results, for one specific subject, shows up to 14 cm of maximum range compared to 3.25 £ 0.45 cm
obtained in the present study. This discrepancy can be caused but the fact that author’s measurement
includes the low back part, and also, on the lack of a standard definition of the measurements in dynamic
postures. Further investigation in the characterization of the deformation of the back vertical dimension is

required.

Anthropometry has evolved from manual to digital measurements. Current standards based their
definition of body measurements on anatomical landmarks, typically identified by palpation. The
implementation of these anthropometric definitions in digital calculations from 3D body scans requires an
interpretation of software developers that ends in lack of compatibility among studies. The new
possibilities of computing anthropometry variation in movement capture with 4D body scanners requires
additional specifications for the anthropometric definitions. Some studies are already been carried out, to

investigate the validity of moving from surface markers to 4D scans (Ruescas Nicolau et al., 2022).

References related to relative axis and planes as for instance, those used in kinetic models may be a good
contribution. Also, definitions that consider the possible interferences among body parts. In this context,
it is relevant to advance in standardization of anthropometric definitions with a more digital perspective.
Besides, measurements like the hip girth show a to high ranges and dispersion, by reason of artifacts in
certain points of the movement. The occlusion of some parts of the body and the interference between
parts, makes it inviable to work with a definition that was valid for static conditions. Such outcomes of

the present study highlight the need of defining measurements relying on their application.

Finally, this work is presented as a first exploration in the measurement of the human body dimensions
dynamically. Despite of the still existing limitations, the present methodologies open a new range of

possibilities. With deeper investigation to better shaping the dynamic measurement definitions, the 4D
capturing and post-processing based on homologous meshes offers new valuable data and opens a new

range of possibilities in the design of wearables.
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Abstract

This paper presents the development of body shape data based digital human models, i.e. manikins, for
ergonomics simulations. In Digital human modelling (DHM) tools it is important that the generated
manikin models are accurate and representative for different body sizes and shapes as well as being able
to scale and move during motion simulations. The developed DHM models described in this paper are
based on body scan data from the CAESAR anthropometric survey. The described development process
consists of six steps and includes alignment of body scans, fitting of template mesh through homologous
body modelling, statistical prediction of body shape, joint centre prediction, adjustment of posture to T-
pose and finally generation of relation between predicted mesh and manikin mesh. The implemented
method can be used to create any type of manikin size that directly can be used in a simulation. To
evaluate the results a comparison was done of original body scans and statistically predicted meshes
generated in an intermediary step as well as the resulting DHM manikins. The accuracy of the statistically
predicted meshes are relatively good even though differences can be seen, mostly related to postural
differences and differences around smaller areas with distinct shapes. The biggest differences between the
final manikin models and the original scans can be found in the shoulder and abdominal area, in addition
to the significantly different initial posture that the manikin models have. To further improve and evaluate
the generated manikin models additional body scan data sets that includes more diverse postures would be
useful. DHM tool functionality could also be improved to enable evaluation of the accuracy of the
generated manikin models, possibly resulting in DHM tools more compliant with standard documents. At
the same time standard documents might need to be updated in some aspects to include more three-

dimensional accuracy analysis.

Keywords: Anthropometry, 3D body scanning, body shape, statistical body model, joint centre.

Introduction
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Digital human modelling (DHM) tools are useful when evaluating human-machine interaction and
enables consideration of anthropometric diversity by creating human models, so called manikins, of
different sizes and proportions. This functionality is a central feature when using DHM tools for product
and production development to ensure that the design fits the intended proportion of the targeted
population, from a physical perspective (Duffy, 2009; Scataglini & Paul, 2019). Therefore, it is important
that these generated manikin models are accurate and representative for different body sizes and shapes,
for both women and men, as well different age groups. To be compliant with standard documents
functionality should exist in DHM tools that enables manikin measurement and data documentation (ISO,
2005; ISO, 2007). Since the first big body scanning based anthropometric survey CAESAR (Robinette et
al., 2002) numerous additional surveys have been conducted around the world. Three-dimensional body
scan data makes it possible to accurately recreate body shapes using statistical models with input data of
more one-dimensional anthropometric data, e.g. stature, body weight and sitting height (Allen et al.,
2003). Additional mathematical models exist that describes how joint centres are related to
anthropometric landmarks in a three-dimensional space (Reed et al., 1999; Murphy et al., 2011; Hara et
al., 2016). Using statistical body shape models in combination with joint centre equations makes it
possible to generate manikin models with realistic and accurate body shapes as well as a biomechanical
skeleton (Reed et al., 2014). This paper presents the development and implementation of body shape data
based digital human models for ergonomics simulations in a demonstrator version of the Swedish DHM
tool IPS IMMA (Intelligently Moving Manikins) (Hogberg et al., 2016). The current version of the IPS
IMMA manikin’s mesh model only scales in the length directions of each body part and not enough

regarding circumference and depth measurements and therefore needs to be updated and improved.

Methods

The body shape data based digital human models described in this paper are based on body scan data
from the CAESAR anthropometric survey. Specifically, the North American data set is used and the
motivation behind this choice is that this data set has a large sample size and diversity considering the
range of measurement values for the anthropometric one-dimensional data. The described development

process includes 6 steps:

1. Rotate and translate landmark data as well as body scan point cloud

2. Homologous body modelling to fit body scan point cloud with template mesh
3. Statistical prediction of landmarks and mesh

4, Joint centre prediction based on landmarks and mesh

5. Adjust posture to T-pose
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6. Align statistical mesh with clothed manikin mesh and calculate relation between meshes

In first step using data of landmark pairs, found on both sides of the mid sagittal plane, a suitable rotation
angle around the vertical axes could be calculated. Based on landmarks known to be found on the mid
sagittal plane, together with the known height of the measuring platform for each subject, a translation
distance in three-dimensional space could be calculated. Through a MATLAB (The Math Works Inc.,
2021) script these rotation angles and translation distances were used to align all body scan point clouds

(1118 women and 1254 men) in a similar position and orientation (Figure 1).

Figure 1. Landmarks and point cloud rotated and translated

Figure 2. Template mesh (left) fitted to (right) body scan point cloud (middle)

In the second step, after the alignment had been done, a template mesh was fitted to all body scan point
clouds using the software mHBM (Markerless Homologous Body Modelling) (Yamazaki et al., 2013)
(Figure 2). Fitting of the template mesh was successful for most subjects but the sample size used in the
statistical analysis was reduced to 849 women and 838 men. In the third step, the fitted template mesh and
landmark data were used to generate statistical prediction of both landmark points and mesh vertices
coordinates. The statistical prediction was done in a two-step procedure where 73 landmarks were first
predicted based on 44 anthropometric measurements, including age. Principal component regression was
used where the number of principal components used in the regression was 32 for the male data and 34

for the female data. The coordinates of the landmarks were adjusted to make pairs symmetrical and mid
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points aligned to the mid sagittal plane. Then all mesh vertices were predicted based on the predicted
landmark coordinates as well as age, stature and weight. The number of principal components used in the
second regression was 116 for the male data and 120 for the female data. In the fourth step, based on the
statistically predicted landmarks points and mesh vertices internal joint centre locations could be
estimated using methods found in literature (Reed et al., 1999; Murphy et al., 2011; Hara et al., 2016). In
the fifth step, the posture of the statistically predicted mesh, including landmarks and joint centre
locations, was adjusted into a T-pose to be able to align it to the clothed IPS-IMMA manikin mesh
(Figure 3). The T-pose adjustment was done by rotating landmark and mesh vertices around the
glenohumeral, acromioclavicular, and sternoclavicular joints using estimation of how the movements in
these joints contributes to a final T-pose (Inman et al., 1944). In the sixth step, the two meshes were
aligned in Blender (Blender Online Community, 2018) (Figure 3) where a relationship was established
where the ten closest mesh vertices of the statistical mesh were used to predict the position of each mesh
vertex on the clothed IPS-IMMA mesh. Step 3-5 were initially realized through MATLAB (The Math
Works Inc., 2021) scripts but then translated and implemented into the IPS-IMMA software using C++
(ISO/IEC (2014).

Figure 3. Template mesh adjusted to T-pose and aligned with IPS-IMMA manikin mesh in Blender.

Results

By using the functionality of predicting one-dimensional anthropometric data in IPS-IMMA, the
implemented method can be used to create any type of manikin size that directly can be used in a

simulation, Figure 4.
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Figure 4. Body scan based IPS-IMMA manikins used in a simulation.
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Table 1: Measurement from six subjects used for evaluation of generated models

Description F1(S) | F2(M) | F3(L) | M1(S) | M2 (M) | M3 (L)
Sex Female | Female | Female Male Male Male
Age (years) 30 30 34 34 32 47
Body mass (kg) 50 68 89 68 85 123
Stature (mm) 1530 1634 1774 1641 1771 1901
Crotch height (mm) 701 766 824 709 806 828
Sitting height (mm) 810 858 915 885 926 953
Biacromial breadth (mm) 352 375 388 433 413 446
Bideltoid breadth (mm) 384 432 472 482 480 560
Hip breadth, sitting (mm) 375 397 425 350 380 444
Hand length (mm) 174 186 203 187 207 221
Foot length (mm) 232 244 260 240 265 282
Foot breadth (mm) 87 99 106 97 106 113
Head length (mm) 186 191 191 195 205 215
Head breadth (mm) 136 149 147 156 160 156
Face length (mm) 105 113 117 116 124 141
Buttock-knee length (mm) 551 567 627 570 613 691

To evaluate the validity of the generated digital human models based on standard documents it would be
necessary to posture the manikins in predefined postures and provide coordinates of the landmarks (ISO,
2007). This is not possible in the current version of IPS-IMMA and therefore a comparison was done of
the original body scan and the resulting IPS-IMMA manikin of six subjects (3 women and 3 men) with

different body sizes, Table 1. In addition, the statistically predicted mesh generated in an intermediary

step is also used in the comparison, Table 2. Since the IPS-IMMA manikin is dressed the comparison

between the final manikins and the original body scans is done visually. The statistically predicted
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intermediary meshes are evaluated with heatmap colours based on the distance differences between the

predicted mesh and the original body scans of the selected test subjects.
Discussion and Conclusions

The results show that the method presented in this paper is able to produce manikin models with different
body shapes that can be used in ergonomics simulations. The accuracy of the statistically predicted
meshes are relatively good even though differences can be seen. These differences are mostly related to
postural differences as the statistically predicted meshes have an average posture based on all included
body scans and are centred and symmetrical on both sides of the mid-sagittal plane. Differences can also
be seen regarding smaller areas with distinct shapes, i.e. muscles in the torso. Since the meshes are
predicted with statistical regression, which predicts the most likely (average) body shape based on the
input data, it is difficult to recreate finer details of a person’s body shape. The final manikin models show
a relatively good similarity with the original scans but there are some areas that needs to be improved.
Biggest differences between the final manikin models and the original scans can be found in the shoulder
and abdominal area. The manikin models also have an initial neutral posture that significantly differs

from the postures in the original scans.

Table 2. Comparison of the original body scans, statistically predicted meshes and IPS-IMMA manikins

Subject|  F1(S) F2 (M) F3 (L) M1 (S) M2 (M) M3 (L)

Original body scans
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IPS-IMMA manikins

* The colours on the statistically predicted meshes indicates distance differences with the original body scans according to the
scale on the right.

A conclusion is that improvement potential exists, both related to the generation of the manikin models as
well as functionality for evaluating the accuracy of the models. The CAESAR data set that the presented
method is based on is a relatively old body scan survey and only provides data in one standing posture
and two seated postures. Additional data sets that includes more diverse postures would be useful for
improving and evaluating the manikin models, e.g. body scan data sets with seated posture to show and
evaluate how soft tissue deforms when seated (Park, 2021). In addition, improved and usable tool
functionality needs to be developed for evaluating the accuracy of generated manikin models, compared
to measurements of real people that manikins are modelled after. This would make DHM tools more
compliant with standard documents, i.e. ISO 15536-2 — Ergonomics — Computer manikins and body
templates — Part 2: Verification of functions and validation of dimensions for computer manikin systems
(ISO, 2007). To realise such functionality, it would be necessary to have an undressed manikin as the base
mesh and include the predicted posture of the manikin when generating it in the DHM tool. As stated in
Reed et al. (2014) the question what should be considered as an acceptably accuracy is still not answered
as standard documents only provide guidance of how the accuracy should calculated and documented
based on one-dimensional anthropometric measurements (ISO, 2007). It could be argued that such
accuracy analysis also should include distance analysis of three-dimensional data from body scan point
clouds and fitted template meshes compared to the body shape of manikin meshes, which indicates that
the standard documents might need to be updated and improved in some aspects. The body shape data
based digital human models will be continually developed and are intended to be fully implemented in the
DHM tool IPS IMMA to be able to better represent the diversity of humans for the design of products and

work environments.

Acknowledgments

This work has been made possible with support from the Knowledge Foundation and the associated
INFINIT research environment at the University of Skived (projects: Synergy Virtual Ergonomics and
ADOPTIVE), and with support from Vinnova in the VIVA project, and SAFER - Vehicle and Traffic



7th International Digital Human Modeling Symposium (DHM 2022) Paper 13 - Brolin et al

Safety Centre at Chalmers, Sweden, and by the participating organizations. This support is gratefully
acknowledged.

References

Allen, B., Curless, B., & Popovic, Z. (2003). The space of human body shapes: reconstruction and
parameterization from range scans. Proceedings of the 2003 International Conference on Computer

Graphics and Interactive Techniques (SIGGRAPH). San Diego, CA.

Blender Online Community (2018). Blender - a 3D modelling and rendering package. Stichting Blender

Foundation, Amsterdam. Retrieved from http://www.blender.org

Dufty, V.G. (2009). Handbook of Digital Human Modeling, Boca Raton, CRC Press.

Hara, R., McGinley, J., Briggs, C., Baker, R., & Sangeux, M. (2016). Predicting the location of the hip

joint centres, impact of age group and sex. Scientific reports, 6(1), 1-9.

Hogberg, D., Hanson, L., Bohlin, R., & Carlson, J.S. (2016). Creating and shaping the DHM tool IMMA

for ergonomic product and production design. International Journal of the Digital Human, 1(2), 132-152.

Inman, V. T., Saunders, J. D. M., & Abbott, L. C. (1944). Observations on the function of the shoulder
joint. JBJS, 26(1), 1-30.

ISO (2005). Ergonomics — Computer manikins and body templates — Part 1: General requirements (ISO
15536-1:2005). Geneva, Switzerland: International Organization for Standardization (ISO).

ISO (2007). Ergonomics — Computer manikins and body templates — Part 2: Verification of functions and
validation of dimensions for computer manikin systems (ISO 15536-2:2007). Geneva, Switzerland:

International Organization for Standardization (ISO).

ISO/IEC (2014). Programming languages — C++ (ISO/IEC 14882:2020). Geneva, Switzerland:

International Organization for Standardization (ISO).

The Math Works, Inc. (2021). MATLAB (Version 2021b) [Computer software].

https://www.mathworks.com/

Murphy, A. J., Bull, A. M. J., & McGregor, A. H. (2011). Predicting the lumbosacral joint centre location
from palpable anatomical landmarks. Proceedings of the Institution of Mechanical Engineers, Part H:

Journal of Engineering in Medicine, 225(11), 1078-1083.


http://www.blender.org/

7th International Digital Human Modeling Symposium (DHM 2022) Paper 13 - Brolin et al

Park, B-K D., Jones, M.LH., Ebert, S.M., & Reed, M.P. (2021). A parametric modeling of adult body
shape in a supported seated posture including effects of age. Ergonomics, 65:6, 795-803.

Reed, M.P., Raschke, U., Tirumali, R., & Parkinson, M.B. (2014). Developing and implementing
parametric human body shape models in ergonomics software. In Proceedings of the 3rd international

Digital Human Modeling symposium, Tokyo, May, 2014.

Robinette, K.M., Blackwell, S., Daanen, H., Boehmer, M., Fleming, S., Brill, T., Hoeferlin, D. &
Burnsides, D. (2002). Civilian American and European surface anthropometry resource (CAESAR),
final report: Air Force Research laboratory, Wright-Patterson AFB, OH, and Society of Automotive

Engineers International, Warrendale, PA.
Scataglini, S., Paul, G. (eds.). (2019). DHM and Posturography. Academic Press.

Yamazaki, S., Kouchi, M., & Mochimaru, M. (2013). Markerless landmark localization on body shape
scans by non-rigid model fitting. In Proceedings of the 2nd Digital Human Modeling symposium,
Ann Arbor, USA, June 2013.



7th International Digital Human Modeling Symposium (DHM 2022) Paper 14 - Li et al

Digitizing human scalp shape through 3D scanning

Peng Li, Asbed Tashjian, and Matthew Hurley
US Army DEVCOM SC, United States

Abstract

This short paper presents a novel approach to digitize scalp shape with a combination of a scalp probing

rig and 3D head scanning.

Keywords: Scalp shape, head shape modeling, 3D head scanning, head under hair
Introduction

Acquiring true scalp shape under hair, especially for females and other individuals with substantial hair,
has been a challenging task for anthropologists, digital human modelers and product designers. It is not
always a viable option to recruit bald headed subjects or require subjects shave their head. The most
feasible way to capture scalp shape under the hair is through physical probing or digitizing. Using
mechanical probes to obtain scalp shape under hair can be traced back to US Army’s Personal Armor
System for Ground Troops (PASGT) helmet project which used a physical probing device to read
distance from the device’s spherical surface to the scalp surface. Recently the US Air Force has collected

female’s scalp shape using a FARO Arm digitizer.

A probing process that uses physical probes or a digitizer typically requires a subject to sit still for a
considerable time, which is difficult and uncomfortable and became a greater challenge under Covid
safety restrictions. To improve the efficiency and acceptability, we developed a scalp probing rig with 54
adjustable probes that can be worn and fit by the subjects. After fitting all probes so they lightly touch the
subject’s scalp, a 3D head scanner was used to capture the image of the scalp probing rig in place. The
final merged 3D image was imported to an in-house developed program to detect probes and calculate the
coordinates of the probe tips. A scatter point set of the probe tips is then fed to a scalp shape
reconstruction program (Morpheus-InfoSciTex) to recover the true scalp shape. This paper describes the

design of the scalp shape rig, 3D scan processing methods to detect the probes’ coordinates.

Methods
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The scalp rig is a helmet-like shell that has 54 threaded holes to host probes. Each probe has a fixed
length and consists of a cylinder section and a screw section. The end tip of the screw section is a ball
shape that will contact to skin surface of the scalp. Figure 1 a) is the CAD rendering of the scalp rig
assembly on a head model. The rig was 3D printed to make its weight light. When a test participant wears
the scalp probe rig, each probe will be screwed to touch his/her scalp skin and the cylinder section of a
probe is visible on the outside of the helmet shell. From a complete 3D image of the scalp probe rig, the
coordinates of the tip point of the probes are derived from the coordinates of the end face of the cylinder
section and the long axis of the probe, that is by adding an offset of the probe length to the end point of
the cylinder shape in the direction defined by the probe’s axis.

a) b) c) d)

Figure 1. The scalp rig and probe detection method: a) the scalp rig; b) mean curvature of the rig; c)

detected candidate probe regions; d) reconstructed female scalp shape superimposed with head scan.

The detection of the probes is based on mean curvature of the 3D scan of the scalp rig. The probe shape
has a high curvature compared to other parts of the scalp rig (figure 1b), which supports a mean curvature
based segmentation algorithm. After the segmentation we applied the principal component decomposition
to each candidate probe region to obtain their three principal axes. Three dimensional points of each
region were projected to a plane defined by the centroid of the region and a normal vector of the shortest
axis from three principal axes. In this way we can compute the standard deviation of the data from a fitted
line as an estimator of the diameter of the candidate probes. Figure 1¢ shows detected candidate probes,
where the end points of each probe region were computed. From derived probe coordinates on scalp
surface a surface reconstruction program was used to generate the scalp shape. Figure 1d shows a

superimposed a head scan with hair (red) to the reconstructed scalp surface (green).

Discussion and Conclusions

An evaluation of this rig has been conducted on a headform where scans with and without the scalp rig
were taken. The mean distance between the computed probe tip points to the headform surface is -0.3073

mm (SD = 0.4886 mm). The accuracy of the detected scalp shape on human head may be affected by a
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few factors such as the contact pressure of each probe to skin surface and individual’s sensitivity to the

probe pressure. The device has been used to collect female head shape under hair from local population.
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Assessing Effects of Environmental Factors on Physical Workload during Motor-
manual Timber Harvesting using Motion Capturing Data and Biomechanical
Modeling

Oliver Brunner, Christopher Brandl, and Verena Nitsch
RWTH Aachen University, Germany

Abstract

Forestry workers are at significant risk to suffer from work-related musculoskeletal disorders (WMSD).
Challenging environmental factors of the forest can have a significant impact on physical workload of
motor-manual timber harvesting, which is already considered highly physical work. Conventional
observation methods of risk assessment may underestimate specific environmental factors that influence
forestry work. In order to determine whether such factors can increase the risk of WMSD and should
therefore be integrated into standard risk assessment methods, a field study was conducted with N=10
forestry workers. The effects of environmental factors on physical workload were analyzed using motion
capturing, force measures and biomechanical parameters for the activity of manually pulling a steel cable
from a skidder winch over a distance of 20 meters in the forest. Type of execution, ground condition and
soil slope as environmental factors were varied to investigate their effects on biomechanical parameters.
Compressive force and shear force on the L5/S1 disc were calculated using a biomechanical approach.
The results indicated that mean compressive and mean shear forces differed significantly depending on
the environmental factors type of execution and soil slope. No significant influence of the factor ground
condition was found. The combination of all environmental factors showed a significant interaction effect
on mean compressive and shear forces. The average maximum values of compressive force did not
exceed recommended load limits. However, the average maximum values of shear force exceeded
recommended load limits repeatedly by more than 30%, which clearly indicates a health risk. The
findings of this biomechanical approach were compared to an assessment with the Key Indicator Method
for pushing and pulling, which is a conventional observational method for risk assessment. The
comparison indicated that this conventional method might systematically underestimate the influence of

some environmental factors in the forest and thus may also underestimate a potential health risk.

Keywords: biomechanics, compressive force, shear force, ergonomics, pulling, motor-manual timber

harvesting

Introduction
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Manual forestry work is a physically demanding job. Work-related musculoskeletal disorders (WMSD)
and occupational accidents occur more frequently compared to other occupations (Federal Ministry of
Food and Agriculture, 2017.) Back injuries or even herniated discs are the most commonly reported
WMSD (Hoy et al., 2010). The health risk of manual forestry work is difficult to assess with conventional
observation methods such as the Rapid Upper Limb Assessment (McAtamney & Corlett 1993) or the
Ovako Working Posture Analysis System (Karhu et al., 1977). For these assessments, mainly the body
posture and the load to be handled have to be analyzed (David, 2005). A general risk value is then
determined to decide which, if any, measures need to be taken. While the Key Indicator Method, another
conventional risk assessment method, additionally considers some environmental factors (Klussmann et

al., 2010), these do not cover some of the specific conditions that are found in forestry work.

Environmental factors in the forest change dynamically even within a working day. They are much more
complex and demanding than in the manufacturing industry, where conventional observation methods are
widely applied. Some work operations, such as felling, may be sufficiently assessed using these methods,
since the most influencing factors for an assessment of a potential health risk during lifting and holding
tasks are the body posture and the load to be handled. Even though further analysis of hand-arm vibration
may be required. The Key Indicator Method for pushing and pulling might be sufficient to analyze tasks
related to motor-manual wood harvesting such as skidding since it considers some environmental factors
in the assessment. However, the method is mainly focused on pushing and pulling of carriages or barrows
and therefore not optimal for assessing skidding with the challenging environmental factors in the forest

affecting this work activity.

There are very few studies that investigate physical workload during skidding. For example, Berendt et al.
(2020) showed that metabolic strain is frequently high during this activity. Further investigations on
whether this physical workload also causes back injuries or WMSD have, to the best of our knowledge,
not yet been reported. Characteristic biomechanical parameters such as compressive force (CF) and shear
force (SF) on the intervertebral discs can be used to analyze physical load on the back. These values,
compared with recommended load limits, can provide an indication of health risk. Therefore, analysis of
CF and SF may provide an indication of the causes of frequently occurring back injuries in manual

forestry work.

The Key Indicator Method for pushing and pulling analyzes the environmental factors body posture, ground
condition and soil slope. Berendt et al. (2020) identified an influence of soil slope on the metabolic strain
during skidding. Laursen & Schibye (2002) could prove a correlation of CF and SF with ground condition

in a study where containers were pulled on different ground surfaces. Both these studies indicate an
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influence of the task execution on the physical workload. Therefore the environmental factors to be
investigated were derived as ground condition, soil slope and type of execution, which mainly changes

the body posture during the task.

Based on the reasoning outlined above, a study was designed to investigate a potential risk for WMSD

during skidding. The following research questions were derived:

1. Are biomechanical parameters suitable for identifying a potential health risk during skidding?

2. Which environmental variables contribute towards increased WMSD risk during skidding?
Methods

Motion capturing, force measures and biomechanical parameters analyze effects of environmental factors
on physical workload for the activity of manually pulling a steel cable from a skidder winch over a
distance of 20 meters in the forest. Based on literature, a biomechanical approach calculates CF and SF on
the L5/S1 intervertebral disc using motion capture data from a full-body IMU-system and the pulling

force from a DTS force sensor.
Biomechanical Approach

The calculation of the biomechanical parameters CF and SF for this field study is based on Jéger's theory
(Jager & Luttmann, 1992; Jager et al., 2001). The average and maximum CF and SF on the L5/S1
intervertebral disc are calculated. This intervertebral disc is considered, because the highest load is
assumed to impact there as others indicate in their studies (Glitsch et al., 2004; Biitting et al., 2017). Input
factors are the body weight of the subjects, the tensile force to be applied, force direction, body posture
and body acceleration. For this evaluation a MATLAB tool was developed. First, raw data are transferred
and processed in the form of a frequency adjustment. This is necessary because the force sensor measures
with a much higher frequency than the IMU-sensors. Furthermore, necessary intermediate calculations for
e.g. acceleration forces, moments or the angle and position of the disc L5/S1 but also dynamic factors for

the considered work action, such as cable angle, are performed before the CF and SF can be calculated.
Study design

This study was designed to investigate whether different environmental factors affect measurably physical
work load during skidding as indicated by biomechanical parameters and whether the risk indicated by
these parameters is comparable to that determined by a standard risk assessment method, specifically the

Key Indicator Method for pulling and pushing. Three environmental factors represent the independent
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variables of this experiment and are summarized in Table 1. Figure 1 visualize the real conditions of the
independent variables ground condition of this field experiment. The dependent variables were average
compressive (CFmean) and shear forces (SFmean) on the L5/S1 disc. Each subject performed the work
task eight times, i.e., in all combinations of the factor levels of the independent variables. The following
hypotheses were formulated to analyze the influence of environmental factors on the physical workload of

skidding:

e HOI1: Type of execution significantly affects the average CF and average SF on the L5/S1 disc.
e HO02: Ground condition significantly affect the average CF and average SF on the L5/S1 disc.
e HO3: Soil slope significantly affects the average CF and average SF on the L5/S1 disc.

The average maximum values of CF and SF are compared to recommended load limits to determine if a
health risk can be identified (Gallagher & Marras, 2012; Jager 2018). These findings are compared to risk
assessment of the Key Indicator Method pushing and pulling.

Table 1: Independent variables and their factor levels for the conducted study

Independent variables Factor levels

Type of execution behind the back (A)

over the shoulder (B)

Ground condition without obstacles (C)

with obstacles (D)
<2% (1)
> 4% (2)

Soil slope

Figure 1: Experimental conditions of the field study, left (without obstacles, < 2% soil slope), right (with

obstacles < 2% soil slope)
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Participants

The field study included 10 male professional foresters who were familiar with the work task. Exclusion
criteria for participation in the study were having diagnosed back injuries. The mean age of participants

was M=32.6 (SD=14.7). Their age ranged from 17 — 53 years.
Experimental setup

The study took place in the Arnsberg forest. Here, selected areas with different soil slope requirements
offered a constant slope above 4% and a constant slope below 2%. For one of the lanes in each area, the
ground was cleared as much as possible and on the other lanes the ground remained as it is. Each lane was
measured to exactly 20 meters and marked with a start and finish line. The skidder was placed 1.5 meters

in front of the start line to perform the respective measurements.

The measurement system consisted of a full body IMU-system with 14 myoMotion Reasearch Pro
sensors and a DTS force sensor for data acquisition with MR3 myoResearch 3.14.76 software for control
and synchronization. The skidder used was a Fendt Xylon 522 with a Pflanzelt fixed cable winche type
0308 and a PYTHON 6 R+F rope with 12 mm diameter.

Statistical Analysis

A MANOVA with repeated measures was calculated using SPSS version 28.0 software. Furthermore,
descriptive statistics of maximum values for SF and CF were calculated and compared with recommended

load limits from the literature. The results of the MANOVA were followed up with post-hoc ANOVA.

Results

The statistical assumptions for performing a MANOVA with repeated measures were tested and met
(Field, 2013). Table 2 shows the results of the MANOVA. Statistically significant differences are shown
in the combined dependent variables depending on type of execution, soil slope and the interaction of
execution, ground conditions and soil slope. The univariate post-hoc analyses provide detailed
information on the effects of the tested independent variables on the average SF and CF as Table 3
indicates. Post-hoc univariate ANOVA were conducted for every dependent variable. Results show
statistically significant differences between the two factor levels of type of execution on CFmean and
between the two factor levels of type of execution on SFmean. A statistically significant difference
between the two factor levels of soil slope on CFmean was also indicated, but not on SFmean. Results

yielded that there was a statistically significant difference between the combinations of type of execution,
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ground condition and soil slope on CFmean, as well as on SFmean on CFmean. Thus, the results
demonstrated that there was sufficient evidence to accept the hypothesis HO1 and HO3. Hypothesis H02
had to be rejected.

Table 2: Results of multivariate tests of the conducted analysis

Variable Wilks Lambda F Sig. Partial Eta Squared

Type of execution 174 18.989 <.001 .826

Ground condition .834 796 484 .166

Soil slope 375 6.669 .020 .625

Type of execution * Ground 742 1.392 303 258
condition

Type of execution * Soil 750 1.334 316 250
slope

Ground condition * Soil slope 819 .886 449 181

Type of execution * Ground 470 4.515 .049 .530

condition * Soil slope

Table 3: Risk scores of the conducted study according to the Key Indicator Method pushing and pulling

Environmental factors Key indicator risk score
Type of execution (A) * Ground condition (D) * Soil slope (1) 42.5
Type of execution (A) * Ground condition (C) * Soil slope (1) 47.5
Type of execution (B) * Ground condition (D) * Soil slope (1) 50
Type of execution (B) * Ground condition (C) * Soil slope (1) 55
Type of execution (A) * Ground condition (D) * Soil slope (2) 55
Type of execution (A) * Ground condition (C) * Soil slope (2) 60
Type of execution (B) * Ground condition (D) * Soil slope (2) 62.5
Type of execution (B) * Ground condition (C) * Soil slope (2) 67.5
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The average maximum value of the CF is 2628.44 N, the age- and gender-specific recommended load
limit according to Jéger is 3100 N for 50-year-old men (Jager, 2018). The average maximum value of SF
15 922.51 N, according to Gallagher exceeding 700 N, is considered a potential health risk for repetitive
shear loading (Gallagher & Marras, 2012). The absolute maximum values are 4050.69 N for CF and
1311.80 N for SF.

The results of the assessment of the same activities using the Key Indicator Method are shown in Table 4.
A daily work duration of 20 minutes was assumed for the evaluation. The evaluation of the type of
execution is for A = 5 and for B = § points, ground condition factor level C = 3 points as well as D = 1
point. Soil slope is rated as 1 = 0 points and 2 = 5 points. All other factors were evaluated with 11 points
in sum and kept constant. The risk intervals are subdivided from low (< 20 points) to slightly increased

(20 - 50 points) and substantially increased (50 - 100 points) to high (> 100 points).

Table 4: Results of univariate tests of the conducted analysis

Variable Measure F Sig. Partial Eta Squared
Type of execution CFmean 41.235 <.001 0.821

SFmean 24.407 <.001 0.731
Ground condition CFmean 1.791 0.214 0.166

SFmean 0.906 0.366 0.091
Soil slope CFmean 12.664 0.006 0.585

SFmean 3.903 0.08 0.302
Type of execution * Ground CFmean 0.99 0.346 0.099
condition

SFmean 3.098 0.112 0.256
Type of execution * Soil CFmean 2.907 0.122 0.244
slope

SFmean 2.853 0.125 0.241
Ground condition * Soil CFmean 0.528 0.486 0.055
slope

SFmean 1.936 0.198 0.177
Type of execution * Ground CFmean 6.163 0.035 0.406

condition * Soil slope
SFmean 10.112 0.011 0.529
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Discussion and Conclusions

This field study illustrates that environmental factors impact physical workload during skidding using the
biomechanical parameters of CF and SF. A significant influence of the type of execution and soil slope
was identified. On the other hand, no influence of the ground condition was found, which is in contrast to
the findings of Laursen & Schibye (2002), who could prove a correlation with the ground condition in a
study in which waste containers had to be pushed and pulled over different soil surfaces. The combination
of type of execution, ground condition, and soil slope also showed a significant effect on mean CF and

SF. Hypotheses HO1 and HO3 were therefore confirmed.

The univariate analysis of execution types reveals significant differences for both, the mean CF and the
mean SF. Type of execution mainly affects the body posture, which is not specified in work instructions
and is in part strongly dependent on individual behavior. Posture has a high significance in the ergonomic
evaluation of work activities. The soil slope shows significant differences in the univariate tests only for
the CF. The presence of a slope therefore affects the vertical forces more than the horizontal forces in the
body; Berendt et al. (2020) also mention this. Combining type of execution, ground condition and soil
slope shows significant differences for CF and SF. Argubi-Wollesen et al. (2017) concludes in a literature
review investigating pushing and pulling activities, that with challenging environmental factors, physical
workload increases as well. Assumingly, biomechanical parameters increase in the same way. Compared
to the recommended load limits the average maximum SF values indicate a potential health risk from the
actions of the field study conducted. Average maximum CF values do not exceed recommended load

limits, although some individual values did.

The analysis with conventional observational methods also shows an immense influence of the body
posture on physical load. However, difference in physical load estimated via the Key Indicator Method
are predominantly based on differences in factor levels of soil slope. Thus, the Key Indicator Method
suggests similar relationships to those found in the presented field study. That being said, the Key
Indicator Method is not adequately adapted to the environmental factors in the forest. The selection of
objects to pull or push is almost exclusively limited to barrows and carriages. Correspondingly, the
evaluation of ground condition also focuses on objects with rolls and friction resistance. Overall, the
evaluation of the Key Indicator Method shows that the work situation is assessed with an increased risk at
most and is partially assessed with an acceptable risk. The analysis of the average maximum SF showed
that recommended load limits are exceeded repetitively by more than 30%. Although an assessment using
the Key Indicator Method gives a good indication, a potential health risks could be underestimated with

this method. Thus, this study indicates that biomechanical parameters can be used to identify potential
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health risks in forestry work and to analyze them more accurately than with conventional observation
methods. It also indicates that the Key Indicator Method might need to be adapted in order to account for

more varied environmental conditions such as those found in forestry work.

Limitations occurring in this field study include the small sample size with 10 participants, resulting in
reduced statistical power and less chances on finding existing correlations at a statistically significant
level. The individual behavior of the subjects might also have had an influence on the measurement
results. This is particularly evident in the analysis of the maximum values. The absolute maximum value
of the CF is about 70% higher than the mean maximum value of the CF. With an increased number of
participants, this difference might also reduce. Therefore, the mean maximum values had to be compared
with recommended load limits. Finally, the significant 3-way interaction effect on CF and SF mean values
indicate more complex effects that cannot be interpreted on the basis of this study and therefore need to

be investigated in further research.

High physical workload, many occupational accidents and WMSD characterize manual forestry work.
This paper presents a procedure for analyzing forest work using biomechanical parameters. The results
indicate potential health risks in skidding, as the type of execution and soil slope were observed to have a
significant influence on biomechanical parameters. The introduced applied biomechanical approach can
identify these risks more accurately compared to traditional observational methods. These results
contribute to a better identification of the physical workload in forestry and thus, in the long run, to the
promotion of health at the workplace. In the future, further studies on different forest-specific conditions
and with a larger number of participants should be carried out in order to gain further insights into health-

related risks of forestry work.
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Abstract

Repeated High-G shocks and whole-body vibration (WBV) can increase the risk of fatigue and injuries in
the lumbar region of the spine for crew and passengers on High-speed craft (HSC). Existing reviews have
suggested the beneficial effects of abdominal belts regarding lumbar torso stabilization and spinal
unloading. The paper provides a novel 3-D seated human model with a virtual belt to simulate the belt
effects for occupants on HSC. The model is built with AnyBody, a commercial software for musculoskeletal
simulation based on the inverse dynamics method. The belt behaves like an additional force exerted in the
lumbar region, and the force magnitude has been optimized to avoid discomfort during long journeys. The
belt effects have been studied with different levels of wave shock, anthropometries, and belt design
parameters such as belt width and position. Wave shocks exerted on seat surface are considered to include
both vertical and off-vertical (horizontal) acceleration and expressed with a half-sine pulse. The belt effects
are evaluated with intra-abdominal pressure (IAP), transversus muscle activities, and spinal compressive
force. The results have shown a combined increase of IAP (137% maximum) and a decrease of spinal
compressive force at the L4/L5 joint (15.5% maximum) once the belt is applied under various
circumstances. Transverse abdominis activity is also reduced with belt application. The belt performs best
when it covers the entire lumbar region. Reduction of belt width might lead to increased muscle activity for
the muscle that isn’t covered by the belt, inducing over-recruited muscle. For the same belt width, belt
position variations are irrelevant to the belt performance. It has been validated that the abdominal belt can
significantly assist abdominal muscles and maintain a solid core during intense WBV generated in different
sea states, reducing fatigue and the risk of injury to the lumbar. Therefore, the model can be a preliminary

guide for designing the abdominal belt.
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Introduction

Repeated shocks and whole-body vibration always lead to detrimental effects on crew and passengers on
high-speed craft (HSC) (Halswell, Wilson, Taunton, & Austen, 2016). Low back musculoskeletal injury is
one of the most commonly seen symptoms for occupants with apparent muscle pains in the lumbar region
(Bartleson, 2001; Bridger, 1999). Existing methods used to mitigate the symptom include limitations of the
vehicle speed and improving the seat design for better vibration absorption (Cripps, Cain, Phillips, Rees, &
Richards, 2003; Garme, Burstrom, & Kuttenkeuler, 2011; Myers et al., 2012; Townsend, Coe, Wilson, &
Shenoi, 2012). However, these methodologies can increase the complexity and cost of the craft potentially.

Therefore, protections on occupants with an abdominal belt was considered.

The abdominal belt was firstly considered as a support for athletes such as heavy weight lifters. The effect
of the belt can be evaluated with intra-abdominal pressure (IAP), which is a parameter supposed to aid in
reducing spinal disc compressive force (Grillner S Fau - Nilsson, Nilsson J Fau - Thorstensson, &
Thorstensson). Harman et al did experiments on dead-lifting behaviour with and without a belt and
compared the measured IAP (Harman, Rosenstein, Frykman, & Nigro, 1989). Significant increment of IAP
was found after the belt was applied to stabilize the lumbar region. Similar conclusions were made, such as
increasing intradiscal pressure (Miyamoto, linuma, Maeda, Wada, & Shimizu, 1996) and reduced spinal
compressive force (Woldstad & R. Sherman, 1998). Although there existed controversial results that the
belt did not contribute to the reduction of spinal compressive force (Ivancic, Cholewicki, & Radebold,
2002), no apparent findings showed that wearing a belt can either decrease IAP or increase the compressive

force.

IAP and muscle forces are normally measured with transducers on human skin, and electromyography,
which can cause potential injuries to the participants. It is also difficult to perform experiments with subjects
exposed to extreme shock, such as those experienced on HSC. Therefore, the musculoskeletal model was
created to simulate the muscle effects and body reactions to external shocks as an inexpensive and efficient
method. De Zee et al built a lumbar model that can estimate the maximum extension moment in an upright
position (de Zee, Hansen, Wong, Rasmussen, & Simonsen, 2007). An optimized model was later built by
adding new elements to the model and was capable of estimating the muscle and tendon forces (Christophy,
Faruk Senan, Lotz, & O'Reilly, 2012). Further studies have included the IAP effects, and the
musculoskeletal model was coupled with Finite-element (FE) method (Liu, Khalaf, Adeeb, & El-Rich,
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2019; Liu, Khalaf, Naserkhaki, & El-Rich, 2018). The results implied that the inclusion of IAP reduced

global muscle forces, the disc loads and intradiscal pressure.

Based on the previous research, this paper has introduced a musculoskeletal model with virtual belts to
simulate the belt effects for passengers on HSC with AnyBody Modelling System, a software for the
development and analysis of the musculoskeletal system. Concerned parameters such as IAP, muscle
activity, and spinal compressive force have been studied. In general, the abdominal belt can positively

contribute to the stabilization of the core muscle in the lumbar region.
Methods

The seated human model was developed using AnyBody and depicted in Figure 1A. The chair was
simplified as rigid to focus on the response of rigid components of the model during the force transmission.
The real vibration was represented by vertical and off-vertical acceleration with different magnitudes. The
signals were produced with a digital model (Olausson and Garme model) in MATLAB, as shown in Figure
1B. The half-sine pulse was fitted to a sine function (shown with Equation 1) and used as input in AnyBody
to mimic the external vibration effects. In the equation, A represents the magnitude of the acceleration, and

a. is the shock wave amplitude.
A = asin (wt + @) @)

In the model, the lumbar region contained vertebra and transversus muscle. Five vertebra segments were
included ranging from L1 to L5. As depicted in Figure 1C, the transversus muscle was connected to the
vertebra, and the virtual belt will cover this region. The abdominal volume was idealized as a cylinder. In
AnyBody, any force applied on the abdominal muscle can generate abdominal pressure. Therefore, the
stretchy belt works like a virtual muscle with similar properties to the transversus muscle, but can provide

a uniform inward force to help stabilize the lumbar region and generate [AP.

A B C
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Figure 1. (A) A 3-D view of a seated human model in AnyBody software. (B) Half-sine pulse for simulation

and the shock pulse on the seat surface. (C) Lumbar region structure with vertebra and transversus muscle.

In general, the numerical model was evaluated with shocks under different sea states ranging from 3g to
10g. Besides, occupants with different anthropometric dimensions were studied as well as different belt

widths. Finally, both vertical and off-vertical accelerations with different amplitudes were simulated.

Results

Three main parameters were used to evaluate the effect of the abdominal belts, and results were obtained
from the human MSK model. The first parameter is IAP, which is closely related to the stabilization of the
lumbar region against external loading. The second one is the transversus muscle activity (TrA), which is
calculated by dividing the actual muscle strength under vertical acceleration by the maximum muscle
strength of the transvers abdominal muscle group. The maximum muscle strength is an inherent property
of the muscle, and the value is constant. Therefore, muscle activity can represent muscle recruitment. The
third is the spinal compressive force which is represented by a reaction force between adjacent vertebrae

L4 and L5.

The three main results were initially shown in Figure 2, based on a seated human model experiencing 10g
pure vertical acceleration with and without a belt. There was a significant increase in IAP (120%) after the
belt was applied. Both the transversus muscle activity and L4/L5 compressive force were decreased with
the virtual belt, indicating a positive effect of the belt application. These findings are consistent with the
previous results that the back belt can enhance IAP and reduce measured back muscle electromyography

(Kingma et al., 2020).

A B C

Figure 2. Belt effects on seated human model. (A) IAP value comparison. (B) Transversus muscle activity

comparison. (C) Comparison of compressive force at L4/L5 joint.
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The belt effects under different sea states were tested with data from previous literature (Riley, Haupt,
Ganey, & Coats, 2018). A total of six levels of vertical acceleration were selected, ranging from 3g to 10g.
in Figure 3, the maximum values of IAP, TrA, and L4/L5 compressive forces were evaluated under
different vertical accelerations. As expected, the belt had an overall beneficial effect on all sea states.
Similar results were found for people with different anthropometric dimensions. As displayed in Table 1,
there was a significant reduction of compressive forces at L4/L5 joint after the belt was applied for 5%,

50%, and 95% anthropometric dimensions.

A B C

Figure 3. Belt influences under different vertical accelerations. (A) Maximum IAP comparison. (B)
Maximum transversus muscle activity comparison. (C) Maximum compressive force at L4/L5 joint

comparison.

Table 1. Belt effects for a human model with different anthropometric dimensions

5% percentile 50™ percentile 95™ percentile
Body weight/height 69kg/169.3mm 81kg/178.1mm 96kg/189.8mm
IAP +114% +121% +107%
TrA -21.5% -17.7% -14.7
L4.L5 force -12% -12.3% -10.3%

Values in the table are the differences before and after the belt was applied expressed in percentage; “+’ indicates increased value,

and ‘-’ indicates reduced value.

The belt width effects were also studied. There are five vertebrae segments in the lumbar region; the belt
width levels were represented by the number of segments covered by the abdominal belt. Figure 4 shows

that a level 5 belt width had the best belt performance, i.e., a belt that covers the entire lumbar region.
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Figure 4. Belt width levels influence on (A) IAP increase. (B) L4/L5 compressive force decrease.

When the off-vertical acceleration was included, there was a significant increase in the spinal compressive
force, indicating larger pressure on the human spine compared to pure vertical acceleration. To test the
effects of off-vertical acceleration, six cases were tested and compared with vertical-only conditions (shown
in Table 2). Composite values for the total acceleration for all cases were kept the same at 10g. Belt effects
were shown in Figure 5; compared to pure vertical acceleration, the belt had a larger effect in both increase
of IAP and the reduction of compressive force. However, large lateral acceleration can lead to the transverse
abdominis activity value higher than 1, inducing a significant drop in the belt effects expressed with red

dots in the figure.

Table 2. Parameters used for off-vertical acceleration.

Case V (vertical) | L1(Lateral 1) L2 L3 L4 L5 L6
Vertical acceleration (g) 10 9.98 9.95 9.88 9.8 9.54 8.66
Lateral acceleration (g) 0 0.5 1 1.5 2 3 5
A B C

Figure 5. Belt effects on off-vertical acceleration. (A) IAP increment. (B) Transverse abdominis activity

decrease. (C) L4/L5 compressive force decrease.

Discussion and Conclusions
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For all of the shock conditions tested, the abdominal belt reduced the spinal loading in the lumbar region.
This decrease in loading was due to the load being partially supported by the IAP. In no case did the belt

make the response to the shock more severe in the lumbar region, thereby indicating a protective effect.

When the belt covers the entire lumbar region, all the transversus abdominis have the same muscle activity.
However, a reduction of belt width might lead to increased muscle activity for the muscle that was not
covered by the belt, and the increment value is inversely proportional to the number of muscles not covered
by the belt. When the belt covered four vertebra segments, the activity of the unconstrained muscle
increased by 60%, which can be over-recruited. This finding supports the result that the abdominal belt

performed best when it covered the entire lumbar region.

With large values of lateral acceleration, the transverse abdominis activity can be higher 1, indicating that
the muscle is not capable of responding to the shock, suggesting a limited value for shock exposure. Beyond
the threshold of 1, the modelling indicates non-linear responses and the accuracy of the model is not
guaranteed. Lateral acceleration also led to a potential threat to the human model with much higher spinal
compressive forces; better belt effects compared to vertical-only acceleration implies that the belt can

provide multi-axis support.

AnyBody is a modelling tool that is capable of simulating musculoskeletal loading and therefore allows for
the analyses reported here. However, it has a limitation, such that it does not simulate the dynamic motion
of segments and associated geometric non-linearities. Non-linearities of apparent mass and transmissibility
under WBYV reflected by changes in resonance frequency can be studied with experimental measurements
and numerical simulation (Coe, Xing, Shenoi, & Taunton, 2009; Mansfield & Griffin, 2000; Shabana,
Gantoi, & Brown, 2011). Besides, the belt model was limited to simulating only stretchy belts that provided
a constant inward force, rather than a body reacting to the presence of a non-stretch belt around the
abdomen. The belt is also an idealized cylinder, with no variation in width or rigid design elements that
may be present in a physical product. In order to model these, a different approach would be needed,

potentially building more complex models combining active elements and finite element analysis (FEA).

In this paper, a novel biomechanical model was built with AnyBody software to study potential belt
protection for seated humans on HSC. The impact of the belt was evaluated by IAP, muscle activities and
spinal compressive forces. The results have shown a combined increase of IAP (137% maximum) and a
decrease of spinal compressive force at the L4/L5 joint (15.5% maximum) once the belt is applied under
various circumstances, including vertical and off-vertical acceleration. To achieve the best belt

performance, the belt should cover the full range of the lumbar region, which is also comfortable for a
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human being. This study can provide a preliminary guide to the design of an abdominal belt to protect

occupants on the HSC.
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Abstract

Weighted vest (WV) use has been explored as a modifier of jumping and landing performance in athletes,
but it is unclear whether performance is modified with different WV loading arrangements. The purposes
of this study were to a) examine the effects of different external load arrangements on vertical jump
height and lower-extremity biomechanics during a countermovement jump and b) understand the effects
on men versus women. A scaled musculoskeletal gait model in OpenSim was used with sagittal plane
inverse kinematics procedures for 24 participants (75.71 + 18.88 Kg; 1.71 £ 0.09 m) equally divided
between men and women performing jump-landing in four weighted vest loading conditions (back-
loaded, front-loaded, split-loaded, unloaded). Mixed-model factorial analyses of variance (0=0.05) and
effect sizes (ES) were used to identify and quantify differences between sexes and loading conditions.
Regardless of loading conditions, men showed greater jump height (p<0.001, ES=2.22) and greater hip
(p<0.001, ES=1.59), and knee (p=0.026, ES=0.90) moments. No significant difference in the hip
(p=0.478, ES=0.30) or knee (p=0.580, ES=0.23) angular displacement was observed between men and
women. Without considering sex, the unloaded condition showed greater jump height (p<0.001, ES=0.4),
hip displacement (p=0.006, ES=0.34), and hip (p=0.019, ES=0.36), and knee (p=0.004, ES=0.48)
moments when compared to the back-loaded condition. Jump height (p=0.04, ES=0.1) and hip moments
(p=0.028, ES=0.36) were also greater for the split-loaded compared to the back-loaded condition. Both
the unloaded and split-loaded conditions showed greater jump height (p<0.001, ES=0.4; p<0.001,
ES=0.3) and hip moments (p<0.001, ES=0.55; p=0.003, ES=0.35) compared with the front-loaded
condition. A significantly greater magnitude of the hip displacement was detected for the split loaded
condition compared to the front-loaded condition (p<<0.001, ES=0.19). These results indicate that different
external loading arrangements significantly affect the biomechanical performance output and differences
in the load accommodation strategies between men and women during the period between the weighting
and propulsion phases of jumping.

Keywords: Countermovement jump, biomechanics, weighted vest, jump height
Introduction

Countermovement jump is a common practice in professional sports that, at the same time, is used to
evaluate jumping performance and joint biomechanics. The countermovement jump consists of the
subject standing, followed by a downward movement and a rapid upward movement to cause take-off [1].
Jumping performance studies seek opportunities to improve jumping techniques. At the same time, they
analyze joint kinetics and kinematics to identify biomechanical performance of postural adjustment and
center of mass shifting to maintain balance [2]. Jumping performance is closely related to the jumping
technique that can be improved through different strategies [3]-[6]. It is essential to mention that an
increased jump height will also increase the landing height, which requires a greater mechanical demand
during the landing phase on the hip, knee, and ankle joints[7].

A weighted vest is one of many possible practices to add an external load to improve jumping
performance in training. It is recommended to use an extra 10-15% body weight (BW) as the external
load for training practices to enhance vertical jump height [8]-[10]. A warming-up protocol with a 2%

1
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BW weighted vest effectively enhanced jumping performance [11]. Typically, the load on the weighted
vest is positioned such that it is symmetrically arranged over the trunk. Asymmetrically loading the
weighted vest can also cause different biomechanical demands during jumping and landing [12].
Modified hip, knee, and ankle responses have been observed for symmetrical loading, causing different
energy absorption during the landing phase [13]. External loading studies are commonly done for the
landing phase because during this period, the jumper experiences the peak ground reaction forces, so the
injury risk is increased [14], [15].

In contrast, this study focuses on the jumping's weighting, unweighting, breaking, and flying phases that
define the jumping performance [16]. The purpose of this study is to investigate the knee and hip kinetics
and kinematics for different load arrangements of weighted vests. We hypothesize that the jump height
will be greater in magnitude in men than women and for the unloaded case compared to the other loading
conditions. Also, it is expected to observe lower hip and knee moment and angular displacement for
women and the unloaded condition. The novelty of this study is that four different loading arrangements
(back-loaded, front-loaded, split-loaded, and unloaded) are tested for hip and knee kinetic sand kinematics
comparison using OpenSim software [17], [18]. We expect to find significant differences when
comparing the unloaded condition with any other loading conditions. Also, we hope to see significant
differences when comparing the split-loaded condition against the front-loaded and back-loaded
conditions.

Methods
Participants

Twenty-four recreationally active adults (26.13 + 3.33 years) were recruited for this study and among
them there were 12 males (88.75 £ 16.36 Kg; 1.77 £ 0.07 m) and 12 females (62.67 = 10.32 Kg; 1.65 +
0.06 m). The recruit criterion was that they did not have a recent history (< 1 year) of significant injuries
in the lower extremities. Institutional Review Board approved the experimental protocol at the site of data
collection.

Experimental Protocol

Data collection was conducted in a single laboratory session that started with collecting demographic and
anthropometrics of each participant (gender, age, mass, height). Participants were provided with
appropriate-sized athletic shoes (Vazee Pace v2; New Balance Athletics, Inc., Boston, MA) as a control
method for potential footwear effects. After the protocol was explained, the participants went through a
standardized warm-up protocol that required five-minute walking or jogging on a treadmill at a self-
selected pace and five vertical jump landings (VJL) separated by 30 seconds. Posteriorly, the participants
performed eight maximum effort countermovement jumps in four experimental conditions. The
conditions were defined as zero added mass (Unloaded), 10% body mass added symmetrically over the
trunk (Split-loaded), 10% body mass added over the anterior aspect of the trunk (Front-loaded), and 10%
body mass added over the posterior aspect of the trunk (Back-loaded) by wearing a weighted vest (Mir
Vest, Inc., San Jose, CA, USA). The loading conditions were presented to the participants in a
counterbalanced order.

The participants were instructed to start the trial by positioning each foot on a force platform and later
perform the jump using a self-selected countermovement depth and preferred arm swing strategy. It was
required to be considered a fair trial for the participant to land with each foot in contact with a force
platform and return to a motionless standing position. A trial was discarded if the jump appeared to be
submaximal effort, the participant could not land with each foot in an individual force platform, or the
participant could not return to the motionless standing position.
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Three-dimensional kinematic data were obtained using a 10-camera motion capture system (Vicon
Motion Systems, Ltd., Oxford, UK; 200 Hz) that tracked reflective spherical markers (14mm). The
markers were positioned in the following locations: acromion process, iliac crest, anterior superior iliac
spine, posterior superior iliac spine, medial and lateral aspects at the knee, and the medial and lateral
malleoli. Individual markers were also placed on the C7 vertebrae, the sternoclavicular notch, and the
sacrum. Also, three-marker cluster sets adhered bilaterally over the calcaneus. Four-marker cluster sets
adhered bilaterally to the lateral aspect of the thigh and shank to complete the set. Simultaneously, a dual
force platform system (Kistler Instruments, Corp., Amherst, NY; 1000 Hz) was used to obtain three-
dimensional ground reaction force (GRF) data.

Data Processing

Subject-specific musculoskeletal models were scaled using OpenSim [17], [18] software from a gait
model that has no upper extremities (Gait 2354) [19]-[22]. The scaling process required adjusting the
generic model with the height and weight of each participant and inputting estimated values of the inertial
properties. Once the model was scaled to a specific participant, an inverse kinematic (IK) analysis was
done by reducing the error between the position of the physical markers data obtained with motion
capture with the virtual markers on the model [23]. The obtained results provide the joint kinematics
necessary to perform the inverse dynamics (ID) process to give the internal joint moments.

After the results from ID were smoothed with a Butterworth filter with a cut-off frequency of 6Hz, the
results were exported to MATLAB® to divide the jumping motion into propulsion and flying phases
based on the ground reaction force data. The propulsion phase was defined from the onset movement to
the take-off instant. The flying phase was defined from take-off to ground contact [16]. The maximum
joint displacement and moment were taken from the right limb since asymmetries in the sagittal plane are
unlikely to happen [24]-[26]. Taking advantage of the OpenSim analysis tool, the body center of mass
position was calculated to obtain the maximum jump height during the flying phase as the difference
between the highest position of the center of mass position during the flying phase and at the beginning
motionless standing position.

Statistical Analysis

The mean and standard deviation (SD) of kinetic and kinematic values were calculated for each
participant's trial for each loading condition. IBM SPSS software (v28; IBM Corp., Armonk, NY) was
used to run a mixed-model factorial ANOVA (a=0.05), with sex as the between factor and loading
condition as the within factor. In the case of a significant interaction, independent sample t-test and paired
sample t-test were used to assess sex differences between loading conditions and loading conditions
differences between sex, respectively. When no significant interaction was detected, Sidak adjustment
was used to compare the main effects. The data normality was assessed using the Shapiro-Wilk test.
Cohen's d effect sizes (ES) were calculated to normalize the magnitude of the mean differences and
identify the presence of a meaningful effect [27]. Sawilowsky's scale was selected to interpret the values
of the effects size. The scale is defined as follow: very small: ES<0.2, small: 0.2<ES<0.5, medium:
0.5<ES<0.8, large: 0.8<ES<1.2, very large: 1.2<ES<2.0, and huge: ES>2.0 [28].

Results

The data presented the flexion and flexion moment in thi section is defined as positive for both the knee
and hip joints. Hip and knee moments were normalized with respect to system weight (subject and
weighted vest mass). No significant interactions were detected for the maximum jump height (p=0.579),
hip (p=0.499) and knee (p=0.269) moment, or hip (p=0.541) or knee (p=0.851) angular displacement.
Accordingly, main effects were obtained for the differences between sexes with pooled load conditions
and load conditions with pooled sex data.
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Sex effects

Statistical analysis results for the sex data are listed in Table 1. A huge sex difference was detected for
greater maximum jump height (p<0.001, ES=2.22) for men compared to women. A very large difference
was detected for the hip moment (p<0.001, ES=1.59), with a greater magnitude for men than women. For
the knee moment, a large difference was detected (p=0.026, ES=0.90) with greater magnitude in the case
of men compared to women. No significant differences were detected for hip (p=0.478, ES=0.30) and
knee (p=0.580, ES=0.23) angular displacement.

Table 1:Differences between Men and Women

Variables Men Women

Mean SD Mean SD p ES
Jump Height* 0.49 0.08 0.34 0.06 <0.001 2.22
Hip Displacement 91.30 19.66 86.34 13.89 0.478 0.30
Hip Moment* 2.09 0.40 1.51 0.36 <0.001 1.59
Knee Displacement 107.21 12.75 104.82 8.73 0.580 0.23
Knee Moment* 1.69 0.22 1.52 0.17 0.026 0.90

Note: Units of measurement for jump height (m), hip and knee displacement (°), hip and knee moment
(N m Kg~1); Mean: average across participants; SD: + one standard deviation; p=statistical probability;
ES = Cohen's d effect size; * significant difference between men and women (p<0.05).

Load condition effects

Results for load condition data are presented in Table 2. For the jump height, small load condition
differences were detected with greater jump height for the unloaded condition when compared to the
back-loaded condition (p<0.001, ES=0.4), the front-loaded condition (p<0.001, ES=0.4), and split-loaded
condition (p<0.001, ES=0.3). Also, a very small difference was detected for a more significant jump
height when comparing the back-loaded and split-loaded conditions (p=0.04, ES=0.1). Small significant
differences were seen for the hip moment with a smaller magnitude for the back-loaded condition when
compared to the split-loaded condition (p=0.028, ES=0.36) and with the unloaded condition (p=0.019,
ES=0.36). For the knee moment, a small significant difference was detected with greater magnitude for
the unloaded condition compared to the back-loaded condition (p=0.004, ES=0.48). Small significant
differences were seen for the hip angular displacement with greater magnitude for the unloaded condition
when compared to the back-loaded (p=0.006, ES=0.34) and split-loaded (p=0.003, ES=0.35) conditions.
A medium significant difference was detected with greater hip angular displacement for the unloaded
condition than the front-loaded condition (p<0.001, ES=0.55). A greater magnitude of hip angular
displacement for the split-loaded condition than the front-loaded condition showed a very small
significant difference (p<0.001, ES=0.19).

Table 2: Differences between Loading Conditions

Variables Back-loaded Front-loaded Split-loaded Unloaded

Mean SD Mean SD Mean SD Mean SD p
Jump Height 1189 0.40 0.10 0.40 0.10 041 0.10 0.44 0.11  <0.001
Hip Displacement 1§9# 88.36 16.69 84.92 17.23 88.14 17.67 93.85 16.71 <0.001
Hip Moment 131 1.70 048 1.78 0.50 1.87 0.50 1.86 0.44 <0.001
Knee Displacement 10544 991 10546 990 106.88 11.99 106.27 12.34 0.498
Knee Moment 1.55 0.23 1.60 0.19  1.60 0.18 1.66 0.25 0.015

Note: Units of measurement for jump height (m), hip and knee displacement (°), hip and knee moment
(N m Kg~1); Mean: average across participants; SD: + one standard deviation; p=statistical probability; ¥
significant difference between unloaded and back-loaded conditions (p<0.05), I significant difference
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between back-loaded and split-loaded conditions (p<0.05), § significant difference between front-loaded
and unloaded conditions (p<0.05), § significant difference between split-loaded and unloaded conditions
(p<0.05), # significant difference between front-loaded and split-loaded conditions (p<0.05).

Discussion

This study aimed to investigate if using different loading arrangements as a weighted vest during the first
phases of countermovement jump will alter the jump height and biomechanics of the hip and knee joints
in male and female subjects. From the first hypothesis, for pooled loading conditions (Table 1), a higher
jumping height was observed for men than women, which is consistent with results previously reported in
the literature [29]. When looking at Table 2, the unloaded condition showed the highest jump height since
it has a lesser mechanical demand than other loading conditions, so there is less mass to overcome. The
significant differences in the jump height and hip moment between the back-loaded and the split-loaded
conditions suggest that the load arrangement does influence the performance output with a more
substantial jump height with less hip involvement. Previous studies have investigated the progressive use
of loading strategies over different periods, showing improvements in jump height [30], [31]. Our study
did not focus on warm-up or training protocols to obtain better jumping performance results in the long
term, so a future study could implement the different load and different loading arrangements, as
proposed in this paper, to investigate the improvement in jump height [32], [33].

By looking at Table 1, there is a significant difference between male and female subjects for both knee
and hip moments. Considering that men are typically stronger from a gross perspective, they can sustain
much higher stretch loads [34]; it is shown that they also generate more relative torque during jumping.
These results are consistent with previous studies reporting that higher jumps are directly related to more
significant knee and hip moments [35]. Muscle strength and power output have been considered
predictors of jumping performance [30]. Still, we are looking at a situation where joint moments could be
viewed as another critical factor in this prediction. In the case of joint angular displacement, a significant
difference was found only for the hip joint, comparing different loading conditions (Table 2). Previous
studies have reported trunk position adaptations with the added external load during landing [13] and
differences in the hip work between men and women with different energy storage or concentric
mechanical output [36]. Our results suggest that there might be similar adaptations during the
unweighting, breaking, and propulsion phases of jumping. Even when the results followed our
hypothesis, the small differences in jump height and hip moment need further investigation to find their
meaningfulness in this context.

The differences in kinetic and kinematic factors could be considered an accommodation strategy [37] that
differs between men and women and across loading conditions in response to a change in an external
stressor in the form of additional external weight to the body. It is essential to mention that, even when
similar jump height could be achieved for different jumpers, its downward phase movement strategy
during the countermovement jump could be different. During the unweighting and breaking phases of
jumping, the joints' kinetic and kinematics qualities may differ from one subject to another, so differences
in joints' moment and angular displacement are expected [38]. Also, short-term and long-term responses
are different because neuromuscular and metabolic adaptations have been observed for external loading
conditions [39]. Finally, it is worth mentioning that all results were kinetic and kinematic results were
obtained using OpenSim. A future study could test the reliability of these results when comparing with
other software with the same capabilities in simulation and predicting biomechanical parameters.

Conclusion

This study showed adjustment in the knee and hip moments for the back-loading condition as a strategy to
achieve greater jump height during the flying phase of the countermovement jump. Because of
symmetrical and asymmetrical loading, there was a significant difference in the jump height and the hip
moment when comparing the back-loaded and the split-loaded conditions. The same behavior was
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observed for the hip angular displacement in comparing front-loaded and split-loaded conditions. In
contrast, independent of the symmetry or asymmetry of the additional load, significant differences were
detected for jump height and hip displacement for the front-loaded versus unloaded and the split-loaded
versus unloaded cases. When comparing sex, large, very large, and huge effects sizes were detected for
knee moment, hip moment, and jump height, respectively, suggesting that differences are meaningful.
Different loading arrangements may be implemented in various warm-up protocols or training programs
depending on the implementation of and desired results in terms of performance.

Acknowledgments
This work was supported by Distinguished Graduate Student Fellowship, Graduate School, Texas Tech
University.

References

[1] B. Van Hooren and J. Zolotarjova, "The Difference between Countermovement and Squat Jump
Performances: A Review of Underlying Mechanisms with Practical Applications," J. Strength Cond.
Res., vol. 31, no. 7, pp. 2011-2020, 2017, doi: 10.1519/JSC.0000000000001913.

[2] A. Le Pellec and B. Maton, "Initiation of a vertical jump: the human body's upward propulsion
depends on control of forward equilibrium," 2002. [Online]. Available:
www.elsevier.com/locate/neulet.

[3] H. M. Ericksen, A. C. Thomas, P. A. Gribble, S. C. Doebel, and B. G. Pietrosimone, "Immediate
effects of real-time feedback on jump-landing kinematics," J. Orthop. Sports Phys. Ther., vol. 45,
no. 2, pp. 112—118, Feb. 2015, doi: 10.2519/jospt.2015.4997.

[4] H. M. Ericksen, A. C. Thomas, P. A. Gribble, C. Armstrong, M. Rice, and B. Pietrosimone, "Jump-
landing biomechanics following a 4-week real-time feedback intervention and retention," Clin.
Biomech., vol. 32, pp. 85-91, Feb. 2016, doi: 10.1016/j.clinbiomech.2016.01.005.

[5] K.R.Ford et al, "Use of an Overhead Goal Alters Vertical Jump Performance and Biomechanics,"
2005.

[6] K.R.Ford, A. D. Nguyen, E. J. Hegedus, and J. B. Taylor, "Vertical jump biomechanics altered with
virtual overhead goal," J. Appl. Biomech., vol. 33, no. 2, pp. 153-159, Apr. 2017, doi:
10.1123/jab.2016-0179.

[7] H. Te Peng, T. W. Kernozek, and C. Y. Song, "Quadricep and hamstring activation during drop
jumps with changes in drop height," Phys. Ther. Sport, vol. 12, no. 3, pp. 127-132, Aug. 2011, doi:
10.1016/j.ptsp.2010.10.001.

[8] A.G. Thompsen, T. Kackley, M. A. Palumbo, and A. D. Faigenbaum, "Acute Effects of Different
Warm-Up Protocols with and without a Weighted Vest on Jumping Performance in Athletic
Women," J. Strength Cond. Res., vol. 21, no. 1, pp. 52-56, Feb. 2007, doi: 10.1519/00124278-
200702000-00010.

[9] R. Khlifa et al., "Effects of a Plyometric Training Program With and Without Added Load on
Jumping Ability in Basketball Players," J. Strength Cond. Res., vol. 24, no. 11, pp. 2955-2961, Nov.
2010, doi: 10.1519/JSC.0b013e3181e37fbe.

[10] J. D. Simpson et al., "Effects of Weighted Vest Loading During Daily Living Activities on
Countermovement Jump and Sprint Performance," Int. J. Sports Physiol. Perform., vol. 15, no. 3, pp.
309-318, Mar. 2020, doi: 10.1123/ijspp.2019-0318.

[11] A. D. Faigenbaum, J. E. McFarland, J. A. Schwerdtman, N. A. Ratamess, J. Kang, and J. R.
Hoffman, "Dynamic warm-up protocols, with and without a weighted vest, and fitness performance
in high school female athletes.," J. Athl. Train., vol. 41, no. 4, pp. 357-63, 2006, [Online].
Available: http://www.ncbi.nlm.nih.gov/pubmed/17273458.

[12] F. Vaverka et al., "The Influence of an Additional Load on Time and Force Changes in the Ground
Reaction Force During the Countermovement Vertical Jump," J. Hum. Kinet., vol. 38, pp. 191-200,
Sep. 2013, doi: 10.2478/hukin-2013-0059.



7th International Digital Human Modeling Symposium (DHM 2022) Paper 17 - Baus et al

[13] A. Kulas, P. Zalewski, T. Hortobagyi, and P. DeVita, "Effects of added trunk load and
corresponding trunk position adaptations on lower extremity biomechanics during drop-landings," J.
Biomech., vol. 41, no. 1, pp. 180-185, Jan. 2008, doi: 10.1016/j.jbiomech.2007.06.027.

[14] K. N. S. K. Syamimi, M. S. Salim, and N. Omar, "A biomechanical analysis of the knee during jump
landing," 30th Annu. Conf. Biomech. Sport., no. 39, pp. 265-268, 2012.

[15] C. H. Yeow, P. V. S. Lee, and J. C. H. Goh, "An investigation of lower extremity energy dissipation
strategies during single-leg and double-leg landing based on sagittal and frontal plane
biomechanics," Hum. Mov. Sci., vol. 30, no. 3, pp. 624-635, Jun. 2011, doi:
10.1016/j.humov.2010.11.010.

[16] J.J. McMahon, T. J. Suchomel, J. P. Lake, and P. Comfort, "Understanding the Key Phases of the
Countermovement Jump Force-Time Curve," Strength Cond. J., vol. 40, no. 4, pp. 96-106, Aug.
2018, doi: 10.1519/SSC.0000000000000375.

[17] A. Seth ef al., "OpenSim: Simulating musculoskeletal dynamics and neuromuscular control to study
human and animal movement," PLOS Comput. Biol., vol. 14, no. 7, p. €1006223, Jul. 2018, doi:
10.1371/journal.pcbi.1006223.

[18] S. L. Delp et al., "OpenSim: Open-Source Software to Create and Analyze Dynamic Simulations of
Movement," IEEE Trans. Biomed. Eng., vol. 54, no. 11, pp. 1940-1950, Nov. 2007, doi:
10.1109/TBME.2007.901024.

[19] F. C. Anderson and M. G. Pandy, "A Dynamic Optimization Solution for Vertical Jumping in Three
Dimensions," Comput. Methods Biomech. Biomed. Engin., vol. 2, no. 3, pp. 201-231, Jan. 1999, doi:
10.1080/10255849908907988.

[20] F. C. Anderson and M. G. Pandy, "Dynamic Optimization of Human Walking," J. Biomech. Eng.,
vol. 123, no. 5, pp. 381-390, Oct. 2001, doi: 10.1115/1.1392310.

[21] S. L. Delp, J. P. Loan, M. G. Hoy, F. E. Zajac, E. L. Topp, and J. M. Rosen, "An interactive
graphics-based model of the lower extremity to study orthopaedic surgical procedures," IEEE Trans.
Biomed. Eng., vol. 37, no. 8, pp. 757-767, 1990, doi: 10.1109/10.102791.

[22] G. T. Yamaguchi and F. E. Zajac, "A planar model of the knee joint to characterize the knee
extensor mechanism," J. Biomech., vol. 22, no. 1, pp. 1-10, Jan. 1989, doi: 10.1016/0021-
9290(89)90179-6.

[23] R. Ueno et al., "Quadriceps force and anterior tibial force occur obviously later than vertical ground
reaction force: a simulation study," BMC Musculoskelet. Disord., vol. 18, no. 1, p. 467, Dec. 2017,
doi: 10.1186/s12891-017-1832-6.

[24] J. R. Harry, C. R. James, and J. S. Dufek, "Weighted vest effects on impact forces and joint work
during vertical jump landings in men and women," Hum. Mov. Sci., vol. 63, pp. 156163, Feb. 2019,
doi: 10.1016/j.humov.2018.12.001.

[25] J. R. Harry, J. Freedman Silvernail, J. A. Mercer, and J. S. Dufek, "Bilateral Comparison of Vertical
Jump Landings and Step-off Landings From Equal Heights," J. Strength Cond. Res., vol. 32, no. 7,
pp- 1937-1947, Jul. 2018, doi: 10.1519/JSC.0000000000002093.

[26] J. R. Harry, J. Freedman Silvernail, J. A. Mercer, and J. S. Dufek, "Comparison of pre-contact joint
kinematics and vertical impulse between vertical jump landings and step-off landings from equal
heights," Hum. Mov. Sci., vol. 56, pp. 88-97, Dec. 2017, doi: 10.1016/j.humov.2017.10.022.

[27] G. M. Sullivan and R. Feinn, "Using Effect Size—or Why the P Value Is Not Enough," J. Grad.
Med. Educ., vol. 4, no. 3, pp. 279-282, Sep. 2012, doi: 10.4300/JGME-D-12-00156.1.

[28] S. S. Sawilowsky, "New Effect Size Rules of Thumb," J. Mod. Appl. Stat. Methods, vol. 8, no. 2, pp.
597-599, Nov. 2009, doi: 10.22237/jmasm/1257035100.

[29] C. E. Quatman, K. R. Ford, G. D. Myer, and T. E. Hewett, "Maturation leads to gender differences
in landing force and vertical jump performance: A longitudinal study," Am. J. Sports Med., vol. 34,
no. 5, pp. 806-813, 2006, doi: 10.1177/0363546505281916.

[30] S. Markovic, D. M. Mirkov, O. M. Knezevic, and S. Jaric, "Jump training with different loads:
effects on jumping performance and power output," Eur. J. Appl. Physiol., vol. 113, no. 10, pp.
2511-2521, Oct. 2013, doi: 10.1007/s00421-013-2688-6.

7



7th International Digital Human Modeling Symposium (DHM 2022) Paper 17 - Baus et al

[31] W. A. Sands, R. C. Poole, H. R. Ford, R. D. Cervantez, R. C. Irvin, and J. A. Major, "Hypergravity
Training: Women's Track and Field," J. Strength Cond. Res., vol. 10, no. 1, 1996, [Online].
Available: https://journals.Iww.com/nsca-
jscr/Fulltext/1996/02000/Hypergravity Training Women s Track and Field.6.aspx.

[32] C. Chattong, L. E. Brown, J. W. Coburn, and G. J. Noffal, "Effect of a Dynamic Loaded Warm-Up
on Vertical Jump Performance," J. Strength Cond. Res., vol. 24, no. 7, pp. 1751-1754, Jul. 2010,
doi: 10.1519/JSC.0b013e3181ddf665.

[33] G. M. Duthie, W. B. Young, and D. A. Aitken, "The acute effects of heavy loads on jump squat
performance: an evaluation of the complex and contrast methods of power development.," J.
strength Cond. Res., vol. 16, no. 4, pp. 530-8, Nov. 2002, [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/12423181.

[34] P. V Komi and C. Bosco, "Utilization of stored elastic energy in leg extensor muscles by men and
women.," Med. Sci. Sports, vol. 10, no. 4, pp. 261-5, 1978, [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/750844.

[35] A. Vanezis and A. Lees, "A biomechanical analysis of good and poor performers of the vertical
jump," Ergonomics, vol. 48, no. 11-14, pp. 1594-1603, Sep. 2005, doi:
10.1080/00140130500101262.

[36] J. R. Harry, L. A. Barker, and M. R. Paquette, "Sex and acute weighted vest differences in force
production and joint work during countermovement vertical jumping," J. Sports Sci., vol. 37, no. 12,
pp. 1318-1326, 2019, doi: 10.1080/02640414.2018.1557825.

[37] C. R. James, L. T. Atkins, J. S. Dufek, and B. T. Bates, "An exploration of load accommodation
strategies during walking with extremity-carried weights," Hum. Mov. Sci., vol. 35, pp. 17-29, Jun.
2014, doi: 10.1016/j.humov.2014.03.012.

[38] J. Rauch, E. Leidersdorf, T. Reeves, L. Borkan, M. Elliott, and C. Ugrinowitsch, "Different
Movement Strategies in the Countermovement Jump Amongst a Large Cohort of NBA Players," Int.
J. Environ. Res. Public Health, vol. 17, no. 17, p. 6394, Sep. 2020, doi: 10.3390/ijerph17176394.

[39] C. Bosco et al., "The influence of extra load on the mechanical behavior of skeletal muscle," Eur. J.
Appl. Physiol. Occup. Physiol., vol. 53, no. 2, pp. 149-154, Oct. 1984, doi: 10.1007/BF00422578.



7th International Digital Human Modeling Symposium (DHM 2022) Paper 18 - Rakshit et al

Joint velocity dependence of fatigue in isokinetic leg extension tasks

Ritwik Rakshit', Shuvrodeb Barman?, Yujiang Xiang?, and James Yang'*

"Human-Centric Design Research Lab, Department of Mechanical Engineering, Texas Tech University,
Lubbock, TX 79409, USA, *Corresponding Author: james.yang@ttu.edu

School of Mechanical and Aerospace Engineering, Oklahoma State University, Stillwater, OK 74078,
USA

Abstract

The ability to predict the decline in muscle strength over the course of an activity (fatigue) can be a
crucial aid to task design, injury prevention and rehabilitation efforts. Current models of muscle fatigue
have been hitherto validated only for isometric contractions, but most real-world tasks are dynamic in
nature involving continuously varying joint velocities. It has previously been proposed that a three-
compartment-controller model with enhanced recovery (3CCr) might be used to predict fatigue for such
tasks by using it in conjunction with joint- and direction-specific torque-velocity-angle (TVA) surfaces.
This allows for the calculation of a time-varying target load parameter that can be used by the 3CCr
model, but it increases model complexity considerably and has not been validated by experimental data.
The predictions using the 3CCr methods are contrasted against experimental data collected from 10 male
participants in a series of isokinetic leg extension tests, covering velocities ranging from 30 to 150
degrees/s. A much lower degree of fatigue is observed for moderate velocities (90 degrees/s) compared to
that for lower or higher velocities. The need for a velocity parameter in the 3CCr model is indicated, but
further testing with larger sample sizes and more joints is needed before a reliable parameter can be

estimated.

Keywords: muscle fatigue, velocity, isokinetic, leg extensors

Introduction

Muscle fatigue is a temporary, exercise-induced decline in muscle strength. It is an inevitable
consequence of even the most basic human activities such as lifting weights, running, walking, cycling,
driving an automobile, and sitting. Being able to estimate the extent of fatigue can provide crucial input in
the fields of ergonomics and task design, where often the goal is to design the task to never require more
than the participant’s strength at any given time. Its importance is especially amplified in situations where
small changes in strength can produce disproportionate outcomes, such as in a dead man’s switch or
vigilance device. Directly measuring strength, however, is not always feasible—it may be invasive, and

always requires specialized equipment, a controlled environment, and, at minimum, task interruption.
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Musculoskeletal models can bridge this gap by providing estimates of muscle force or joint torque during
the performance of a simulated task using only a computer and no human involvement. At present,
however, no musculoskeletal models exist that can account for skeletal muscle fatigue, and the
predictions for all such models are therefore only valid for scenarios in which the digital human is
unfatigued. Additionally, since high loads cause strength to decline much faster than smaller ones, even
these predictions may not be accurate for high-load cases. This underscores the need for musculoskeletal

models to incorporate fatigue calculations in their analyses.

Estimations of the extent of fatigue can be made using muscle fatigue models (MFM), which may be
either empirical or theoretical. Empirical models provide estimates of strength as a function of time,
usually for sustained isometric tasks. They are simple curve fits to experimental data and are easy to
implement due to their mathematical simplicity but are limited to the specific cases that the experimental
data tested. Theoretical models, on the other hand, are more mathematically complex, but allow for more
task parameters than just task intensity and therefore allow the modeling of a wider variety of activities.
The 3-compartment controller model (3CC) (Xia & Frey-Law, 2008)—a theoretical MFM—allows the
modelling of any task by matching the measured torque output to a reference torque-velocity-angle
(TVA) surface to obtain a normalized task intensity, and then using this as the model input. The model
was validated for sustained isometric contractions (SIC) (Frey-Law, Looft, et al., 2012), and subsequently
adapted for use with intermittent isometric contractions (IIC) by the introduction of an enhanced recovery
parameter 7 in the 3-compartment controller model with enhanced recovery (3CCr) model (Looft et al.,

2018). The model has not been validated for any tasks where the joint velocities are non-zero.

In this work, we assess the 3CCr MFM’s performance in predicting fatigue for a set of isokinetic

contractions, and propose the introduction of a velocity parameter to improve prediction accuracy.

Methods

Experiment

Participants

10 male participants—19-32 years of age, with a body-mass index (BMI) between 18.5 and 29.9, and
with no history of musculoskeletal or neural disorders or injuries—contributed to the data in this study.
All participants gave their informed consent and came in on 6 days, with a minimum of 48 hours

separating two consecutive experimental sessions. The first session was used to familiarize the participant
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with the experimental protocol and train them to follow the commands. Data from this session was not

used for any analysis. On each of the remaining 5 days, an identical protocol was followed.
Protocol

A Biodex System 4 isokinetic dynamometer (Biodex Inc, Shirley, NY, USA) was used for all
measurement. The participant was securely strapped into the seat of the dynamometer with the shank of
their dominant leg attached to the dynamometer arm. The range of motion (ROM) of the knee was
restricted to between 90 and 15 degrees of flexion. The protocol consisted of 5 sets of maximal voluntary

isometric contractions (MVIC) interspersed by 4 sets of isokinetic contractions.

The MVICs were measured at 6 joint angles—90, 75, 60, 45, 30, and 15 degrees—in both the extension
and flexion directions. This was implemented as 3 seconds of MVIC in the extension direction followed
by 2 seconds of rest, and then 3 seconds of MVIC in the flexion direction followed by 2 seconds of rest,
before repeating this process for the next joint angle. The entire set of isometric measurements lasted 90

seconds, after which the next phase of the protocol began.

During the isokinetic phase, the participant flexed and extended their leg around the knee joint at a
predetermined velocity for a period of 60 seconds. The same velocity was used for both flexion and
extension, and the same ROM (90-15 degrees) was used here as for the isometric phase. The participant
was instructed to exert maximum effort throughout. The velocity was monitored throughout, and the
participant was verbally encouraged to increase their effort if they failed to maintain the velocity for more
than one cycle. At the end of the 60 seconds, the participant was instructed to stop, at which point the next

isometric phase began.

Only one velocity was used for all 4 isokinetic phases tested on any particular day. This velocity was
chosen from 30, 60, 90, 120 or 150 degrees per second, and all participants performed the experiment at
all 5 velocities over 5 days. However, the order in which they tested at each velocity was randomized to
ensure that experience of a prior velocity did not influence performance in a subsequent session for the

group as a whole.
Simulation

The 3CCr model and the experimental protocol were recreated in MATLAB (MATLAB, 2021). The 5
isometric measurement phases were modelled as IICs with target load (TL)=1. Since extension MVICs
were performed for 3 of every 15 seconds devoted to each joint angle, the duty cycle (DC) was set at

3/15=0.2, and cycle time (CT) was set at 15 s. Since the participants were instructed to exert maximum
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effort at all times during the isokinetic phase, TL was set at 1. Because the knee extensors were used
during the extension phase which made up half of the extension-flexion cycle, DC was set at 0.5. The

isokinetic CT (CTjsor) Was calculated based on the isokinetic velocity (Vg ) and ROM as:

2XROM
CTisox = —— (1

Visok
The parameters used to define the two phases of the experimental protocol as IICs are listed in Table 1.

Table 1. Task parameters for the experimental protocol.

Parameter | Isometric | Isokinetic
phase phase
TL 1 1
DC 0.2 0.5
CT 15s 2XROM
Visok

The ode23 solver was used to solve the 3CCr control equations (Looft et al., 2018) over the entire
domain. The parameters used to define the fatigue and recovery properties of the knee extensors were

drawn from (Rakshit et al., 2021) and are shown in Table 2.

Table 2. Functional-muscle-group- and sex-specific parameters for the knee extensors (male).

Parameter | Value

F 0.01420
R 0.00153
r 12.27

Experimental data processing

The isometric measurements from the experiments were stored as absolute values within a MATLAB data
structure. The maximum isometric strength recorded for a particular participant on a particular day for
any angle, and at any isometric measurement (ISOM) iteration, was used to linearly scale all the other

MVICs down so that all MVICs were expressed as unitless quantities between 0 and 1. This ensured that
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each participant had at least one reading of strength = 1 at each session. The normalized strength at each
ISOM iteration and at each joint angle was averaged across all participants to yield 5 strength-versus-
angle (TA) curves—one for each ISOM iteration. The scaled V=0 slice of the TV A surface for the leg
extensors from (Frey-Law, Laake, et al., 2012) which best fit the experimental TA curve at each iteration
was chosen as the final TA curve. Only 4 of the 6 torque values (corresponding to the 6 joint angles at
which strength was measured) in the experiment were used for scaling. The 4 points whose use resulted in
the lowest residual error were chosen programmatically for scaling to reduce imperfections in data which
might result from a participant absent-mindedly exerting a submaximal force. It was assumed that this

would occur at most twice at any ISOM iteration.
Results

Simulation

Since all phases of the protocol are modelled as IICs, the unmodified 3CCr MFM can be used to predict
the progress of fatigue. The normalized residual capacity (RC), which is the sum of the fractions of the

active motor units (Ma) and the resting motor units (Mg), is depicted in Figure 1 for v;s,;, = 30°/s.

Figure 1. Normalized residual strength prediction from unmodified 3CCr.

While any experimental measurements would reflect only the active compartment size, the sum of active
and resting compartment sizes is shown here for clarity. During MVICs, Mr=0 and Ms#0. During periods
of rest, Mr #0 and Ma=0. The 6 dips in RC between 0-90s (and 150-240s, 300-390s, 450-540s, and 600-
690s) represent the 6 3-second MVICs at each ISOM iteration. The climb following each dip represents
the 12-second recovery period before the next MVIC. It may be noted that the dips represent M a, while

the climbs represent Mg.



7th International Digital Human Modeling Symposium (DHM 2022) Paper 18 - Rakshit et al

It is observed that M decreases during the first ISOM iteration (ISOM1), and rises during all subsequent
ISOM iterations (ISOM2-ISOMS5). My always decreases during each isokinetic iteration (ISOK1-ISOK4).

The same predictions are also generated for v;;,;, = 90°/s and depicted in Figure 2.

Figure 2. Normalized residual strength prediction using the unmodified 3CCr for two isokinetic

velocities.

The two plots are observed to almost overlap, with no discernible difference in the ISOM phases. Even in
the ISOK phases, the Mr and M4 values for the two velocities track each other almost exactly, as can be

seen in Figure 3.

Figure 3. A zoomed-in version of the normalized residual strength for two isokinetic velocities around

t=600 s.

Using ;501 = 30°/s but two distinct values of the isokinetic target load (TL;so € {1, 0.7}), two plots are

obtained in Figure 4.
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Figure 4. Effect of changing isokinetic target load on the unmodified 3CCr MFM.

There is a small difference (<2% MVC) in the RC between TL;s,, = 1 and TL;s,, = 0.7 by the end of

ISOK1. However, as the experiment progresses, even this subtle difference diminishes.

Experiment

The averaged normalized strengths measured at 5 stages is plotted for each of the 5 isokinetic velocities in
Figure 5 (a). Each curve is scaled up so that it begins at exactly 100% strength. Each plot is then fit to an
exponential curve of the form y = ae?* with a weight vector of [10, 1, 1, 1, 1] to force the fits to assign
greater importance to the initial unfatigued torque value. The resulting fits are shown in Figure 5 (b), with

the goodness of fit data tabulated in Table 3.

(a) (b)

Figure 5. (a) Scaled variation in fatigue rate with velocity, and (b) exponential fits to variation in fatigue

rate data.

Table 3. Goodness of fit data for exponential curve fits to fatigue rate variation.
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Velocity a b R-square RMSE
30 0.9869 -0.1065 0.803 0.1176
60 0.9956 -0.0821 0.951 0.0441
90 0.9985 -0.0419 0.736 0.0647
120 0.9921 -0.0803 0.889 0.0672
150 0.9862 -0.1049 0.761 0.1307

From both the scaled and the fit experimental data it is apparent that the rate of fatigue varies with
velocity. Faster fatigue is indicated for the extreme velocities (30 and 150 degrees/second), with the rate

of fatigue decreasing until it reaches a minimum at a velocity of 90 degrees/second.

Discussion and Conclusions

The present 3CCr model makes almost identical predictions regardless of contraction velocity, as
indicated by Figure 2. Yet, limited experimental data shows that the rate of fatigue is indeed affected by
velocity. A high rate of fatigue is observed for both extremely low and extremely high velocities, and the
fatigue rate is observed to decrease until it reaches its minimum value at a tested velocity of 90
degrees/second. The exponential fits, however, tend to diverge with increasing number of iterations
(Figure 5 (b)), whereas the original data initially diverges and then converges (Figure 5(a)). This may
indicate that some other function may be better suited to represent the variation in fatigue rates.

Additionally, a larger sample size may also help increase model integrity.

The performance of the MVICs themselves causes a certain amount of fatigue or recovery. Within the
first isometric test, strength is predicted to decline by about 6%. This occurs because all of the constituent
motor units (MU) are initially in the resting state, and after they are recruited into the active state they
pass on into the fatigued state. Once a significant fraction of MUs are in the fatigued state, the recovery
process dominates in order to move a sufficient fraction of MUs to the resting and subsequently active
states to fulfill the target load requirement. This is why RC is observed to rise after it has been sufficiently
depleted during the first isokinetic phase. Since every isokinetic phase depletes RC by roughly the same
amount, the recovery process dominates every subsequent isometric phase due to the low DC. The current
data processing pipeline maps all strengths from an isometric measurement phase to the V=0 slice of an

experimentally determined TV A peak strength surface. While only the first strength in each phase
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(measured at 90 degrees of joint flexion and then scaled) is used to estimate the RC, it may be more
robust to compare the strengths at every angle while accounting for fatigue and recovery to obtain an

indicative strength after every isokinetic phase.

The protocol currently allows breaks to test isometric strength. A more faithful depiction of the decline in
strength with isokinetic activity might be observed if the breaks were less frequent, but pilot experiments
revealed that subjects were far less likely to be able to continue maximal effort isokinetic contractions
beyond 1 minute. The rest periods allow a measurement of isometric strength and allow the participant to
recover so that they may continue with the protocol. A certain unestimated amount of central fatigue was
also observed to contribute since most participants reported being unable to continue beyond the 5%
isometric measurement, despite the torque readings being not much lower than those at the 4™

measurement.

Another source of uncertainty lies in the contribution of the leg extensors during leg flexion. For the
purposes of the simulation this contribution has been assumed to be 0. However, antagonistic muscles do
serve to stabilize the joint during contractions, so a certain TL might need to be assumed to make the

prediction more closely resemble reality.

In conclusion, initial results show that while the 3CCr model is capable of modelling isokinetic tasks as
IICs, it likely requires modification to account for the variation in fatigue rates due to different velocities.
Fatigue rate decreases with increasing velocity, and then increases again as velocity is increased further.
A comfortable mediocre velocity of 90 degrees/second is found to provide the lowest fatigue rate of all
the velocities tested. Further testing with a larger number of participants of more joints—elbow, shoulder,
hip—for both flexion and extension—should reveal whether the same conclusions hold, and what kind of
modifications might be needed to accommodate the effect of varying velocity on the rate of fatigue in the

3CCr model.
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Capturing biometric-based data from wearable sensors on the physical activities of Service Members
while completing military missions in theater would greatly advance Digital Human Performance
modeling efforts. However, there are several logistic, regulatory, and scientific challenges that must be
overcome before it will be possible to develop and deploy solutions for collecting and integrating such
data. Likewise, additional challenges remain when using this data to create predictive models of Human
Performance that adhere to the data standards that are put in place to protect operational security. This
research explores whether currently deployed data-collection products used by the Armed Services could
integrate commercial-off-the-shelf wearable products into their architecture given the cybersecurity and

networking limitations required to meet DoD specifications.

This study sought to leverage stand-alone clone of a Leidos-owned, pre-existing platform that is already
being utilized in deployed settings by DoD Service Members. The product is a modular, open-source
approach for tactical applications that ensures timely collection, processing, and delivery of mission
critical information from the tactical edge to relevant stakeholders in a rapidly consumable form. At this
time, the data captured during testing sessions is not saved and the project has yet to acquire permissions
necessary to store information to a secure server that meets Defense Health Agency standards. However,
despite these limitations, this Leidos-owned platform can be easily modified to serve as the technological
infrastructure for our efforts, can operate on the limited bandwidth conditions experienced in theater, and
has met the regulatory and cyber-security guidelines necessary to interact with the Android Tactical

Assault Kit (ATAK).

This modified platform would be used to extract data from college students enrolled at university in the
continental United States. These study participants are previously Active Duty Service Members and have
agreed to return to duty and have extended their current contract after graduation. In this study, they will
participate in an experimentally-controlled, physically challenging task designed to monitor the adaptive
changes in physiology after engaging in repeated levels of exercise. The University partners working
with our Leidos team have conducted and analyzed pilot data on participants engaged in activities based

on the DoD Personnel Fitness Test. For this new effort, the participants will be outfitted with three

The information in this document is proprietary to Leidos. It may not be used, reproduced, disclosed, or
exported without the written approval of Leidos.
1
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wearable products (a ring, watch, and patch) to collect a variety of physiological data, including heart rate
variability, activity level, sleep patterns, and sweat output. The intent of this study is to capture lessons
learned, and the shortcomings from, extracting data from wearable biometric sensor on this simple, but
easy to implement, approach, as well as, identify insights on how a more customized data-integration

product destined for down-range deployment should be built in the future.

At the same time, quality assurance testing and technical landscape reviews are being conducted by
Leidos that will both assess (via field testing and literature reviews) which wearable products will
perform best under different DoD specific use cases(e.g., a ring-based wearable might be good for
capturing physiology measure while running, but may negatively affect grip positioning on a

marksmanship test) or procedures that might be of interest to the different Branches of the Armed Forces.

Initial results suggest that the largest impediment to future, wide-spread adoption by the DoD of using
commercial vendor created wearable sensors for Digital Human Modeling will be the un-willingness of
said vendors to 1) release their rights to the raw data created from their device, and 2) provide detailed
descriptions of the proprietary algorithms used to provide metrics of a user’s data. Ultimately, the DoD
cannot acquire and be the sole customer to a wearables company, meaning that wearables vendors must
instead tailor their product and offerings as broad a client base as possible to remain commercially viable;
under these conditions, it is not possible for commercial vendors to remain competitive and to satisfy
DoD acquisition/ruggedization standards (e.g., manufacturing their products without Bluetooth
hardware). As the technologies used by these vendors continues to mature and the price of the sub-
components used to make these products decreases, it will one day be possible for federal entities to
manufacture wearable devices that meet all the necessary standards required to outfit the entire Force; but
not disrupt the private sector market. Until that day arrives, research in this arena will need to identify and
produce solutions to problems with integrating wearables into currently deployed, data-collecting
offerings so that the advantages of wearable sensors afforded to Digital Human Modeling and Force

Readiness measures can be deployed to the Warfighter in a timely and efficient manner.

The information in this document is proprietary to Leidos. It may not be used, reproduced, disclosed, or
exported without the written approval of Leidos.
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Wrist model for the whole human hand
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Abstract

A hand with 25 degrees of freedom (DOF) was proposed with forward and inverse kinematics for all
fingers, with a realistic virtual simulation. However, the wrist is not in the model. Today, several authors
have proposed in the literature that the wrist has a relative movement between the two rows of bones with
eight bones. Some authors discuss a comparison of four joint coordinate systems previously described in

the literature. Others propose a helical movement of wrist bones in distal movements.

Objective: A new design the hand model of 25 DOF adding a movement of two rows and eight bones of

the wrist.

Methods: Once we locate a new coordinates system in the end of the radius close to the scaphoid, we
apply Denavit-Hartenberg for all joints. Forward and inverse kinematics are applied. We include ten

ligaments to apply restrictions in the wrist movement, which affects fingertip position.

Results: A new model of a virtual human hand with more accuracy is presented and validated with a

Cyberglove™ and Leap Motion.

Conclusions: This new model that includes wrist movement yields a more accurate virtual human hand.

New DOFs are added to the 25-DOF hand model.
Keywords: virtual human hand, wrist, 29 DOF.
Introduction

Author’s hand with 25 Degree of Freedom (DOF) was proposed in Pefia_Pitarch et al. (2019). With the
forward and inverse kinematic for all the fingers, they proposed a realistic virtual simulation. However, the
wrist not was included in the model. Today, several authors proposed in the literature that the wrist has a
relative movement between the two rows of bones with eight bones. Padmore et al. (2020) discuss a
comparison of four joint coordinates systems previously described in the literature. Garcia-Elias et al.
(2017) proposed a helical movement of wrist bones in distal movements. During thumb oppositional

motion, internal rotation of the first metacarpal occurred, with the palmar base rotating primarily with
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respect to dorsal base. This is one of conclusions achieved by Kawanishi et al. (2017), and it follows that
first metacarpal flexes and pronates with the dorsal base as the center. However, Akhbari et al. (2019) do

not consider in their work a significant factor as the pisiform, which plays a minimal role in wrist

kinematics.

When comparing healthy with osteoarthritic subjects, the minimal joint space was slightly higher during
the neutral, adduction, extension and lateral key pinch configurations than during the abduction, flexion,

power grasp and jar twist configurations is analyzed in D’ Agostino et al. (2017).

Kapanji (1996) and Tubiana (1981) have detail description of taxonomy for the hand. Neu et al. (2001)
studied the movement between different bones of the wrist, i.e. the movement of the radio-capitate joint
during wrist flexion—extension and radio-ulnar deviation. Sonenbluma et al. (2004) considered the motion

of the scaphotrapezio—trapezoidal (STT) joint.

Thumb Finger Tip { X axis) Extension to Oppeosition Thumb Finger Tip ( ¥ axis) Extension to Oppeosition

Variable 120
—8— CyberGlove ¥
—#— Leap Motion ¥

Variable
—8— CyberGlove ¥
—#— Lesp Motion ¥

Crata [mm}
Data [mm)

0,0000 0,0098 10,0208 10,0315 0,0424 0,0000 10,0095 10,0208 0,021 0,0424

Time Time

Thumb Finger Tip { Z axis) Extension to Oppeosition

a0 Variable:
—8— CyberGlave?
—#— LeapMotion

Data (mm)

10,0000 10,0095 10,0206 00218 0,0424

Time

Figure 1. For the X axis (left) we observed a big difference between the capture with Cyberglobe and Leap
Motion. Similar for the Y axis (right) and Z axis below.

Figure 1 shows a big difference in the thumb fingertip, orange line (more realistic) is captured with the

system of Leap Motion. Axis system of Leap Motion is shown in Figure 4. The blue line is captured by
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Cyberglobe™ with eighteen sensors and adapted to model of 25 DOF. Based in this difference the need to

remodeled the thumb based in the wrist movement is presented below.

From the aforementioned research, it is possible to conclude that the virtual human hand with 25 DOF

will improve adding 4 DOF in the thumb chain.

Paper is organized as follow, in section 2 methods is exposed. In section 3 we show the results. In section

4 the discussion and conclusions are finally shown.
Methods

All of joints in the hand are revolute and if we use a generalized coordinate g; that represents one degree
of freedom, then the generalized coordinate vector can be represented by q = [qy, .. ., g29]. However, the

movements of fingers have some natural constraints (e.g. the middle finger cannot flex over 60 degrees).

Figure 2 shows a model proposed with 29 DOF.
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Figure 2. Dorsal view right hand model.

We validate the mathematical model doing experiments with healthy and poststroke patients, with the
validate table Action Research Arm Test (ARAT), using Cybergloble™, shown in Figure 3, and Leap

Motion, shows in Figure 4.

Figure 3. One moment of ARAT test experiments.

Figure 4. Axis system used in Leap Motion
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Results

The algorithm has been implemented in a virtual hand environment. Table 1 presents neutral position of
one hand.

Neutral gesture of the hand

Thumb Index Middle Ring Little
q:=0 q6=0 q10=0 q14=0 q20=0
q2=0 q,=30 q11=30 q15=2 q21=5
q3=30 qs=30 q12=30 q16=0 q22=0
q4=0 q9=10 q13=10 q17=30 q23=30
q5=30 q18=30 q24=30
q26=0 q19=10 q25=10
q27=0

q28=0

q20=0

Table 1. Angles for the neutral position of hand (in degrees).

By the forward kinematics we can obtain the position vectors of fingertips (millimeter) corresponding to

the neutral gesture of the hand shown in Table 2.

Neutral gesture of the hand

Position Thumb Index Middle Ring Little
X -109.9 3.14 16.28 36.34 55.37
y 79.3 158.25 159.71 145.73 118.74
z -15.8 -69.5 -77.44 -79.3 -68.14

Table 2. Fingertip positions corresponding to the neutral gesture (with respect to the global coordinates).

Discussion and Conclusions
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Figure 5 shows the palm arch. The hand arches in two parts of the palm, that means, the two bones trapezium
and scaphoid wrist bones move relative between them and the thumb metacarpal bone have movement with
respect to the trapezium (Kawanishi et al., 2017). Scaphoid bone moves between the trapezium and the
radius. Global coordinates system is located in the radius shown in Figure 2. The other bones located in the
wrist, trapezoid, capitate and lunate don’t have movement between them and the hamate, pisiform and
triquetum have relative movement between then. However, these movements are not significant for the

position of the fingertip.

Fig. 5. Palm arch.

The action of the ligaments of the wrist are not trivial. The ligaments contribute to stabilize the bone. As a
future work is interesting to study the influence of each ligament, observing which ligament is working
when there is some movement of the hand, like opposing thumb to finger, palmar abduction, or

retroposition.
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Figure 6. Left, apparel to measure the ligament displacement. Right, jig designed by physicians of
Univertitat Autonoma de Barcelona (UAB).
Figure 6 shows the testing used to investigate ligament synergies in the loaded wrist, described in Garcia-

Elias et al., (2017), and adapted system shown in the right.

As a conclusion, new hand model with 29 DOF is developed to simulate more realistic movements of the
fingers, specially the thumb. Thumb is adjusted to permit movements of the palm arcs in different sections
of the hand. Mathematical model is validated with Cyberglove™ and Leap Motion. Proposed new studies
are in process, like a proposed apparel to measure the displacements induced isometrically loading the wrist

or by axially distracting the metacarpal bone away from the radius.
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Abstract

In order to assemble a part (of e.g., an engine), a human hand must obtain complete control of its motion
through application of forces and toques at multiple contact points. Today, it is often time-consuming to
synthesize a good hand grasp of a part using Digital Human Modeling (DHM) tools because these tools
require detailed manual inputs from a user such as manually placing a digital hand around a feasible grasp
location and then closing the fingers around the part. In a previous paper, we presented two different
methods (i.e., Pointwise Shortest Distance and Environment Clearance) to color part surfaces by taking
environmental distance constraints into account so that a user such as an assembly simulation expert can
casily identify feasible grasp locations. Due to the robustness of the implementation, even triangle meshes
with common geometric flaws such as cracks and gaps can be handled. In this paper, we leverage on this
feasibility analysis and present a user-guided grasp planning approach that significantly speeds up the
grasp modeling process. First, the user selects a predefined grip type and then sets an approach direction
for the hand. To synthesize many grasps, we randomly sample the hand’s rotation around the approach
direction. Next, the hand is moved towards the part until the hand’s Grasp Center Point (GCP) reaches the
geometry of the part or a collision between the hand and the part is detected. If a collision was detected,
we move the hand backwards until there is no collision between the hand and the part anymore. Finally,
we close the hand’s fingers around the part to synthesize a grasp. In this way, we can quickly synthesize a
multitude of grasps and let the user choose among the ones with the best grasp qualities, where each grasp
quality is computed using the corresponding 6D grasp wrench hull. We believe that this user-guided grasp
planning approach can significantly enhance DHM tools such as Intelligently Moving Manikins (IMMA)

when it comes to user usability.

Keywords: Assembly Simulation, Digital Human Model, Ergonomics, Grasping, Visualization.



7th International Digital Human Modeling Symposium (DHM 2022) Paper 21 - Li et al

Introduction

Before fabricating a physical prototype, a DHM tool such as IMMA (Hogberg, Hanson, Bohlin, &
Carlson, 2016) in the Industrial Path Solutions (IPS) platform can be used to evaluate both human-
product interactions and human-production system interactions. To assemble a part such as the Central
Electronic Module (CEM) box shown in Figure 1, a feasible grasp location for a manikin must be

identified prior to the grasping of the part by a manikin hand.

Figure 1. To assemble the Central Electronic Module (CEM) box, the manikin must grasp it and then
move from its start pose (i.e., the combination of position and orientation) shown in the left subfigure to

its goal pose shown in the right subfigure while following the path shown in white.

In the field of robotics, many researchers assume that the part to be grasped is alone (Li, Saut, Pettré,
Sahbani, & Multon, 2015) (i.e., the grasp planner does not need to take into account any other objects)
and the manipulator is disembodied (i.e., the kinematics of the robot is not taken into account).
Consequently, most DHM tools still rely on teleoperation or hand scripted grasps. As the first step
towards autonomous grasp planning in IPS IMMA, we presented two methods called Pointwise Shortest
Distance and Environment Clearance in (Li, Kressin, Vajedi, & Carlson, 2017) to visualize part surfaces
so that best collision-free grasp locations can be easily identified. Pointwise Shortest Distance is designed
so that surfaces of a part can be colored as fast as possible (i.e., at a low computational cost), because the
color at each vertex is simply determined by the shortest distance between it and the environment (i.e., the
obstacle objects). On the contrary, Environment Clearance (Berenson, Diankov, Nishiwaki, Kagami, &
Kuffner, 2017) is much more computationally expensive because it relies on the clearance along the
normal vector at each vertex to handle parts with complex shapes. In (Li, Kressin, Vajedi, & Carlson,
2017) and in this paper, both the part to be assembled (or disassembled) and the environment are

represented by triangle meshes. Since many triangle meshes are not always consistently oriented (i.e., the
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normal vectors sometimes point in the “wrong” directions), our GPU-based algorithm called Visual Shell
is applied in (Li, Kressin, Vajedi, & Carlson, 2017) to flip inconsistently oriented normal vectors. The
upside of Environment Clearance is that it is much better at isolating/highlighting potential grasp
locations than Pointwise Shortest Distance. In Figure 2, both methods are applied to color the surfaces of
the tunnel console, which is the part that has to be disassembled. As shown in the left subfigure, several
surface patches on the left side of the tunnel console are colored in red using Pointwise Shortest Distance,
because triangle vertices on these patches are located very close to either the gear stick or the handbrake,
even though these patches can be easily accessed by a manikin hand. However, these surface patches are

rendered in blue in the right subfigure where Environment Clearance is used instead.

Figure 2. The tunnel console is colored using Pointwise Shortest Distance in the left subfigure, whereas

Environment Clearance is used to color the surfaces of the tunnel console in the right subfigure.

After determining feasible grasp locations for a manikin in (Li, Kressin, Vajedi, & Carlson, 2017), an
IMMA user still has to manually place the hand at a grasp location and then close the fingers to grasp the
part. This procedure not only is time-consuming, but also does not evaluate newly synthesized grasp (i.e.,
computing the corresponding grasp quality). In this paper, the grasp modeling procedure is significantly
easier because the user only needs to define a single approach direction that the hand has to follow during
the synthesis process. In this way, many grasps can be quickly synthesized, and the user only needs to
select one of these grasps that have closure (i.e., these grasps can be maintained for every possible
disturbance load) at the end. There are two types of grasp closure: form closure and force closure. We are
only concerned with force closure in this paper because a force closure grasp (also called a precision
grasp) is able to balance any disturbance by applying forces with friction at contact points and hence
requires fewer contact points than are required for a form closure grasp (also called power grasp or

enveloping grasp).
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Methods

In this section, we present a user-guided grasp planning approach that significantly speeds up the grasp
modeling process after giving a short description about how we model and evaluate a grasp from a

mathematical perspective.
IMMA Hand Modeling

The configuration of an IMMA hand is high-dimensional (with 19 bones, 19 joints, and 32 degrees of
freedom (DOF)). It is modeled by Rectangular Swept Spheres (RSSs) (Larsen, Gottschalk, Lin, &
Manocha, 2000) (see Figure 3) when contacts between the hand and the part are queried. Furthermore,
IMMA comes with 9 predefined grip types (i.e., Chuck Grip, Closed Hand, Cylindrical Power Grip,
Diagonal Power Grip, Lateral Pinch, Parallel Extension, Prismatic 4F Pinch, Spherical Grip, and Tip
Pinch as shown in Figure 4). For each grip type, IMMA also defines the corresponding two sets of joint
angles describing the open hand configuration and the closed hand configuration, respectively. A hand
can be opened/closed by simply interpolating the joint angles between these two configurations as shown

in Figure 3.

Figure 3. Spherical grip’s open hand configuration and closed hand configuration, respectively.
Grasp Modeling and Grasp Evaluation

An IMMA manikin obtains complete control of the part’s motion by grasping it through application of
forces and torques at multiple contacts between the hand and the part. Because the configuration of a
manikin hand is high-dimensional and the geometry of the part restricts the space of feasible contacts, it is
a challenging task to synthesize a stable grasp. To simplify the task of grasping a part, point-on-plane

contact models are used in this paper in grasp analysis because neither point-on-point contact nor point-
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on-line contact is stable. Additionally, possible contact points for most objects are seldom sharp edges or

points.

Figure 4. Predefined grip types in IMMA.

Assume that after the hand is closed around the part, there are k contact points. If we assume that these
contact points are not frictionless, then the forces that don’t lead to slipping (i.e., the admissible forces)

can be defined by a friction cone (as shown in the left subfigure in Figure 5):
‘F:{f| ||.ftangent|| SNHfJ_“) fzzo}v

where u is the coefficient of static friction associated with the surface, f = f| + frangen: 18 the total
force acting on the part at a contact point, f | = [0,0, f;], frangent = [fx fy, 0], and the positive z-
direction points in the direction of the part’s surface normal at the contact point and into the part. It is
very convenient from a computational standpoint to inner approximate the true friction cone with a

pyramid. In the right subfigure in Figure 5, the pyramidal inner-approximation of the friction cone is

defined by 8 vectors (i.e., f1,***, f3g)-

Given a grasp defined by k contact points and the corresponding k linearized friction cones F; defined by

m bounded forces {f; 1, fi2, ***, fim}, the grasp wrench space W is the set of all possible wrenches that



7th International Digital Human Modeling Symposium (DHM 2022) Paper 21 - Li et al

can be applied to the part by the grasp and it can be used to evaluate the grasp. A wrench vector w; ; is a
stacked vector of a force f; ; € R3 and torque T, € R3 applied at the torque origin, often the object’s

center of mass:

wimj = |:fl’j:| S RG:

TZ 7j

where indexes i and j represent the i-th contact point of the grasp and the j-th bounded force of linearized

friction cone F;, respectively.

Figure 5. A friction cone and the corresponding pyramidal inner-approximation.

It can be rewritten as:

_ fij
Wi = [/\(dz' X]fi,j)] ’

where A € R is the torque multiplier and vector d; defines the position of contact point i with respect to

the torque origin. Regarding the constant 4, it is arbitrary. However, a value of A = 1 is common if the
forces f; ; are dimensional. In (Pollard, 1994), a value of 1 = % is used to ensure that the quality of a

grasp is independent of object scale, where r is the maximum radius from the torque origin.

The grasp wrench space W is then defined as.

k. m
W=fwlw=3"3 awy, w,= [A(d-f;]f” ] Zaw <1, ay > 0)

i=1 j=1

Unfortunately, the grasp wrench space W is cumbersome to compute in practice. Instead, the grasp

wrench hull W is used to characterize a grasp because it can be efficiently computed (with for example
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the Qhull program (Barber, Dobkin, & Huhdanpaa, 1996) and more importantly the property W € W
holds by definition. The wrench hull W is defined as.

k. m k. m
W = {’lU ‘ w = ZZOQ‘JU)Z"]-, w; ;= |:)\(d'f§<ﬂfz] :| Zza ij = 1, QG j > 0}

=1 j=1 i=1 j=1

Two grasp quality metrics can be defined based on the definition of the grasp wrench hull W: epsilon
measure and volume measure (Li & Sastry, 1988) (Miller & Allen, 1999). The epsilon measure is simply
the radius of the largest 6D ball inside W. A grasp is in force closure if and only if the radius is greater
than zero (i.e., the origin is contained in the interior of W). The epsilon measure is a worst-case metric
because the radius represents the magnitude of the smallest external wrench that can push the grasp to its
limits. Given a 3D object, at least three contacts are required for a grasp to be in force closure under a
point contact with friction model. The volume measure is defined as the volume of W and it is an average
case metric. Given two grasps with the same epsilon measure, the volume measure can be used to
differentiate between them. Unfortunately, the volume measure does not reflect the stability of a grasp
(i.e., it’s not guaranteed to be in force closure even if it has a larger volume measure than a stable grasp).
Another difference between the epsilon measure and the volume measure is that the volume measure is

invariant to the choice of torque origin, whereas the epsilon measure is not.
Grasp Planning

In this subsection, we describe our user-guided grasp planner that is able to synthesize and then evaluate a
multitude of grasps quickly using the two grasp quality metrics from the previous subsection and then

presents the stable grasps to the IMMA user.

Firstly, the IMMA user selects a suitable grip type among the ones listed in Figure 4 and then defines the
approach direction that the hand must follow during the synthesis process by selecting a point on the
surface of the part. Assume that we want to grasp the top of the cylinder in the left subfigure in Figure 6,
then we can select a single point on the top base of the cylinder to define the approach direction. In the
left subfigure in Figure 6, the resulting approach direction visualized as a red arrow that points in the
opposite direction of the surface normal vector at the selected point. The approach direction can also be

modified by rotating the arrow’s tip around the selected point.

Secondly, grasps are automatically synthesized by letting the hand assume the open hand configuration in
the neighborhood of the part and then approach the part following the approach direction such that the

hand is aligned so that the unit length vector halfway between the y and z axes in the local coordinate
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system for the hand’s Grasp Center Point (GCP) points in the approach direction. In Figure 3, the GCP
coordinate system’s x, y, and z axes are represented by red, green, and blue, whereas the origin of the
coordinate system is enclosed inside a green sphere. To synthesize a multitude of grasps, we randomly
sample the hand’s rotation around the approach direction. The hand is moved towards the part until a
collision between them is detected or the GCP is reached by the geometry of the part. In case of collision,
the hand is moved away from the part until the collision is resolved (Vahrenkamp, et al., 2013). Next, the
hand’s fingers are closed one-by-one around the geometry of the part by interpolating the joint angles
from the selected grip type’s open hand configuration to its closed hand configuration. The resulting
contact points between the fingers and the part are then used to compute both the epsilon measure and the
volume measure. N.B.: A grasp is in force closure when its epsilon measure is greater than zero. In this
way, many grasps can be quickly synthesized and the IMMA user only needs to select one of the stable

grasps (e.g., the one in the right subfigure in Figure 6) at the end.

Figure 6. Use grasp approach direction to synthesize stable grasps.

Results

In this section, we present examples of grasp synthesis for a couple of objects using our user-guide grasp

planner for the IMMA digital hands.

In the left subfigure in Figure 7, the Pointwise Shortest Distance method (Li, Kressin, Vajedi, & Carlson,
2017) is used to color the surface of the CEM box, where the red patches are the areas that are too close to
the obstacles when the box is moved from the start pose to the goal pose. Instead, we select a point on a
green patch during the assembly simulation to obtain an approach direction that points perpendicularly

into the green patch as shown in the right subfigure in Figure 7. Next, we select grip type Spherical Grip
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and run the grasp planner for 60 seconds. The most stable grasp (i.e., the one with the greatest positive

epsilon measure) among the resulting grasps is also shown in the right subfigure.

Figure 7. CEM box colored using the pointwise shortest distance method and a stable grasp.

In Figure 2, both Pointwise Shortest Distance and Environment Clearance are applied to color the
surfaces of the tunnel console, where surface patches that can be easily accessed by a manikin hand are
correctly rendered in blue by the Environment Clearance method as shown in the right subfigure. We
select a point on a sloping edge of the tunnel console and then manually rotate the approach direction
slightly so that its approximately points perpendicularly to the ground (assuming that the tunnel console is
placed with its bottom on a table) as shown in Figure 8. Next, we select grip type Cylindrical Power Grip
and run the grasp planner for 60 seconds. The most stable grasp (i.e., the one with the greatest positive

epsilon measure) among the resulting grasps is also shown in the figure.

Figure 8. Volvo XC90 tunnel console and a stable grasp.

For a large object that requires at least two hands, it is not possible to find a stable grasp using a single
hand. However, our user-guided grasp planner can still be used to synthesize good-looking grasps, where

the resulting grasps can be sorted by the volume measure that does not reflect the stability of a grasp.
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Discussion and Conclusions

We have demonstrated that our user-guided grasp planner is able to quickly synthesize a huge number of
grasps for a given part so that an IMMA user can simply choose one among the grasps with the best grasp
qualities instead of the previous time-consuming process of manual synthesizing a grasp by placing the
hand at a suitable spot close to the part and then closing the fingers around it. Consequently, we believe
that this user-guided grasp planning approach can significantly enhance IMMA’s usability for assembly
simulation experts. Future work will include adding support for a second hand to handle larger objects.
We would also like to include a task-oriented grasp quality metric since both the epsilon measure and the

volume measure are task-independent.
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Abstract

Exoskeletons are remarkable technologies that improve human strength, reduce fatigue, and restore users'
abilities. In this study, a novel physics-based optimization formulation is proposed to find the optimal
control of a powered elbow exoskeleton to aid the human-robot collaborative lifting task. The three-
dimensional (3D) human arm model has 13 degrees of freedom (DOFs), and the 3D robot arm (Sawyer
robot arm) model has 10 DOFs. The inverse dynamics optimization is utilized to find the optimal lifting
motion and the optimal exoskeleton assistive torque. The 3D human arm and robot arm are modeled in
Denavit-Hartenberg (DH) representation. The electromechanical dynamics of the DC motor of the
exoskeleton are considered in the dynamic human-robot collaborative lifting optimization. In addition, the
3D box is modeled as a floating-base rigid body with 6 global DOFs. The human-box and robot-box
interactions are characterized as a collection of grasping forces. The joint torque squares of human arm and
robot arm are minimized subjected to physics- and task-based constraints. The design variables include (1)
control points of cubic B-splines of joint angle profiles of the human arm, robotic arm, and box; (2) control
points of cubic B-splines of motor current for the exoskeleton; and (3) the discretized grasping forces during
lifting. The constraints include joint angle limits for human arm and robot arm, joint torque limits for human
arm, robot arm and exoskeleton, human-robot grasping positions, box balance condition, initial and final
box locations, and bounds on design variables. A numerical example of lifting a 10 kg box is simulated.
The nonlinear collaborative lifting optimization problem is solved using a sequential quadratic
programming (SQP) method in SNOPT, and the optimal solutions are found in 136.11 seconds. The
simulation reports the grasping force profiles, human arm’s joint angles, and the powered elbow
exoskeleton’s torque profiles. The results reveal that the proposed optimization formulation can find the

exoskeleton's optimal control and lifting strategy for the human-robot collaborative lifting task.

Keywords: Motion planning, optimal control, human-robot interaction, powered exoskeleton, and inverse

dynamics optimization.
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Introduction

Collaboration between humans and robots is a research topic with a wide range of applications and a major
economic impact. Human-robot collaboration can considerably speed up production processes, improve
manufacturing efficiency, and reduce structural costs. On the other hand, wearable devices such as
exoskeletons have a wide range of applications in clinical neurorehabilitation settings and industrial settings
for construction and manufacturing. These wearable technologies can improve a person's strength,
minimize workplace fatigue, and restore a person's limited range of motion caused by diseases. In addition,
the exoskeleton can prevent human injuries and increase human endurance during human-robot
collaborative tasks. Therefore, human-robot collaborative lifting motion prediction with a powered
exoskeleton is a state-of-the-art technology that has not been studied yet. Moreover, designing and

simulating an optimal powered exoskeleton system is necessary to assist human-robot object lifting tasks.

Last few years, several optimization-based modeling methods have been used to simulate exoskeleton-
wearer interaction (Agarwal et al., 2013; Bai & Rasmussen, 2011; Zhou et al., 2015). There have been a
few studies on developing robotic exoskeletons to assist humans in lifting tasks. During manual lifting, a
semi-squat lifting model was used to determine the hip joint output torque and power for the active hip
exoskeleton to aid lifting motion (Wei et al., 2020). In Manns et al., (2017), a 2-DOF passive back
exoskeleton was developed to aid the lifting motion. The spring parameters of the exoskeleton were
optimized using an SQP-based direct multiple shooting method. In Zhang & Huang (2018), a compact
series-elastic actuated 4-DOF powered hip exoskeleton was designed to alleviate lumbar compression by
reducing muscular activities around the lumbar spine for both symmetric and asymmetric liftings. Xiang
and Arefeen (2020) developed a human-human collaborative lifting motion prediction considering human-
box grasping forces. In addition, an optimization-based human-robot collaborative lifting motion prediction

has been developed in previous research (Arefeen et al., 2022a, 2022b; Arefeen & Xiang, 2021).

This work extends our previous collaborative lifting prediction for the 3D and 2D skeleton models (Arefeen
et al., 2022b; Arefeen & Xiang, 2021; Xiang & Arefeen, 2020) to human-robot collaborative lifting with
an elbow exoskeleton. This study proposes a novel physics-based optimization formulation to find the
optimal control of a powered elbow exoskeleton to aid the human-robot collaborative lifting task. An
inverse dynamics optimization formulation was used to optimize the lifting motion and exoskeleton control.
An SQP algorithm in SNOPT (Gill et al., 2005) is used to solve the human-robot lifting problem. The
simulation reports the human grasping force profiles, the human arm’s joint angles, and the powered elbow

exoskeleton’s torque profiles.
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Methods

This section discusses the 3D human arm model augmented by an active elbow exoskeleton and robot arm

model. In addition, the floating-based 3D rigid box model is also discussed.
Human-exoskeleton and robot arm model

This work considers a 3D human skeletal arm model equipped with an active 1-DOF elbow exoskeleton, a
10-DOF robot arm model, and a rigid box, as shown in Figure 1. The human skeletal arm model has 13
DOFs. The box has 6 global DOFs, including three translations and three rotations. The human elbow joint
is augmented by an active 1-DOF exoskeleton. The robotic formulation of the DH method is used to
construct the human arm, robot and the box models. In addition, there are two grasping forces (f.; and f;,)
acting on the two bottom edges of the box. In this study, the human anthropometric data are obtained using
GEBOD™ goftware (Cheng et al., 1994). The DH parameters for the human arm, robot arm, and box model
are available in the literature (Arefeen & Xiang, 2021).

(a) (b) (c)

Figure 1. (a) The 3D human arm model (global DOFs: z,, z,, 23, Z4, Zs, Zg) With an elbow exoskeleton
(orange), (b) 3D box model (global DOFs: z,, z,, z3, z4, Zs, Z), and (¢) Sawyer robot arm (global DOFs:

21,22, Z3)'
Equation of motion (EOM)

The electromechanical dynamics of DC motors of the exoskeleton are modeled in the optimization-based
dynamic human lifting motion prediction. The dynamics equations can be expressed as follow (Nguyen et
al., 2020):

LY -y g% _pi (1)
dt dt
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Tmotor = KI )

T, = Trotor = Jm ot = b 22 3)
where V, I, L, and R are the voltage input, current, inductance, and resistance. The mechanical terms J,,,, b,
K, and @ are the rotor moment of inertia, coefficient of viscous friction of the motor, motor torque constant,
and rotor angle. Ty, ,¢0r 1S the motor output torque and Tj is the load torque of the exoskeleton. The gearbox
ratios (GB,-) are chosen so that the exoskeleton can provide the required torque output. Here, the exoskeleton
includes the motor and the gearbox. So, the output torque (7,) of the exoskeleton can be expressed as

follows:
T, = GB. X T 4

The human-exoskeleton model is analyzed using recursive kinematics and Lagrangian dynamics (Xiang &
Arefeen, 2020). Forward kinematics and backward dynamics are the two aspects of the process. The EOM
of the human-exoskeleton systems and sensitivity analysis are formed using a recursive Lagrangian
dynamics formulation. The dynamics can be expressed as follows:

a;

0A; 0A;
T + 7o, = tr (5 D1) — 8T 52 E; — £ S2F - GT A2 5)

where 7, is the actual human torque at the i joint and T¢, is the exoskeleton output torque for the ith

joint. A; is the global position transformation matrices (4 X 4) for the i** joint. tr(-) is the trace of a
matrix A; , C; are global position and acceleration transformation matrices, I; is the inertia matrix for link
i, D; is the recursive inertia and Coriolis matrix, E; is the recursive vector for gravity torque calculation, F;
is the recursive vector for external force-torque calculation, G; is the recursive vector for external moment
torque calculation, g is the gravity vector, m; is the mass of link i, r; is the COM of link i in the i*" local
frame, fy = [fkx fry fiz 0]7 is the external force applied on link K, ry, is the position of the external
force in the k" local frame, hy, = [hx hy h, O0]Tis the external moment applied on link k, z, =
[0 0 1 0]"is for a revolute joint, zy =[0 0 0 0] is for a prismatic joint, finally, 8 is
Kronecker delta, and the starting conditions are D,,,; = [0] and E,,;; = F,,41 = G,,41 = [0]. The detailed
formulas and sensitivity with respect to state variables are referred to Xiang & Arefeen (2020) and Xiang
et al. (2009). Moreover, this study treats the grasping external forces of human-box and robot-box as
unknowns (design variables) in the optimization formulation. As a result, the joint torques are a function of

both state variables and varying grasping forces. To use gradient-based optimization, the sensitivity of joint
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torque with respect to external force needs to be determined that was explained in detail in the literature

(Arefeen et al., 2022a, 2022b).
Optimization formulation

The human-robot collaborative lifting is predicted by solving a nonlinear programming (NLP) problem.
Here the box initial and final positions, the feet and robot base positions, and the box dimension and weight

are given.

Design variables

The design variables (x) are cubic joint angle B-spline control points Phuman, Pronot, and Ppox for the human,
robot, and box. The motor current I profiles are also discretized using cubic B-splines so that the
exoskeleton current control points Peyrrent are also design variables. Furthermore, the grasping forces (f{
and f5) between human and box, and robot and box, are treated as additional design variables. As a result,

the optimization design variables for the collaborative lifting are X=

T T T T T T T
[Phuman Probot Pbox Pcurrent fcl ch]'

Objective function

The dynamics effort (Xiang & Arefeen, 2020) is used as the objective function for the collaborative lifting
motion, which is defined as the sum of joint torques squared for human and robot (Arefeen & Xiang, 2020,

2021; Xiang & Arefeen, 2020; Xiang et al., 2009).

T T
](X) =w Z?:_iéuman fo {Tiz(human) (Phuman' flc)}dt +w; E?;QObOt fo {Tiz(robot) (Probot' fzc)}dt (6)

where n_human = 13, n_robot = 10. The total time duration T is a specified input parameter, w; and w,

are weighting coefficients for human and robot performance measure, respectively.
Constraints

The time-dependent constraints include joint angle limits, joint torque limits, human feet and robot base
contacting position, box forward position, box range of motion, box grasping location, box global EOM,
and exoskeleton torque limit. Time independent constraints include initial and final box locations, static
conditions at the beginning and end of the motion. At each time discretization point, time-dependent
constraints are sequentially determined during the optimization process. The time-independent constraints,

however, are determined at a specific time point.
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(a) Joint angle limits
a; < g, (x,t) < qj @)

q: <q, (xt) <qf

where the superscript L and U denote the lower and upper bound of the limits, respectively. q;, and q,- are

the joint angles for the human and robot arm.

(b) Joint torque limits
%<t (xt) <t 3

<t xt)<t

where 1k and t¥are human lower and upper joint torque limits, and t¢ and t¥ are robot lower and

upper limits, respectively.

(¢) Human feet and robot base contacting position
Ph_feet ) = p}i_feet ©

Pr_base (t) = pﬁ_base

where pj, feer and Py pgse are the specified feet and robot base contact position on the level ground.

(d) Box forward position

Zh_wrist(t) - Zh_pelvis(t) =0 (10)
where Zy \rise and Zp_perpis are the global Z coordinates of wrist and pelvis points of human.

(e) Box range of motion

95 < q5(t) < qj (11)
where g} is the lower box joint angle limits and q} is the upper limits.

(f) Box grasping location
Phyyrise () = P5 () = 0 (12)

prend_effector (t) - pg (t) =0

where p;, . are the wrist and end-effector (EE) positions of human and robot arm,
h'WT'lSC

and prend?effector

respectively. pk and pf are the left and right edge positions of the box.
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(g) Box global EOM
HEE i=1,23456 (13)

where T}, is the global joint force and torque values of the box, € = 1 N.

(h) Exoskeleton torque limits

w<txt) <t (14)
where 5 is lower torque limit, and t¥ is the upper limit for the exoskeleton.

(i) Initial and final box (hand) positions
Ph_hand ) = pisl_hand (t); t=0,T (15)
Pr ee(t) = 07 ge(t)

where, pi pang and p; g are the specified hand and end-effector (EE) positions at initial and final times.

(j) Initial and final static conditions

4 (t) = 0; t=0,T (16)
Qr(t) =0
q,(t) =0

where { is the joint acceleration. Detailed formulations of all other constraints are referred to Arefeen &

Xiang (2020, 2021), Xiang & Arefeen ( 2020), and Xiang et al. (2009).
Results

The nonlinear optimization problem of collaborative lifting was solved using an SQP algorithm in SNOPT.
P = [Pruman Probotr Peurrent» Prox] = 05 f.4 = f., = 10 were used as the initial guesses for the
optimization. The current initial guesses generate the minimal optimal objective function value after
evaluating various initial guesses for the gradient-based optimization. There was a total of 229 design
variables and 907 nonlinear constraints. Here, a 70W brushless DC motor (EC 45-Flat, Maxon Motors)
with a gearbox ratio of 1: 79.45 was used to provide a maximum of 10 Nm output torque of the exoskeleton
(Nguyen et al., 2020). The optimal solution was obtained in 136.11 seconds on a laptop with an Intel®
Core™ i7 2.11 GHz CPU and 16 GB RAM. The input data related to the collaborative box-lifting task are
also given in Table 1. The optimal human-robot collaborative lifting motion was presented in Figure 2.

Grasping forces and exoskeleton torque were presented in Figures 3 and 4, respectively.
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Table 1. Task parameters for the collaborative box lifting

Parameters
Box weight (kg) 10
Box width (m) 0.30
Box height (m) 0.1
Box depth (m) 0.35
Initial and final human feet contact position (m) 0.375
Initial hand and end-effector position (m) 0.1
Initial and final robot base contact position (m) 0.675
Vertical final hand and end-effoctor position (m) 0.6
Horizontal final hand and end-effector position (m) 0.3
Standing distance, L (m) 1.3
T(s) 0.5
g 5 (a) Shoulder abduction
g-zo
225
Z30
5 0 20 40 60 80 100
- Time (%)
g (b) Shoulder flexion
T40
o035
230
%2 /
£20
0 20 40 60 8 100
- Time (%)
bk (c) Elbow flexion
90
280
270
60
5 0 20 4 6 8 100
- Time (%)
(a) (b)

Figure 2. (a) Snapshot of the human-robot arm collaborative lifting motion for a 10 kg box and (b)

Human arm joint angle profiles



7th International Digital Human Modeling Symposium (DHM 2022) Paper 22 - Arefeen et al

Figure 3. Box grasping forces for human-robot lifting

Figure 4. (a) Human elbow joint torque with an exoskeleton, (b) human elbow joint torque, (c)

exoskeleton motor torque, and (d) exoskeleton output torque with a gearbox.
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Discussion and Conclusions

The simulated human-robot arm lifting motion trajectory is depicted in Figure 2 (a). It is seen that the initial
and final box locations are not symmetric because of the given final box location. The proposed
optimization can predict a natural collaborative lifting motion. The joint angle profiles of the human arm's
shoulder and elbow flexion have similar trends in the positive direction, as shown in Figure 2 (b). To
maintain the box balanced, lateral and horizontal grasping forces are equal in magnitude but opposed in
direction, as shown in Figure 3. In addition, the weight of the box is about equal to the total of the vertical

grasping forces.

In this study, we optimized the output torque of the powered exoskeleton at the human elbow joint. The
comparison of human elbow joint torque with exoskeleton assistance, human elbow torque without
exoskeleton assistance, exoskeleton motor torque, and exoskeleton output torque is shown in Figure 4. It is
noted that initially, the exoskeleton has maximum output torque in a negative direction. Both magnitudes
of exoskeleton torque and human elbow joint torque during the lifting have decreased and then increased
negatively. The exoskeleton aids the human elbow joint during the collaborative lifting process. As a result,
these optimal results help to prevent human elbow joint injuries and mitigate joint fatigue during

collaborative lifting.

Finally, this paper presents an optimization-based dynamic collaborative lifting motion prediction of a 13-
DOF 3D human arm model with a 1-DOF exoskeleton and a 10-DOF 3D robotic arm. The simulation
findings are reasonable. The collaborative lifting problem was formulated as an NLP optimization problem
and efficiently solved using a gradient-based optimizer SNOPT. The results show that the proposed
optimization formulation can achieve the exoskeleton's optimal control and lifting motion for the human-
robot collaborative lifting task. In the future, we will validate the simulation results and apply the powered

exoskeletons at multiple human joints for a lifting task.
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Abstract

This study examines the biomechanical effects of idealized multi-joint exoskeleton assistances on hip,
knee, and ankle joints. We conducted predictive simulations of walking without assistance and with seven
different assistance cases including assistance to each joint, assistance to any two joints, and assistance to
all three joints. A 2D musculoskeletal model with 10 degrees of freedom and 18 muscles was used and
the OpenSim Moco optimal control solver was employed for all predictive simulations, which aimed to
minimize the weighted sum of several objectives including metabolic cost, muscle activation, joint
coordinate acceleration, motion tracking, and whole-body center of mass (COM) acceleration. The results
showed that all assistance cases changed the joint kinematics of the walking motion to different degrees
and for most cases the exoskeleton assistance reduced muscle effort substantially. By comparing with the
unassisted case, we found that the two cases with assistance to all three joints and to the hip-ankle joints
both provided more than 50% reduction in metabolic cost of transport (COT), followed by assistance to
hip-knee and knee-ankle joints with less than 40% reduction. As for the single joint assistance cases,
assistance to the hip joint appeared to be the most effective with around 34% reduction in COT, followed
by the assistance to the ankle joint with around 22% reduction, whereas the assistance to the knee joint

was much less effective (with less than 10%).

Keywords: Exoskeleton, Musculoskeletal Model, Optimization.
Introduction

Given the importance of walking in the daily activities of human life, researchers in the field of assistive
robotics have dedicated substantial effort to develop wearable devices known as exoskeletons to assist
human for the applications of human performance augmentation or rehabilitation. As straightforward as it

might seem to most of us, walking is a very skillful activity and requires the interplay and coordination of
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several motor control circuitries in the human brain, spinal reflexes, sensory feedback and muscle
activations (Nielsen, 2003). Injecting assistance to such a complex process for the benefit of the wearer is
a particularly challenging task. Regardless of several decades of exoskeleton research it was only in 2013
that an exoskeleton was able to achieve metabolic cost savings in walking (i.e., the exoskeleton being able
to lower energy expenditure in comparison to the no device baseline). As of 2020 around twelve
exoskeletons had recorded net metabolic savings ranging from 3.3 to 19.8% in walking (Sawicki et al.,
2020). This holdup can be attributed to the limitations in the intuition based experimental methods with
control parameter tuning that were used in the past. In recent years, systematic methods like the human-
in-the-loop (HIL) optimization method have enabled faster exploration of optimum assistance parameters
and have achieved high metabolic energy savings (Bryan et al., 2021; Ding et al., 2018; Kim et al., 2019;
Zhang et al., 2017).

In contrast to the experimental methods, physics-based simulations have the potential of exploring
assistive device control parameters more thoroughly with no risk to the subjects. Additionally, all related
kinematic, kinetic and muscle mechanics details are readily available at the end of the simulation for
analysis. Several studies have used this kind of an approach to study the effects of assistive devices on
humans during walking (Grabke et al., 2019) or running (Zhou & Chen, 2020). A human walking with
idealized assistive devices while carrying loads was simulated using the CMC (Computed Muscle
Control) algorithm available within OpenSim (Dembia et al., 2017). Another simulation utilizing CMC
revealed that idealized hip actuators have significantly greater benefit on energy cost saving in the elderly
population compared to idealized ankle actuators (Cseke et al., 2022). The CMC method tracks
experimental kinematic data with minimal variation in kinematics and cannot handle global objectives

that depend on the entirety of the motion (Dembia, 2020).

On the other hand, optimization with the direct single shooting method has been used by some researchers
(Geijtenbeek, 2019; Ong et al., 2019; Song & Geyer, 2015; Veerkamp et al., 2021) to overcome some of
the limitations inherent to CMC. In our previous work, we employed a single shooting based method to
find optimized hip assistance profiles, together with reflex based neural control, during walking
(Ratnakumar & Zhou, 2021). Nonetheless, the single shooting method requires numerical integration of
the dynamic equations to generate the motion trajectory and hence is computationally expensive (Dorn et
al., 2015). In addition to single shooting, direct collocation, a direct optimal control method that relies on
gradient-based optimization has been used for musculoskeletal motion tracking and prediction (Falisse et
al., 2022; Febrer-Nafria et al., 2022; Nguyen et al., 2019; Park et al., 2022). The introduction of the open-

source toolkit, OpenSim Moco (Dembia et al., 2020), has made direct collocation more accessible to the
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musculoskeletal biomechanics community. In direct collocation, the controls and states are parameterized

and the need for explicit integration is eliminated.

In this study, a direct collocation-based optimization method was adapted to co-optimize idealized
exoskeleton hip, knee and ankle joint assistance torques in conjunction with the gait and muscle control
parameters. The optimization objective includes several terms such as metabolic cost, muscular effort,
center of mass acceleration, and tracking of a reference walking motion. Using the tracking term in the
objective function and optimizing the gait allows the kinematics to deviate from the tracking data, which
enables motion adaptation to exoskeleton assistances. The optimization method was used to solve a case
of walking without assistance and seven cases of walking with bi-directional hip, knee, and ankle

assistances, for which we compared the changes in kinematics, metabolic cost, and muscle activation.

Methods

The musculoskeletal model used in this study represents an adult with a mass of 62 kg and an
approximate height of 1.7 m, which represents a global anthropometric average for mass (Walpole et al.,
2012) and a normal mid-range body mass index of 21.5. The model shown in Figure 1 is a modified
version of ‘gait10dof18musc.osim’ available within OpenSim Moco. It is a 2D model and has 10 degrees
of freedom (DOFs) (lumbar, bilateral hips, knees, and ankles, and 3 global DOFs) and 9 major muscles
per leg: gluteus maximus (GMAX), iliopsoas (IL), hamstrings (HAMS), rectus femoris (RF), vasti
(VAS), biceps femoris short head (BFSH), gastrocnemius (GAS), tibialis anterior (TA) and soleus (SOL).
This model utilizes the smooth and differentiable DeGrooteFregly muscle model (De Groote et al., 2016),
which is suited for gradient-based optimization methods. The lumbar joint was modeled as a pin joint and
a coordinate actuator is added to the joint as no muscles span this joint. A modified version of the Hunt
Crossley contact model (Serrancoli et al., 2019) was utilized to model smooth contact forces between the

ground and the spheres placed at the heels and at the fronts of the feet.

Figure 1. The musculoskeletal model.
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Walking without assistance (NoExo) and walking with seven different combinations of bi-directional
single- and multi- joint torques were optimized with the OpenSim Moco framework. The term “bi-
directional torque” means that the torque can vary in both flexion and extension directions. The following
joint assistance cases were realized by adding ideal actuators with bounds between -100 Nm to 100 Nm to
the model: HIP — only hip joints are assisted; KNE — only knee joints are assisted; ANK — only ankle
joints are assisted; HIP+KNE — hips and knees are assisted; HIP-ANK — hips and ankles are assisted;
KNE+ANK - knees and ankles are assisted; ALL — all hips, knees and ankles are assisted.

Optimization of walking with and without assistances was formulated as optimal control problems within
Moco. The optimization variables include controls and states (i.e., muscle controls or excitations, joint
coordinate angles, and assistance torques as coordinate actuation). The constraints include equations of
motion, kinematic constraints (such as symmetry and periodicity), state and control upper and lower
bounds, boundary constraints and time limits, etc. A reference walking motion data, originally obtained
from predictive simulations representing walking at a speed of 1.32 m/s (Falisse et al., 2019), was used as
tracking data and as the initial guess for the NoExo case as well as for the assistance cases except for ALL
and HIP+KNE cases, for which the kinematics deviated from the reference motion the most and thus the

predicted results from other cases were used instead.

The objective or cost function employed in this study is defined as follows:

t
Total Cost (Jr) = fof(WdMER + WaJcom + W3l joint+ Walcontrot+ WsTrack) dt ()

The sum of normalized muscle metabolic energy rates (i.e. COT), Jygr, is calculated with a smooth
approximation of the 2016 Uchida metabolic model (Uchida et al., 2016). The whole-body COM
acceleration goal, Jcoy = Wyaz + wy,a3 + w,aZ with the weights [wy, wy, w,] = [30.0 2.0 0.0],
penalizes excessive acceleration of the body which helps with reducing the vertical ground reaction
during initial contact. The joint acceleration term, J;5ine = X; 6?7 with 6; denoting the i-th joint angle,
encourages minimal jerk in the lower limb joints. The control term, Jconeror = 2 W; X7 With x; denoting
the control signals, includes only the muscle effort by setting the weight w; for the exoskeleton assistance

torques and the lumbar coordinate actuation to zero and all muscle weights to one.

The weights for each cost function term used for the simulations are: w; = 1,w, = 0.01, w3 = 2.5¢™%,
w, = 10 & ws = 10. The number of mesh intervals was set to 40 and convergence tolerance at 1.0e ™.
All optimizations were run on a personal computer with an Intel Core 17-8550U processor, containing a

total of 8 cores, at 1.8 GHz. The simulation time per case varied between 30 minutes and a few hours.
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Results

Figure 2 shows the kinematics and vertical GRF for all simulated cases. Experimental human gait data
(joint angles and ground reaction forces) at free walking speed reported by Schwartz et.al. (Schwartz et
al., 2008) is used for comparison. The hip angles show the closest fit to the experimental data whereas the
ankle angles have the largest deviation from the experimental data. The knee angle deviations are higher
in the stance phase with relatively small flexion, and the swing phase also exhibits a lower flexion angle

compared to the experimental value.

Figure 2. Kinematic and vertical GRF variations for all cases. The vertical lines indicate the stance-swing
transition times. The black dash lines are the reference motion data (Falisse et al., 2019) for tracking. The
reference data for GRF was not used in the optimization but is included here for comparison. The
experimental free speed kinematic/GRF Mean+/-SD data from (Schwartz et al., 2008) is plotted as the
gray shaded area.

Muscle activations from the simulations are plotted in Figure 3 and compared with electromyography
(EMG) data from Knutson et.al. (Knutson, 1995). As it can be seen from the figure, most of the muscles
have similar activation timing or patterns as the experimental data with the exception of the RF muscle.
We noticed that there are inconsistencies in reported RF EMG measurements in literature. For example,
the RF EMG data from Rajagopal et al. (Rajagopal et al., 2016) has quite different timing and pattern and
is closer to our prediction. The VAS muscle exhibits some additional activation during the stance-swing
transition in the simulations while the experimental data from Knutson et.al. does not display this
behavior. Nonetheless, the data from Rajagopal et al. does show VAS activation during the transition. Our
optimization predicted very low activation for the BFSH muscle similar to the study by Falisse et al.

(Falisse et al., 2019) and the reasons for this remain to be investigated.
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Figure 3. Predicted muscle activations compared to experimental data from (Knutson, 1995). The red

horizontal bars indicate when a muscle is active during walking based on (Knutson, 1995).

The changes in COT, defined as the normalized metabolic energy cost by the distance traveled and
subject weight, is presented in Figure 4. The baseline NoExo case has a COT of 3.56 J/kg/m which is
slightly higher than typical experimental readings that are around 3.35 + 0.25 J/kg/m (Miller, 2014). The
HIP assistance case has the highest reduction in COT amongst the single joint cases with 34% (COT
drops to 2.36 J/kg/m), followed by the ANK case with 22% reduction. The KNE assistance case by itself
only reduces the COT by 8%. But adding knee assistance to the ankle for the KNE+ANK case seems to
be relatively effective (the COT reduction of KNE+ANK is higher than the summation of the ANK case
and the KNE case). Adding knee assistance to the HIP+ANK case for the ALL case seems to help very
little (an additional 1.5% reduction only).

Figure 4. COT reductions in comparison with the NoExo case.
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Discussion and Conclusions

This paper presents a direct collocation-based optimization approach to co-optimize idealized exoskeleton
assistances with gait (joint motions) and muscle control for walking prediction. Predicted joint coordinate
motions and muscle activations of a full gait cycle are compared for all cases including the case without
exoskeleton and seven cases of single- or multi- joint assistance. Clearly, we can observe the changes to
the gait due to the assistances. The predicted joint motions are close to the reference motion we chose but
deviate from the experimental data. Since the reference motion was also predicted with optimization from
a 2D model (Falisse et al., 2019), the deviation is explained by Falisse et al. as a result of model choices
instead of local optima. Extending the model from 2D to 3D (Falisse et al., 2019) or adding toe degrees of
freedom to the foot (Falisse et al., 2022) likely will improve the prediction outcomes. Since in our
prediction method, tracking is a part of the objective function, we expect better joint motion prediction if
real experimental data is used as the reference motion, which is a planned next step of this study. In terms
of the predicted GRFs, we found that the use of a whole-body COM acceleration objective term has a
substantial impact on reducing the first peak in the vertical GRF, which is closer to the experimental data.
We also noticed slight dragging of the feet (very small GRF during the swing phase) in several cases as
shown in Figure 2. This issue may be resolved if we use real experimental data as indicated above.
Otherwise, adding an additional term to the objective function to penalize foot dragging during the swing

phase can also be considered in the future work.

By comparing with the case without assistance, we observed that most assistance cases reduced the
muscle activations and as a result the COT substantially. For single joint assistance, the hip assistance is
the most effective in reducing COT, followed by the ankle assistance, whereas the knee assistance is the
least effective with only 8% reduction in COT. These results are coherent with the current understanding
of the positive work performed by the hip or ankle is much greater than the knee in the total energy
expenditure of walking (Sawicki et al., 2009). For the two-joint assistance cases, the HIP+ANK
assistance is the most effective, with the reduction in COT being over 50% and very close to the ALL
case. Our findings in COT reduction with single- or multi- joint assistances are similar in trend to the
results by Bianco et al. (Bianco et al., 2022). However, in their study, the gait kinematics was not co-
optimized with the assistances and the unassisted and assisted simulations used the same walking
kinematics. In addition, only uni-directional joint assistance was considered in each of their assisted

simulations whereas our study considered bi-directional assistance for all cases.

In summary, we believe our modeling study has a great value in exoskeleton actuation design and

optimization. Experimental methods such as the HIL optimization (Zhang et al., 2017) are becoming
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more popular but they still require extensive subject testing and oftentimes the number of control
parameters that can be optimized are limited. Our study provides insights on the effects and limits of
single- or multi- joint assistance and can help engineers and scientists in prioritizing assistance to certain

joints and in providing assistance with optimal timing and assistance profiles.
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Abstract

It is well known that overhead work is associated with musculoskeletal disorders in the upper extremities.
Arm-supporting exoskeletons (ArmExos) help to reduce mechanical load to the shoulder joint and
subsequently risk of injury in the area. The ArmExos are adopted rapidly by industries such as car and
airplane manufacturers, although there lack studies examining the effectiveness of the ArmExos in these
industry settings as the associated overhead tasks often involve use of power hand tools. To simulate
overhead tasks with use of power hand tools, an electromagnetic shaker was hung from the ceiling and
produced a random vibration spectrum modified from the ISO 10819. In this posture the ArmExos
exerted the highest torque to the upper arm when it was flexed 90 degrees. As comparison, the shaker was
also placed in front of the body, in which the ArmExos produced minimum torque to the upper arm when
it was hanging down along the body. Vibration transmissibility along the arm and the spine was
monitored using accelerometers. Activity of the shoulder muscles was obtained using surface
electromyography. The grip force was assessed in the shaker handle while the push force was assessed
using a force plate placed under subject’s feet. Live feedback was shown on a computer monitor for the
subjects to maintain an average grip force at 30 N and an average push force at 50 N. The data
demonstrated that wearing ArmExos didn’t alter vibration transmissibility along the body. Wearing
ArmExos led to lower shoulder muscle activities. The agonist muscle activities in the overhead posture
were higher when compared to the front-of-body posture. Antagonist muscle activities tended to increase
with vibration turned on. The existence of vibration significantly increased the peak grip force and push
force, indicating a higher mechanical load to the shoulder. These findings suggest that the impact of
ArmExo use in overhead tasks involving power tools is complex. Shoulder joint load analysis using
advanced musculoskeletal models is recommended to understand the effectiveness of ArmExos in such

industry settings.

Keywords: exoskeleton, work posture, vibration, muscle activity.

Introduction
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Musculoskeletal disorders (MSDs) are painful disorders of muscles, tendons, joints, and nerves
commonly occurring in the neck, shoulder, arm, and back regions. According to the 2019 US Bureau of
Labor Statistics survey of nonfatal occupational injuries and illness, a total of 272,780 MSD cases were
reported in private industry in 2018. Among them, 86,410 cases were injuries in the upper extremities,
including sprains, rotator cuff tears, arthritis, tendinitis, and bursitis. It is noteworthy that one half of the
upper extremity MSD cases occurred at the shoulder joint, suggesting that this joint is the weakest part in
the upper extremities. The upper extremity MSDs are more disabling as indicated by a median of 20 days
away from work compared to a median of 12 days away from work for all MSDs. One particular physical
exposure contributing to upper extremity MSDs is overhead work in which workers need to raise one or
both arms above their shoulders for a substantial time of their work schedule. This in part explains a high
prevalence of upper extremity MSDs in industrial sectors such as that often involve overhead tasks.
Overhead work is particularly detrimental to the shoulder joint due to several biomechanical
disadvantages, including exertion away from the optimal working range of shoulder muscles, a faster
fatigue rate, and reduced ability to maintain joint stability. Safety measures such as decreasing the load,
modifying the arm working posture, raising body position, and limiting exposure time have been

recommended to reduce the risk associated with overhead work.

In recent decades, occupational exoskeletons have received great attention for their potential to improve
efficiency, increase productivity, and reduce injuries (Kim et al., 2018). According to a recent systematic
literature review of the effectiveness of workplace interventions (Van Eerd et al., 2016), arm support is
the only intervention shown to be moderately effective in reducing the upper extremity MSDs, while most
other interventions, such as workstation adjustment, work redesign to minimize shoulder load, ergonomic
training, and attendance at an occupational health and safety workshop, appear to be ineffective. The early
adopters of arm-supporting exoskeletons (ArmExos) include manufacturing industries. It is noteworthy
that in these industries, hand-operated power tools are often used when wearing Exos (Kamping-Carder,
2019). For example, Boeing has about 100 passive ArmExos across five site locations in the US, with
100% of the users working with vibratory tools. Toyota Motor North America has acquired Exos for 500
workers across six vehicle plants in North America, with most using vibratory tools. Ottobock, a major
exoskeleton developer and manufacturer, reported that it has placed their products in over 1,000 plants
worldwide, where about 80% of the plants are for manufacturing with 100% of those environments

requiring the use of hand tools.

Because the ArmExos can decrease the physical load experienced by the users, particularly during
overhead work, the rate of implementation into the workplace continues to exceed the research results

needed to demonstrate short-term and long-term effectiveness (De Looze et al., 2016). Additionally, there
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is a lack of guidelines available for developers to design effective Exos or for users to select the proper
Exos for specific work environment (Lowe et al., 2019). Therefore, the purpose of this research was to
collect preliminary data that can be used to investigate the effectiveness of ArmExo in dealing with the
combined effects of overhead posture and power hand tools. The preliminary study outcomes involved
vibration transmissibility (VT) along the arm and the upper body, electromyography (EMG) activities
from muscles surrounding the shoulder joint, and coupling forces (i.e., grip force and push force) between
the users and the tool handle. These data will be fed into DHM in future studies to examine the

comprehensive effects of ArmExo in overhead work with use of power hand tools.

Methods

Subjects

For this preliminary study, two right-handed, healthy male participants were recruited with age between
18 and 60, hand size between 7 and 10 (ISO 10819, 2013), and no history of major musculoskeletal injury
or surgery. The participants underwent informed consent process, and their signatures were obtained. The
study was carried out at the main campus of Northern Illinois University, DeKalb, IL with the IRB
approval number HS20-0219.

Experimental Procedures

A full-factorial, nested design using within-subject comparisons was employed to investigate 1) VT along
the arm and the spine, 2) shoulder muscle EMG, and 3) coupling forces when the subjects were exposed
to simulated tool vibrations. The three main factors in this nested design are: posture condition as level 1
(overhead — OH and front-of-body — FOB), Exo condition as level 2 (vest-type Exo, strap-type Exo, and
not wearing Exo); and vibration condition as level 3 (vibration turned on and turned off), or a total of 12
testing conditions. Each condition was repeated 3 times or a total of 36 recordings for each subject. In the
present study, muscle activities were collected using a surface EMG system. A maximum voluntary
contraction (MVC) procedure was necessary to normalize the EMG data for between-subject comparisons

and within-subject comparisons of multiple study visits. The MVC test was done before the main tests.

Posture conditions

An overhead posture and a front-of-body posture were examined in the present study. For the overhead
posture, both the elbow and shoulder joints were flexed 90° in the sagittal plane (Figure 1.a). The front-
of-body posture was defined in the ISO 10819 (2013), in which the forearm was flexed 90° and the upper

arm hangs down in a natural position (Figure 1.b). A scissor lift (Presto Lifts Inc, Norton, MA) was used
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to adjust subject standing height such that the arm posture is standardized across all subjects and all

testing conditions.

Figure 1. Illustration of the overhead posture (a) and the front-of-body posture (b).

Exoskeleton conditions

Two commercially available Arm Exos were used in the present study, including 1) a vest-type Exo —
EksoVest, Model V-1.0-0574, Ekso Bionics, Richmond, CA (Figure 2.b) and a strap-type Exo — Paexo
Shoulder, Model 6ES100=2, Ottobock, Duderstadt, Germany (Figure 2. ¢). A condition of not wearing

ArmExo was also tested to serve as control (Figure 2.a).

Figure 2. Illustration of not wearing exoskeleton (a), wearing a vest-type exoskeleton (b), and wearing a

strap-type exoskeleton (c).
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Vibration conditions

The power tool vibration was simulated using an electromagnetic shaker (LDS V651 shaker, Briiel &
Kjer, Nerum, Denmark). A vibration control system (VR8500, Vibration Research, Jenison, MI) was
used to drive the shaker. The vibration spectrum was adapted from the random vibration spectrum defined
in the ISO 10819 (2013) with the lower limit extended from 25 Hz to 2 Hz while the upper end remaining
at 1600 Hz. Data analysis demonstrated that the shaker could drive random vibration with a lower limit of

approximately 7 Hz, which was used in data analysis.

Test sequence

The nested design was chosen to minimize fatigue and streamline the testing procedures. Because the
time needed for the overhead shaker setup takes about 4 to 5 hours and 1 to 2 hours for the front-of-body
setup, two study visits were required to accommodate the two posture conditions. Additionally, the two
vibration conditions were examined with the no vibration condition tested first immediately followed by
the vibration turned on. There was a one-minute separation between the two vibration conditions as it
takes the shaker approximately 1 minute to achieve the designated waveform and amplitude. The subjects
were allowed to have a 3-minute break before the next testing trial to prevent muscle fatigue. The time to
change ArmExo was about 5 minutes, thus no extra rest was needed between the exoskeleton conditions.

The Exo conditions were permutated using a Latin Squares — Williams design.

Outcome measures

Vibration transmissibility

To understand VT along the arm and the spine, vibration was assessed using triaxial accelerometer placed
at the wrist (between radial and ulnar styloid process), elbow (lateral epicondyle), shoulder (acromion),
and upper back (C7), middle back (T10), and lower back (L3). One additional triaxial accelerometer was
placed at the right arm-link of the ArmExos. The VT was calculated between the acceleration at different
body locations and the acceleration at the shaker handle. Since the vibration response of the human body
is frequency dependent, VT was treated in the frequency domain using power spectral density (PSD). The
overall VT was calculated as the area under the curve of PSD between 7.3 Hz and 500 Hz. Note that the
PSD value is the root-mean-square (RMS) amplitude squared. The VT calculated this way is the squared
value of VT calculated using RMS amplitude.
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Electromyography

A 16-channel wireless surface EMG system (Trigno, Delsys Inc., Natick, MA) was used to obtain
activities of nine muscle surrounding the shoulder. These muscles included anterior, medial, and posterior
deltoids, upper trapezius, latissimus dorsi, pectoralis major; serratus anterior, biceps brachii, and triceps
brachii. Prior to surface EMG sensor attachment, the skin over the target muscles was shaved if necessary
and cleaned using alcohol pads twice to attenuate impedance. The EMG signals were output as analog

signals for recording.

Couple forces

To standardize testing within- and between-subjects, the coupling forces (i.e., grip force and push force)
were tightly controlled based on the coupling forces specified in the ISO 10819 (2013). The grip force
assessment was conducted with subjects held onto the shaker handle instrumented with two uniaxial force
transducers (Kistler model 9212, Kistler amplifier type 5018, Kistler Instrument Corp., Novi, MI). The
push force assessment was conducted using a Kistler force plate (model 9260A A, amplifier type 5233A,
Kistler Instrument Corp., Novi, MI) was placed under the subject’s feet. A computer monitor was placed
in front of the subjects to provide live feedback to control the grip force and push force levels at 30 N +5
N and 50 N £8 N, respectively (ISO 10819, 2013)

Acceleration, EMG, and force signals were recorded using a custom-written LabVIEW program (Version
17, National Instrument, Austin, TX) and with two 32-channel analog-to-digital converters (NI USB-6363
and NI-9205, National Instrument, Austin, TX). The sampling frequency was set at 5000 Hz. The
sampling duration was 12 seconds for each testing condition. A custom-written MATLAB program was

used to calculate all outcome values. The average of 3 trials was used to conduct descriptive analysis.

Results

Figure 3 shows the VT along the body as compared to the shaker handle when split according to
exoskeleton conditions. The overall trend of the VT was not affected. The same observation was made

when splitting data according to the posture conditions.
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Figure 3. Exoskeleton effect on transmissibility.

Figure 4 shows normalized EMG data under three Exo conditions, respectively. Most muscles examined
exhibited lower activities when wearing ArmExos. The agonist muscle activities in the overhead posture
were higher when compared to the front-of-body posture. Antagonist muscle activities tended to increase

with vibration turned on.
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Figure 4. Exoskeleton effect on shoulder muscle activities.

In the present study, the coupling forces were controlled (e.g., same average values). However, the
variations of the coupling forces as represented by the standard deviation (SD) of the data demonstrated
the peak-to-peak response. Figure 5.a shows that the exoskeleton effect on peak-to-peak coupling force
was minimum. As expected, the existence of vibration increased the peak push force significantly,

indicating a higher peak mechanical load to the body (Figure 5.b).



7th International Digital Human Modeling Symposium (DHM 2022) Paper 24 - Torkinejad Ziarati et al

Figure 5. Exoskeleton effect (a), and vibration effect (b) on peak-to-peak coupling forces.
Discussion and Conclusions

The primary aim of this thesis research was to collect preliminary data to assess the combined effects of
overhead posture and use of power hand tools on effectiveness of ArmExos. The first observation made
on in the present study is the amplitude of VT decreased drastically along the arm and the spine based on
the distance of the body parts from the shaker handle. The trend of VT response with respect to distance
from the shaker handle was also reported previously. Xu et al. (2017) reported peak response at the
frequency of 7 Hz and 12 Hz for the upper arm, 7 Hz and 9 Hz for the shoulder, 6 Hz and 7 Hz for neck
and back in the front-of-body vibration. Except the neck, these values are similar to the front-of-body
posture in the present study. The overhead vibration posture examined in the present study showed that
there was a significant shift in peak VT frequency at the shoulder when compared to the front-of-body
posture. The related health effect remains to be investigated. Regarding the exoskeleton effect, there is a
large body of literature examining performance of ArmExos in overhead tasks. However, few studies
examined the overhead tasks with power hand tools simultaneously. This was the primary reason to
conduct the present study. The major finding of the present study was that wearing Exo had minimal
effects on VT except at the wrist joint where the peak VT value in the frequency domain decreased

significantly with ArmExos.

In present study, the biggest increase in muscle activity was observed in the anterior deltoid and the upper
trapezius when compared to the front-of-body posture. These results are consistent with literature
findings. Rohmert et al. (1989) examined arm and shoulder muscle activity in overhead vibration and
found that the upper trapezius muscle had significant increase in activity in the overhead posture. Kim et
al. (2018) examined overhead drilling and showed muscle activities for anterior deltoid, middle deltoid,
and descending trapezius were greater in the overhead tasks comparing with the shoulder height task. In
the present study, there was a decrease in activity in most shoulder muscles with ArmExos, consistent

with the literature (Kim et al., 2018). However, existence of vibration was not found to affect muscle
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activity much with only a slight increase in some muscles.

Regarding the coupling forces, the peak-to-peak coupling forces as calculated as SD over the 12 seconds
of recordings showed that overhead posture with vibration turned on resulted in a higher push force
detected at the subject feet. These findings indicate that there was an increase in mechanical load in the
body under the overhead condition and under the vibration turned on condition. There is no literature

specifically looks at the peak-to-peak coupling force.

In summary, posture and exoskeleton conditions had little effect on VT along the arm and the spine. The
shoulder muscle activity was more significant in the overhead posture, especially for the anterior deltoid
and upper trapezius. The effects of Exo and vibration conditions on muscle activities showed promising
results as expected, though shouldn’t be over interpreted. There was a moderately higher peak push force
for the overhead posture. There were a significantly higher peak grip force and a moderately higher peak
push force with vibration turned on. These results suggest that power tool use in the overhead posture
may increase mechanical load in the body. Future studies with a larger sample size are needed to validate

the findings of the present study.
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Introduction

Thanks to recent studies about the relationship between joint center locations, external body shape and
landmarks positions, we can build a personalized kinematic human model in standing posture. It is though
challenging to position it into a seated posture. This is particularly true for positioning pelvis and spine due
to the high number of degrees of freedom (DOF) involved and very low number of anatomical landmarks
available for palpation/motion capture. This is an under-determined problem. A priori knowledge is needed
to find anatomically correct solutions. One way is to reduce the DOFs of spine model by either not allowing
all intervertebral joint rotate freely or introducing relationships between them. (Alemi et al. 2021) reduced
spinal DOFs from 51 to 5 by defining kinematic constraints and showed that a SDOF-simplified model
could produce smooth spine motions. Monnier et al., (2007) used the relationships between spinal joint
angles, called spinal coordination laws, to prevent unrealistic postures in motion reconstruction process.
However, evidence based statistical models are missing. The objective of this paper is to investigate the

variation of spinal joint angles when changing posture and to identify spinal coordination laws.
Methods

In this research, a previously collected data by Beillas et al., (2009) from MRI observations of three females
and six males in four postures (standing, seated, supine and 45° forward-flexion), were used. In their study,
positional MRI and custom designed adjustable fixtures were used to define and impose the four postures.
We defined a spinal model with 17 spherical joints, from S1L5 to T1C7, and we personalized the segment
lengths for each participant. Since postural changes between the four studied positions were mainly in the
sagittal plane, only flexion-extension was allowed for each joint. All joints were aligned when joint angles
were zeros. Then, the intervertebral joint angles were obtained by minimizing the distance between the joint
positions of the subject-specific kinematic models and those from MRI image. One factor ANOVA was

used to analyze the effect of posture on joint angles. We also defined two overall spinal parameters to
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characterize the global spinal posture: 1) distance between T1C7 and S1LS5 (trunk d) for trunk compression,
2) angle between L5S1-midHip and S1L5-C7T1 (trunk a) for trunk flexion. Statistical relationships

between overall spinal parameters and joint angles were analyzed.

Results

Figure 1 shows the reconstructed spines corresponding to the four postures

for one male participant (MO1). Significant differences between four

postures were observed only for S1ILS (F=9.19, p=0.0002), L5L4 (F=7.28,

p=0.0007), LAL3 (F=2.95, p= 0.0475), and T7T6 (F=3.13, p=0.0391) joint —e—senre

—€— SUPINE

angles (Table 1). Taking standing posture as reference, joint angle changes

were calculated for forward-flexion, seated and supine postures. Regression
Figure 1. Reconstructed spinal

equations of joint angle changes for S1LS, L5L4, L4L3 and T7T6 were  models for four postures for a

. male participant (MO01)
obtained (Table 2).

Table 1. Means (+ standard deviations) of spine joint angles for the four postures and the global spinal postural parameters
trunk_a (flexion-extension) and trunk d (compression). Angles are in degrees, positive for flexion and negative for extension.
*FWFLEX=forward-flexion, SEATED=seated, STANDI=standing, SUPINE= supine

Posture S1L5 L5L4 L4L3 T7T6 Trunk d(mm) Trunk a
FWFLEX 35.21+8.33 -11.74 +7.38 -3.70+£5.18 7.62+7.11 445.81+19.73 37.51+12.52
SEATED 34.37 +5.86 -10.84 £3.71 -8.07 £4.29 7.654+4.84 450.98+ 15.32 29.62+5.40
STANDI 24.82 +7.58 -19.98 £3.59 -10.46 £5.12 9.92+4.78 440.30+15.66 10.80+5.61
SUPINE 21.10+5.57 -18.42 £4.96 -7.90 + 5.00 2.03+£5.72 453.82+20.08 5.15+£7.06

Table 2 Regression equations of joint angle changes. D_Trunk_d (%) is the variation of trunk_d normalized by its value in
standing posture, and D_Trunk_a is the change of trunk a with respect to the standing posture.

Joint Constant D Trunk _d (%) D Trunk a Adjusted R? (%) MSE
S1L5 3.09 1.12 0.36 68.84 22.67
L5L4 0.41 1.32 0.28 45.87 20.12
L4L3 1.96 0 0.14 2533 15.24
T7T6 7.54 0 0.25 20.29 60.22

Discussion and Conclusions

Only three lumbar joints (S1L5, L5L4, L4L3) and one thoracic joint (T6T7) were found to contribute to
spinal posture changes, suggesting a kinematic model with these four joints would be enough to describe
spinal curvature. This highlights the importance of lower lumbar joints in spine postural changes especially
for flexion-extension. Kuai et al., (2018) showed that S1L5, L5L4, L4L3 joints contributed to total spinal
motion more than other lumbar joints. Alemi et al. (2021) found that, comparing to thoracic joints, lumbar
joints contribute more to overall spine flexion-extension. In this study, evidence-based spine coordination
laws have been obtained. Results will be applied to reconstruct seated postures using a whole body model.

High R-squared value for the variation of SIL5 and L4L5 angles imply that the two global spinal postural
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parameters could be enough to predict these variables using linear regressions. However low R-squared
value for L4L3 and T7T6 suggest that other predictors might be needed to characterize the global spinal

posture.
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Abstract

Posture/motion prediction is the basis of the human motion simulations that make up the core of many
digital human modeling (DHM) tools and methods. With the goal of producing realistic postures and
motions, a common element of posture/motion prediction methods involves applying some set of
constraints to biomechanical models of humans on the positions and orientations of specified body parts.
While many formulations of biomechanical constraints may produce valid predictions, they must
overcome the challenges posed by the highly redundant nature of human biomechanical systems. DHM
researchers and developers typically focus on optimization formulations to facilitate the identification and
selection of valid solutions. While these approaches produce optimal behavior according to some, e.g.,
ergonomic, optimization criteria, these solutions require considerable computational power and appear
vastly different from how humans produce motion. In this paper, we take a different approach and
consider the Forward and Backward Reaching Inverse Kinematics (FABRIK) solver developed in the
context of computer graphics for rigged character animation. This approach identifies postures quickly
and efficiently, often requiring a fraction of the computation time involved in optimization-based
methods. Critically, the FABRIK solver identifies posture predictions based on a lightweight heuristic
approach. Specifically, the solver works in joint position space and identifies solutions according to a
minimal joint displacement principle. We apply the FABRIK solver to a 7-degree of freedom human arm
model during a reaching task from an initial to an end target location, fixing the shoulder position and
providing the end effector (index fingertip) position and orientation from each frame of the motion
capture data. In this preliminary study, predicted postures are compared to experimental data from a
single human subject. Overall the predicted postures were very near the recorded data, with an average
RMSE of 1.67°. Although more validation is necessary, we believe that the FABRIK solver has great

potential for producing realistic human posture/motion in real-time, with applications in the area of DHM.

Keywords: Inverse Kinematics, Posture Prediction, IK validation, FABRIK

Introduction
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Predicting human posture is one of the core functions of many digital human modeling (DHM) tools.
However, because human biomechanical systems consist of many highly redundant degrees of freedom
posture prediction is a particularly difficult challenge (Aristidou et al., 2018; D’Souza et al., 2001; Yang
et al., 2004). Further, to make DHM tools easy and efficient to use, many tools provide control over
manikin posture in the form of control points, typically located on end effectors (EE). While this
simplifies control, it also means that the DHM tool must solve an inverse kinematics (IK) problem in
which it must identify and select a plausible human posture given a possibly infinite set of posture
solutions. Most modern approaches to IK posture prediction take inspiration from robotics where highly
precise and optimized solutions are the focus (Aristidou et al., 2018; De Magistris et al., 2013; D’Souza et
al., 2001; Yang et al., 2004). IK solvers in robotics are often guaranteed to find a plausible solution in
finite time if there is one, but they can be slow and sometimes difficult to understand to end users. In this
paper we introduce and explore one candidate IK solver developed in the context of computer graphics
and recently extended to robotics. The Forward and Backward Reaching Inverse Kinematics (FABRIK)
solver has been deployed in multiple computer game engines and 3D design contexts as a real-time
posture prediction method (Aristidou et al., 2016; Aristidou & Lasenby, 2011). To our knowledge, the
FABRIK solver has not been validated in a DHM context. Initial indications using human skeleton
models for games animations are that it can produce plausible human postures (Aristidou et al., 2016).
However, accurate predictions typically require appropriate biomechanical constraints and consistent
coordinate conventions. The aim of this paper is to introduce the FABRIK solver to the DHM
community, provide a pilot demonstration of its feasibility, and discuss some of the challenges in moving

the solver from computer graphics to DHM contexts.
Optimization-Based IK Solutions

A posture, for the current purposes, is defined by a biomechanical model (joints and spatial relations
between them) and the states of the joints (specified in local angles). Often DHM tools are used to predict
and evaluate postures given a particular task. If the user knows all the joint angles, then the posture can be
specified using forward kinematics methods to apply the joint angles to each joint moving from a root
joint out towards the EEs. While forward kinematic methods can be useful in some instances, it is rare for
users to know all the joint angles needed to specify a posture used to accomplish a specific task. In the
typical case, only the position and orientation of a few control points, typically EEs, can be known or
reasonably anticipated and the DHM tool needs to predict a feasible posture that can meet those
constraints. Given the expected EE states, some form of IK method can be applied to estimate a good
solution or set of solutions. One method for solving IK problems, e.g., the possibility for infinite valid

solutions, in DHM software is to identify a set of constraints on the biomechanical system that can be
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optimized (Howard et al., 2012; Yang et al., 2004, 2011; Yang & Ozsoy, 2020). Taking this approach, the
set of solutions can be limited to those that meet the optimization criteria and search/selection criteria can
be used to identify an optimal or nearly optimal solution. Once a solution is identified it can be used to
specify the joint configuration of a multi-joint system where the EEs are positioned and oriented
according to the specified goal. Optimization methods are highly effective and can produce results for
arbitrarily complicated joint systems as well as balance multiple optimization objectives and constraints
using multi-objective optimization methods. A challenge for optimization-based methods is that they can
be computationally expensive and must be front loaded theoretically, that is they cannot identify a
solution without first specifying which biomechanical constraints to optimize and then defining what is
optimal. For many DHM applications, it is tricky to formulate optimization criteria that produce results
similar to real human motion. While optimization may be ultimately indispensable, alternative approaches
to identifying IK solutions may facilitate the formation of a cluster of tools which can quickly and
accurately converge on a posture prediction with minimal theoretical front-loading. To this end, the
FABRIK solver may provide a fast and minimally theory laden approach to identifying plausible IK

solutions.
FABRIK

While the FABRIK solver was introduced to provide a fast and lightweight IK solver for computer
graphics applications, it has been implemented in many domains for both pre-recorded and real-time
solvers for human and non-human animations (Aristidou & Lasenby, 2011, Aristidou et al., 2016;
Lansley et al., 2016). Recently, FABRIK has been extended for application in robotics for both fixed
position and mobile multi-joint robots (M. Santos et al., 2021; P. C. Santos et al., 2020; Tao et al., 2021;
Tenneti & Sarkar, 2019).

FABRIK is a heuristic IK solver meaning that it identifies a valid posture by applying a limited set of
rules to transform an initial posture into a final posture where the EE(s) is in the specified final posture
(See Figure 1 for algorithm sketch). An advantage of this approach is that very little information beyond
the structure of the kinematic chain is needed, i.e., segment length, relative joint position, joint type, and
joint range limits. This means that a solution can be identified quickly and with minimal theory
leadenness. While FABRIK is correspondingly not guaranteed to provide a feasible or plausible solution,
current applications of the solver in design and game development contexts suggest that it can provide
good solutions in the vast majority of human motion prediction problems (Aristidou et al., 2016;

Aristidou & Lasenby, 2011; M. Santos et al., 2021; Tao et al., 2021).
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The FABRIK solver works in joint position space and is applied hierarchically to each joint and
iteratively until a solution is identified. At its core the FABRIK solver involves moving each joint the
shortest distance possible given the expected re-positioning of the previous joint in the kinematic chain
and while adhering to the biomechanical constraints of the system (e.g., segment lengths and joint limits).
A 2D application of the FABRIK solver is illustrated in FIGURE 1. A single iteration of the FABRIK
solver starts at the EE and is applied to each joint in the kinematic chain moving towards a root joint. In
the first step, the EE is repositioned and aligned to the new EE target (Figure 1A-C). Each joint moving
from EE to root is then repositioned along the shortest line that can be drawn between the new position of
the joint above and the current joint position while preserving bone length (Figure 1D). Joint limits are
applied locally while repositioning joints to ensure that they are not violated in the predicted posture.
Once the root node is reached the process is repeated in the reverse direction along the chain (Figure 1E).
Assuming the root node is fixed, it is repositioned to its initial position and the process continues back to
the EE. This process can be iterated until either the EE is within a specified tolerance of the goal, or a
specified number of iterations has been completed. Several modifications and variations of the FABRIK
solver have been developed that allow for multi-chain/branching systems, non-fixed root nodes, whole
system repositioning, handling unsolvable targets, and obstacles (Aristidou et al., 2016; P. C. Santos et
al., 2020; Tao et al., 2021). In the current project we used only the original algorithm along with a hinge
constraint applied to the elbow as discussed in Aristidou and Lasenby (2011).

One aim of this project is investigating the extent to which the FABRIK solver can identify a plausible
solution given minimal information about the system. As such, the shoulder and wrist joints in the 7 DOF
arm model used below are unconstrained 3 DOF joints and the elbow is a 1 DOF hinge joint with a range
of motion of 0-120°. An unconstrained version of the FABRIK solver treats all joints as unconstrained
ball joints. The elbow joint requires introducing constraints to limit to a hinge joint and allows for a
discussion of applying joint constraints in FABRIK. A 1 DOF hinge constraint can be implemented in the
FABRIK solver by a method which limits the possible hinge joint positions to a plane partial defined by a
line connecting the joint before and the joint after the hinge joint in the kinematic chain (Aristidou &
Lasenby, 2011; M. Santos et al., 2021). The discussions of hinge joints in these papers center on general
computer avatar or non-humanoid robots respectively, and do not consider how existing human
biomechanical limits might affect the results. Notably while the primary plane axis is defined according to
the line segment that intersects the wrist and shoulder joints for a human arm, the selection of a secondary
and corresponding orthogonal axis must be specified. Given only the primary plane axis there are
infinitely many planes to project the joint onto and the selection of plane can have a significant impact on

predicted elbow position and orientation as well as the orientation of the other joints. For the study below
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we chose the secondary axis based on the fixed geometric relationships between the most recently
predicted joint and the elbow. In this case, we could use the second axis of the wrist (joint 6 in Table 1)
and the first axis of the shoulder (joint 1) respectively. The plane normal was then defined as the cross
product of the selected secondary and the primary axes. This plane definition could be verified by testing
a small set of samples and ensuring that the predicted rotational axis of the elbow was parallel to the
second rotational axis of the shoulder (joint 2) as specified by the arm model in defined by Figure 2 and
Table 1 and observed in the recorded data. Biomechanically this is the result of the fact that the rotational
axis of the elbow is rigidly coupled to the shoulder joint. We acknowledge that the human shoulder is a
relatively complicated joint and that the current model simplifies this joint greatly. However, even
without a more representative shoulder joint, the initial testing of the hinge joint constraint allowed for

plausible predictions.

Figure 1. One iteration of the FABRIK solver. The target location and orientation are specified (A) along
with an initial arm posture. EE is moved to the target and the other end of segment is moved along a line
specified by its initial position and the new target position preserving bone segment length (B). The
segment is aligned with the target orientation respecting local rotational constraints (C). Then the process
repeated for each joint to the root (D). Since the root is likely moved by the final step, it is returned to its
initial position and the process is repeated in reverse to the EE (E). This entire process is repeated until

the EE is within the set tolerance or iteration limits.
Methods

In order to determine the initial feasibility of a FABRIK based DHM solution we collected motion
capture data for a simple single arm reaching task from a single human actor. The aim of this pilot study
is to apply FABRIK to a relatively simple 7 DOF arm model to see how well it can predict the actual arm

postures during the reaching motions.
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Motion Capture

The data was collected for 19 directed reaching motions performed by a single participant at Texas Tech
University Human-Centric Design Research Lab. 7 Eagle-4 camera system (Motion Analysis
Corporation, CA) were utilized in this experiment, and each of them has 40megapixel resolution with 500
frames per second. For one arm motion capture, 9 retroreflective markers were attached to the
participant’s right shoulder and arm. Each reaching motion consisted of sitting in a neutral position and
then reaching to a predefined target position in front of the participant. Each reach to target from the
initial posture is treated as a single task instance, starting with an initial neutral posture, and moving to an
extended final posture. A total of 6 reach targets were used, with each reach cycle repeated 3 times. For
data processing, Cortex (Motion Analysis Corporation, CA) was used to smooth the labeled marker

movements at 60 Hz.

(A) (B)

Figure 2. Marker protocol: neutral pose (A) and reaching to a predefined target (B) observed from the

front view

Figure 2 shows the marker locations. The markers were placed on the participant’s sternum, back, and

arm to track each relevant joint center (shoulder, elbow, and wrist) and the index fingertip. The marker



7th International Digital Human Modeling Symposium (DHM 2022) Paper 26 - Lamb et al

data was converted to the joint angles using Visual 3D (C-Motion, MD), and a 7 DOF arm model (Figure
3) was defined with Deviant-Hartenberg (DH) parameters (See Table 1).

Simulations using the FABRIK method were carried out in Matlab 2021b. The shoulder was treated as the
root node and fixed to the origin of the simulation space. The EE positions and orientations were
extracted from the experimental data as the control signal for the simulated arm. All simulations were
initialized using the configuration of the arm at the beginning of a simulated task instance, setting the arm
joints to match the initial recorded joint configuration. After initialization FABRIK was used to solve the
next recorded arm configuration based on the EE’s configuration in the next recorded frame. For each
subsequent step of the simulation the FABRIK solver used the previous simulated arm configuration as
the initial arm configuration. Based on initial testing, the FABRIK solver was run until the predicted arm
configuration placed the simulated EE <1mm of the target position or the FABRIK solver ran 500
iterations. The final simulated arm configuration was stored as 7 angles matching the conventions in
Table 1 for each simulated frame. Timing and iteration counts were also stored, though because
computational efficiency was not explicitly considered in the development of the test software, timing is
not indicative of best-case performance.

Table 1
DH-Parameters for arm model

Joint (1) 0; (rad) d; (cm) a; (rad) a; (cm)
1 0+qy 0 /2 0
2 /2 +q, 0 /2 0
3 n/2 + q3 Ly /2 0
4 /24 qy 0 0 L,
5 0 +gs 0 /2 0
6 /2 4+ qe 0 /2 0
7 0 +q5 Ls 0 0

Figure 3. Arm Model (See Table 1).
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After simulations were completed, the experimental and simulated arm configurations at each frame were
compared for each task instance. Comparisons were quantified by calculating root mean square error

(RMSE) for each joint angle (8,,) that specified the arm configuration,

err(6,) = |zien(6Fm - o7’ 0

where 0f™is the experimental angle on the nt" joint on the i*"* frame and 6;™ is the corresponding
simulated angle during that frame. Each task consisted of len number of frames. The first frame is

excluded from the calculation of 8,, because it is taken from the recorded data.

Results

The FABRIK solver was able to identify a solution for every target in the experimental data. The
provided solutions placed the EE within an average of 0.007 mm of the target position with a max
distance to EE goal of 0.013 cm. RMSE for each joint was calculated between predicted and recorded
joint angles for each trial and the average and standard deviation RMSE across trials for each joint DOF is
presented in Table 2. Across all joints the average RMSE was 1.67°. While the code used for the current
study was not optimized for speed, on average the FABRIK solver converged on a solution at each frame

in 0.03 seconds and with an average number of 24 iterations.
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Figure 4. Joint angle plots for 2 trials. Dashed lines are the data from the motion-capture and dotted lines
are the predictions. When run through the forward kinematics model, the top plot, A, was visually
indistinguishable from the original, the bottom plot, B, showed some visible separation in the elbow joint

around frame 275.

The predicted values were run through a forward kinematic solver and visualized as animations in Matlab
for visual inspection. Overall the predicted postures were very near the recorded solutions with only a few
trials where there was clear seperation between the predicted and recorded postures. Two representtive
plots of the predicted and recorded joint angles are presented in Figure 4 to illustrate the predictions for a
case with no easily visible seperation (Figure 4A) and a case with a clear moment of seperation (Figure
4B).

Table 2
RMSE between predicted and experimental joint angles®

Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Joint 6 Joint 7

0.99(2.13) 1.38(1.73) 2.42(3.46) 0.33(0.33) 2.00(4.65) 2.20(2.99) 2.34 (4.51)

a. mean (standard deviation) b. all values in degrees.
Discussion and Conclusions

In this pilot study, the FABRIK solver was able to provide plausible predictions of the recorded human
arm postures across the entire motion path. While this is only an initial exploration of the feasibility of the
FABRIK solver for DHM purposes, we believe it is a compelling indication of its possible application.
Implementations of FABRIK in modern game engines can converge on a solution for a full humanoid
kinematic chain within 4 iterations and continuously provide real-time solutions at 90 Hz or faster.
However, while these implementations of the FABRIK solver have proven effective in entertainment
contexts, further work needs to be done to validate and optimize the FABRIK solver for DHM
applications to ensure fidelity to real-world postures and motions. For the FABRIK solver to provide
results consistently and to be a useful tool, the underlying kinematic chain and biomechanical
assumptions for joint ranges and limits must be appropriately implemented. Further, it is unclear how far
the FABRIK solver may diverge from plausible or valid solutions in more complicated DHM use cases.
Systems and checks to ensure plausibility and validity for DHM applications need to be explored. The
speed and flexibility of FABRIK also opens for potentially very powerful solutions when combined with
traditional optimization based approaches. Once the initial validity of a lightweight version of FABRIK is
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determined, we believe that additional insights from optimization methods and approaches may
synergistically benefit both and contribute to new insights into human postures and behavior prediction.
FABRIK provides static IK solutions which may be valid for DHM when correctly implemented. The
minimal theory-ladenness, fast convergence to a solution, and relative simplicity makes it an ideal

candidate for testing motion planning and control insights from cognitive science research in DHM tools.
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Speeds

William Peng and Joo H. Kim
New York University, United States

Abstract

This work presents a model-based method of evaluating and quantifying stability characteristics of human
walking in the sagittal plane. The stability criteria used for this analysis are boundaries in the state space
of the center of mass (COM), which represent the maximum capability of a human to maintain balance in
single support (SS) and double support (DS) phases or to make a desired step without falling. Complete
models of the system dynamics, biomechanical characteristics, its contact interaction with the ground, and
gait parameters, are considered. Experimental human COM trajectories during walking are analyzed
against computed stability boundaries to quantify the nature of human gait across walking speeds. Stability

comparisons with other robotic platforms, an exoskeleton and a humanoid robot, are also provided.
Keywords: Balance Stability, Center-of-Mass State Space, Walking
Introduction

The definitions of stability states considered here (Peng et al., 2022) are with respect to a specific contact
configuration (SS or DS balanced) or transition (steppable), where a balanced state is a state from which a
given biped can maneuver such that its (SS or DS) contact can be indefinitely maintained and a steppable

state is one from which a desired step is achievable before any undesired contact occurs (Figure 1).

Figure 1. Schematics of general stability regions (left) and with mostly balanced walking trajectories of

Mina v2 exoskeleton (Mummolo et al., 2018) (center) and DARwIn-OP robot (Peng et al., 2022) (right)
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Methods

The stability boundaries are computed as the solutions to a series of constrained optimization problems
subject to dynamics, system-specific (e.g., joint (Norkin & White, 2009) and torque (Anderson et al., 2007)
limits), and region-specific (for consistency with the corresponding state definition) constraints evaluated
at COM states along the given walking trajectory. Two healthy subjects of similar mass and height were
recruited and provided informed consent for the walking experiments. The COM trajectories were obtained

at 85% (slow), 100% (preferred), and 115% (fast) of their self-selected preferred walking speeds.

Results

Figure 2. Experimental walking COM trajectories for two subjects. The human stability regions are shown

for one subject, along with the viable-capture basin boundary for 1-step capturability (Peng & Kim, 2020).
Discussion and Conclusions

The results show that normal human walking at preferred, fast, and slow speeds is mostly unbalanced, with
the exception of slow walking during the DS phase (Figure 2). For accurate comparison, each COM
trajectory should be compared to the stability region corresponding to that COM trajectory. In this work,
stability regions are only shown for the preferred walking speed of one human subject, due to the spatial
similarity of the COM trajectories across walking speeds. For extremely slow speeds, the walking will be
highly balanced, similar to that of robotic gait (Figure 1), as opposed to during extremely high speeds, when
the walking will be highly unbalanced. This framework can be used for the analysis of gait impairment and

the associated rehabilitation and for the design and control of powered lower-limb exoskeletons.
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Introduction

Finite Element Models (FEM) of the human body (HBM) are used to analyze static seating discomfort
mainly in terms of interface pressure distribution on the seat surface (Savonnet et al. 2018). However,
most of the HBMs are not validated under actual seating conditions due to the difficulty in measuring
internal body loads such as soft tissue deformation, intervertebral disc pressures, etc. The rare HBM
related studies claiming validation have only analyzed the interface pressure distribution. Recent
experiments conducted with and without foam for different seat pan inclinations (Fig 1b) using Open
MRI indicate that soft tissue deformation below the Ischial Tuberosity (IT) is affected by both contact
pressure and shear and thus could be an objective indicator in seat discomfort assessment (Wang et al.
2021). The aim of this present study is to report a preliminary evaluation of FE-HBMs against these

subject-specific experimental data in terms of interface pressure and soft tissue deformation.
Methods

FE Model

Mesh. Among four participants (P) in the experimental study, two subject-geometry-specific FEMs were
developed for two volunteers, P1 and P2 in Wang et al. (2021). Fat, muscles, skin and bones were
manually segmented using 3D Slicer in the MRI acquisition defined for four test conditions, one called
‘unloaded’ and three seated. An automatic tetrahedral mesh with a characteristic length of 5 mm was used
for soft tissues (fat and homogeneous muscles) (Fig 1a), while shell layers of 2 mm made of linear
triangle elements were used for the boundary of the bones and the skin. A surface-to-surface Type 25
contact with a friction coefficient of 0.4 was used to model the interaction between the skin and the seat.
Three seating configurations were reproduced in agreement with experiments: horizontal flat seat pan
(Shear), flat seat pan with an inclination of 7° (Reference), and a foam layer added to the reference seat

(Foam) (Fig 1b).

Material properties. The pelvis and femur bones were considered as rigid bodies without relative

rotation. Hyperelastic materials were distinctly defined per soft tissue type (Ogden material model, law 62
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with parameters from Al Dirini et al. (2016)). The skin was modelled with a linear elastic material law
(Young’s modulus of 0.15 MPa and Poisson ratio of 0.49, as recommended by Verver et al. (2004). The

geometry and material law for the seat are extracted from Wang et al. (2021))

(a) (b) ©

Figure 1: (a) Mesh of the subject-specific geometric seating model, with the skin, fat and muscle layers
made visible; (b) 3 Experimental seating conditions in Wang et al (2021), from left to right: Shear (SC),

Reference (RC) and Foam (FC) conditions; (b) ROIs for tissue volume measurement.

Boundary conditions. For each subject, the pelvis and femur positions of the FE model relative to the
numerical seat surface were extracted from experimental data identified as the reference posture. The six
degrees of freedom of the bones were fixed. The two components of the seat pan reaction force measured
experimentally were applied on the seat, free to translate along the force direction. The seat was initially
translated to be in contact with the body surface. A quasi-static simulation with an explicit time
integration scheme was run using the Altair RADIOSS FE-solver, with dynamic relaxation to avoid

artificial vibration.

Post-processing and indicator for seat discomfort. The standard outputs for the FEMs’ evaluation
against experiments were used: the seat pressure distribution criterion (SPD%) was computed as defined
by Ahmadian et al. (2002), and surface contact elements with pressure greater than zero were identified
for contact area calculations. For precise focus below the Ischial Tuberosity (IT), cylindrical region of
interests (ROIs) with three different diameters (10, 20 and 50 mm) were defined under the IT with their
longitudinal axis perpendicular to the seat surface, as illustrated in Figure 1c. The Tissue Volume
reduction % (R) was calculated as the variation of soft tissue volumes in the three ROIs and the tissue
thicknesses in the ROIs were compared, from both experiments and simulations, as defined by Wang et

al. (2021).
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Results
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Figure 2: (a) Comparison of seat pan contact pressure distribution with corresponding contact areas of one
limb in (left to right) Shear, Reference and Foam conditions for P1 (first two rows) and P2 (third and
fourth rows) between experiment (Top) and simulation (Bottom). (b) Comparison of mean bulk tissue

thickness (in mm) inside the 10mm ROI for P1, (c) for P2.

First, the pressure distribution from the IT to the thigh is effectively captured (Fig. 2a) in terms of contact
surface area for the three different conditions, and SPD% criterion (prediction vs. experiments: 83.5 vs.
68.8, 83.9 vs. 68.0 and 27.9 vs. 33.3 for P1 and 52.4 vs 58, 51.4 vs 57.1 and 17.0 vs 6.26 for P2 in SC,
RC and FC respectively). SPD% indicates that pressure is most uniformly distributed in the Foam
condition, followed by the Reference. As for the tissue volume reduction (R in %) comparison, R from
predictions in all cases is lower than the experimental values; In the 50 mm ROI, the volume reduction
error (in %) was 20.5%, 23.7%, 40.3% and 26.2%, 26.9% and 41.9% respectively for P1 and P2 in SC,
RC and FC. Whereas, in the 20mm ROI, it was 17.7%, 7.5% and 32.1% for P1 and 15.9%, 14.3% and
33.3% for P2 in SC, RC and FC respectively. Finally, in the 10 mm ROI, it was 18.0%, 10.9% and 32.4%
for P1 and 12.3%, 13.4%, 28.3% for P2 in the SC, RC and FC respectively. As the ROI is more focused
below the IT, the error in tissue volume reduction and correspondingly the tissue thickness seems to be
more. Nevertheless, the predicted tissue thickness trend for P1 & P2 (Fig 2b&c) echo global experimental
observations related to soft tissue deformation; the SC led to the highest deformation followed by RC and
FC, thus indicating lesser tissue displacement under the IT for shear reduced conditions, especially with

added seat cushion foam.
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Conclusion

Two Subject specific finite element models of the human body buttock-thigh, personalized only regarding
the bones and soft tissue spatial distribution and the external forces, seems to reproduce both the pressure

distribution on the seat and the deformation of soft tissue under the IT for the three seating configurations
in a discriminating manner. These encouraging results will be strengthened by extending the simulation to

other subjects reported in Wang et al. (2021).
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Abstract

Human body finite element (FE) models can be used for seating comfort assessment by providing
biomechanical related parameters such as internal loads and soft-tissue deformations. However, most of the
published models were only validated under a condition far from a real seating situation. Their ability to be
repositioned may also be limited. In recent years, an open-source PIPER software package has been
developed to help personalize and position Human Body Models (HBMs) for crash simulation. We have
morphed the PIPER Child model into an adult FE model. In this paper, we present how the initially morphed
adult FE model was adapted for assessing seating comfort and validated for different seating conditions.
Experimental data was collected using a reconfigurable experimental seat and pressure mats. Four seat
configurations were defined with the seat pan angle (SPA) from 0° to 15° (5° in steps) and seat pan to seat
backrest angle (SP2BA) kept to 100°. Simulated results in terms of seat contact area (ContactA), peak
pressure (PeakP), mean pressure (MeanP), and pressure profiles showed good agreement with experimental
observations. The full-body FE model developed and validated in this work will be used as a reference for
further development of scalable and positionable models using the PIPER software framework. The model

will be open source to facilitate reuse and further improvements.

Keywords: Seating dis/comfort, Full-body finite element model, Open-source, Validation
Introduction

People spend more and more time in a seating posture for transportation, office work, or leisure (Le and
Marras, 2016). Improving seating comfort is not only a sale argument for seat manufacturers (Grujicic et
al., 2009) but also important for consumers and healthcare-related fields (Oomens et al., 2015). Sustained
loads on the soft tissue of the buttocks may cause seating discomfort or even physiological problems (Elsner
& Gefen, 2008), especially for drivers and wheel-chair users (Cheng et al., 2018). However, soft tissue
deformations and internal loading in terms of strain, and stress, which are generally considered relevant for

seating discomfort assessment, cannot be all directly measured in vivo (De Looze et al., 2003).
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With the development of computational capability, more and more researches have been devoted to build
Finite Element (FE) HBM for assessing seating discomfort (Du et al., 2013; Levy et al., 2014). However,
most of these models were not validated under real seating conditions including several postures, thus
limiting their application to real world. For example, Al-Dirini et al. (2016) validated the model using only
a rigid seat pan without a soft cushion. Huang et al. (2015) and Du et al. (2013) validated their models with
a real seat under only one seat configuration. However, more seating conditions are needed for validating

their sensitivity to seat parameter changes for seat comfort assessment.

In recent years, an open-source software package has been developed to personalize and position HBMs
for crash simulation (available at www-piper-project.org). We also recently described the ongoing
development of a full body adult FE model, morphed from the PIPER Child model (Liu et al., 2020). In
this paper, we present how the initially morphed model was further adapted for assessing seating comfort
at first, and then the preliminary validation results using the experimental data collected from a

reconfigurable seat.
Model development

Developing a full-body finite element model is a time-consuming and complex process. Therefore, an open-
source model, the PIPER Child model for impact simulation, was morphed into an adult-sized model. The
baseline model corresponds to a 6 years old child, 1146 mm in stature. It includes 353 parts (deformable
skull, brain, abdomen muscles, internal organs, neck, neck muscles, and pelvis, etc.) for a total of 531000
elements. The model was validated under multiple conditions for traffic injury assessment such as side-

impact, and regional part validation including head, femur, neck, etc.(Beillas et al., 2016).
Brief description of the initial morphing

As presented in (Liu et al., 2020), we morphed the PIPER child model into an adult male. The morphing
target was a male aged 40 years, 1740 mm in stature and 77.6 kg in weight. The morphing was based on
different types of data collected on the same person. The spine and pelvis were obtained from the 3D
reconstructions of the target subject who participated in a MRI study corresponding to a seated position
with seat pan to backrest angle of 100° (Beillas et al., 2009). The same seating condition was reproduced
for scanning the external body shape with a handheld laser scanner. After building the geometrical targets,
the model was morphed by kriging interpolation using the PIPER software. The geometric errors and the

elements quality were checked, and the model was used as the basis for further work.

Model adaptation
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Numerous changes were carried out on the morphed model to adapt it to the comfort application. The main
objectives were to (1) symmetrize it (2) reduce its computational cost (3) refine the mesh in regions of
interest for seating comfort (4) adapt its material properties, which were initially selected for high-speed

impact.

The work was initiated by symmetrizing the model with respect to the sagittal plane. The PIPER child
model geometry and mesh are mostly symmetric. The exceptions are (1) the internal organs, which are not
expected to be symmetric and will not be symmetrized, and (2) the mesh of some vertebrae and of the
sternoclavicular ligaments, which will be symmetrized. Furthermore, the target geometry was directly

derived from experimental data and hence, the geometry of the morphed model is not symmetric.

The vertebral meshes from the 12" thoracic vertebra (T12) to the 5" lumbar vertebra (L5) were first
symmetrized within the PIPER child model (including intervertebral discs). For this, one side of the
vertebral mesh was kept. This half side was used to generate solid elements before symmetrizing it (Figure

1 a and b). The sternoclavicular ligaments were also symmetrized by keeping one of the two sides.

Then, as the morphed model uses the same numbering scheme as the child model, the mesh symmetry of
the child model were used to symmetrize the morphed model. First, the pairs of nodes that are symmetric
with respect to the midsagittal plane and nodes laying on the midsagittal plane were identified in the child
model. This allowed computing symmetric positions of these nodes on the morphed model by averaging
(e.g. skeletal symmetry). However, this cannot be directly applied to the model as this approach would not
transform the non-symmetric structures (e.g. internal organs). Hence, the symmetrized nodes were used as

control points to transform the model using the Kriging in PIPER.
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Figure 1 Comparison of some body structures before and after adaptation: lumbar vertebrae and intervertebral disc
before and after symmetrisation (a,b), brain and neck muscles before and after simplifications (c,d), chest before and
after simplification (e,f), abodomen before and after simplification (g,h)

The computational cost was then addressed. Some anatomical components which are marginally relevant
for seating comfort were deleted, including the brain (initially modeled using hexahedral elements) and
neck muscles (Figure 1 ¢ and d). The mass of the brain was compensated for by increasing the skull density.
The internal organs were also simplified into two incompressible controlled volumes described by their
envelope (similar to airbags): one for the chest (Figure 1 e and f), and one for the abdomen organs (Figure
1 g and h). The mass of the organs was evenly distributed onto the nodes of the envelopes. The properties

of the bones were changed to rigid (one rigid body per bone).

The buttock region was then refined as the simulation of the body and seat interaction in the region of the
buttocks and thighs is of importance for seating comfort assessment. As shown in Figure 2a, the coccyx of
the initial child model appears shorter than the one of adults, likely due to the presence of growth cartilage
in that region (as the coccyx is not fully ossified at 6 years old, it could not be segmented on the CT scan).
As the coccyx is an important anatomical structure that is susceptible to be involved in pressure ulcer
(Farshbaf et al., 2013), the coccyx was modified based on adult data. As the pelvic skeleton derived from
the MRI was in a low resolution, a pelvic segmentation from an adult CT-scan that is a publicly available

(subject LTE605 available on www.piper-project.org) was scaled and aligned onto the pelvis model (Figure

2b) and used as a reference to adjust for the structure of the coccyx (Figure 2c¢).

Figure 2 Replacement of the initial child coccyx by an adult one: the initially morphed pelvis based on the PIPER
Child model (a), aligning an adult pelvis onto the model (b) and modified pelvis with an adult coccyx (c).

Then, as depicted in Figure 3, the mesh of the soft tissue underneath the ischial tuberosity (IT) was locally
refined. This area is important for seating comfort assessments since it is the place with the highest pressure
and a high risk of pressure ulcers (Tang et al., 2010) with a compressive strain of more than 50% (Elsner

& Gefen, 2008; Sonenblum et al., 2013).
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Figure 3 Local refinement of the soft tissue mesh under the ITs (a) mesh of the child model(b) refinement of the local
mesh of buttocks with the adult model.

The geometry of the buttocks was obtained by the subject in a kneeling posture using a laser scan. It was
not the same as the pre-sitting posture. The thickness of tissue was modified referring to the pre-loading
seated MRI data from a study by (Wang et al., 2021). The shape of the buttocks before and after

modification are shown in Figure 4. The soft tissue-ischium initial distance was set to 40mm.

(a) (b)

Figure 4 Buttocks shape. (a) the initial model using the kneeling posture obtained buttocks geometry. (b) pre-shaped
after adaptation

The soft tissue material model and properties were changed from a simplified rubber to low modulus Neo
Hookean model as in the work of Janak (2020) on obese modeling. The mass distribution of the model was
checked and aligned with those by Huang et al. (2015) through adjusting the density of soft tissue and bone.
The mass proportions are now 7.41%, 16.15%, 51.53%, 4.38% for the head, the lower limbs (thigh, calf,
and foot), the torso, and the upper limbs (upper arm, forearm, and hands), respectively. Finally, some small

penetrations and negative volume elements were fixed manually.
Model validation

Experimental data collection

To validate the model, an experiment was carried out with a reconfigurable experimental seat (Beurier et
al., 2017). The participant was the person whose external scans and internal skeleton information were used

as targets for the model development (Liu et al., 2020). Two wooden flat rectangular plates covered by a
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foam of 50 mm thick were used for the seat pan (620 by 565 mm) and the seat backrest (550 by 550 mm).
To measure the contact pressure, two sensor mats (XSENSOR, X3 PRO V6, Canada) were attached to the
foam. Four configurations were tested varying the seat pan angle (SPA) from 0° (horizontal) to 15° in a
step of 5°, while the seat pan to backrest angle (SP2BA) was fixed at 100° (Figure 5) corresponding to the
seating configuration used in the MRI study by Beillas et al (2009). For each configuration, the participant
was allowed to adjust the seat pan length and the foot support height to be seated comfortably. The subject

was instructed to half flex his knees and the popliteal to the frontal seat edge was about 40mm.

Figure 5. Experimental seat.

FFE Simulation

The four experimental seating conditions were simulated with the developed adult model using LS-DYNA
R11 MPP solver using 64 cores of a cluster. The time step was 2us. Relaxation was used to help stabilize
the contact force. The results (pressure, forces, etc.) were gathered at 400ms of simulation time, which took

about 6 hours of elapsed time on the machines used for each simulation.

FE model prepositioning and boundary conditions

The bottom of the seat pan and backrest were fixed. The FE model was pre-positioned so that the back,
buttocks and thighs were as close as possible to the seat without getting into contact. The feet were put on
the footrest, which was simulated as a massless rigid body. To better control the distribution of the contact
forces on the backrest, seat pan and footrest, the actual contact force on the footrest measured
experimentally was imposed. For this, the footrest was oriented so that its normal direction was the same

as the contact force measured experimentally. It was allowed to move only in this direction.
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Automatic surface to surface contact was defined for the backrest and seat pan with a coefficient of friction
(COF) of 0.1 (covered with the sensor map), while a COF of 0.4 was used for the footrest contact (Derler
et al., 2008). To reduce computational time and maintain posture, we constrained some bones into one rigid
body so that no relative movements were allowed between them: the skull and cervical spine, the calf and
foot (left and right), the upper limb bones including the humerus, radius, ulna, hand (right and left bones).

A gravity loading environment was applied.

To obtain the property of the foams on the seat pan and backrest, strain-stress curves were obtained through
compression tests with a sample size of 8x8x5 cm using an Instron material testing machine. The curves

are provided in the appendix.
Data analyses

Pressure and contact forces were compared between simulations and experiments. Pressure-related
parameters include contact area (ContactA), mean pressure (MeanP), peak pressure (PeakP), and frontal

and lateral pressure profiles (summation of pressure in rows and columns).

Results

Simulated and measured pressure distributions and profiles on the seat pan and backrest are compared in
Figure 6 for the four test configurations. FE simulations were able to approach the corresponding measured
pressure distributions (Figure 6a), with some discrepancies on the thighs and between the ITs. Some
left/right asymmetry was visible in the experimental data, while the FE model responded symmetrically as
expected. The differences were more pronounced for the backrest (Figure 6b), with some contacts near the
pelvis which were not visible in the experiment. Predicted pressure profiles (Figure 6¢) were close to the

experimental data.



7th International Digital Human Modeling Symposium (DHM 2022) Paper 29 - Liu et al

(b)
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(d)

Figure 6. Comparison of simulated pressure distribution and profiles with experimental data for the four seat pan
angles (SPA: 0°, 5°, 10° and 15°). (a) pressure on the seat pan, (b) pressure on the backrest, (c) lateral (SOC) and
frontal (SOR) pressure profiles on the seat pan, (d) lateral (SOC) and frontal (SOR) pressure profiles on the backrest.

The contact area (ContactA); peak pressure (PeakP), mean pressure (MeanP), and shear (SF_SP) and
normal (NF_SP) forces on the seat pan are summarized in Table 1. Compared to experimental data, the
simulation had an average error of -3.2%, 3.8%, and 8.1% respectively for contact area, peak pressure, and

mean pressure. Concerning contact force on the seat pan, simulated shear and normal forces showed the
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same trend as experimental observations when increasing the seat pan angle. However, a high error in

percentage was observed for shear force (up to 37.1%).

Table 1 Simulated (S) and experimental (E) values of contact area (ContactA), peak (PeakP), and mean pressures
(MeanP), and contact forces: seat pan shear force (SF_SP), and normal force (NF_SP), as well as the errors (%) of

simulation relative to experiment.

SPA  ContactA (mm?) PeakP (kPa) MeanP (kPa) SF_SP (N) NF_SP (N)
) S Error (S) (E) Error (S) (E) Error (S) (E)  Error S (E) Error
0 1622577 -40 168 163 34 46 43 8.7 58.7 592 -05 -709.0  -697.0 -12.0
5 161128.7 -2.6 174 20.0 -129 45 43 6.4 56.1 28 281  -689.5  -694.3 4.8
10 1590319 -48 152 151 0.8 44 40 85 377 06 37.1 -661.6 -652.8  -8.8
15 1532255 -3.7 154 124 239 42 39 8.7 3.8 -42 360 -607.9 -597.4 -10.5
Mean 158911.0 -32 162 159 3.8 46 4.1 8.1 46.1 209 252 -667.0 -6604  -6.6
SD 3480.6 08 09 27 132 01 02 1.0 11.55 253 152 38.0 40.4 6.7

Discussion and Conclusions

Compared to experimental observations, simulated pressure distribution showed good agreement. Although
the model did not simulate muscle forces, the targeted postures correspond to a relaxed state in which the
muscle forces were expected to be small. The passive stiffness of the model and the choice of initial
conditions hence played a role in the response. For example, there could be no contact near the pelvis on
the backrest if the pelvis was positioned further away from the backrest. Overall, the choice of passive
properties and boundary conditions appeared reasonable for the relaxed seating with an SP2BA of about
100°. They may need to be adjusted for postures that would further differ from the validation conditions

(e.g. more reclined seating).

According to Figure 6, the simulated backrest pressure distribution and profiles had some differences
compared to the experiment, especially in the lower back area and near the location of the scapulae. In
simulations, the lower back was in contact with the backrest, while this was not the case for the experiment.
This could be because the final loaded spine curvature was used at the preloading and the body may move
under gravity: In addition, the initially scanned back shape is certainly not the same as the one that the

subject adopted.

For the seat pan, the simulated contact areas (ContactA) were slightly smaller than the experimental results
while the mean pressures (MeanP) were higher. As we can see from Figure 6, the middle area of between
the two buttocks showed no contact in the simulation, quite different from experimental observations. Soft

tissues were modeled a homogeneous material assuming an initial no strain / no stress state. More detailed

10
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modeling of this area may be useful, including muscles and fat tissues. Most importantly, their initial strain

states should be considered, as the body shape prior to loading is not known.

In this preliminary validation, only four configurations were tested with a fixed seat pan to backrest angle
of 100°. Therefore, more seat configurations are needed to test the effect of seat parameters. Since the
compression of the soft tissue under the ischial tuberosities is an important factor to evaluate seating
comfort, the model will be further validated with soft tissue compressive deformations and observed using

an open MRI (Wang et al., 2021).

In a summary, a personalized model for seating comfort has been developed and its predictions in terms of
force and contact pressure distribution were checked against experimental data in four seat conditions. The
models showed a reasonable agreement and further work will be conducted to expand upon the validation
with more seating conditions and the analysis of local tissue deformation. The FE model will be published

under an open source license to facilitate its reuse and improvement.
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