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Abstract 

 
 The Fourth International Workshop on Jointed Structures was held from October 19-21, 
2015, in Dartington, UK.  Forty five researchers from both the United States and international 
locations convened to discuss the recent progress of mechanical joints related research and 
associated efforts in addition to developing a new roadmap for the evolution of joints research 
from academic to industrial applications over the next five to ten years.  The workshop itself was 
organized around four themes: applications that can benefit from joints research (applicability), 
repeatability and variability issues in experiments (repeatability), challenges in developing 
predictive models (predictability), and potential paths forward (way forward). The outcomes of 
the workshop are still in progress as the joints community develops a new roadmap for joints 
research; however, there are many aspects that are related here within. The ultimate goal of this 
research community is to develop a validated method for the design and analysis of dynamically 
loaded structures with frictional joints. 
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1. INTRODUCTION TO THE FOURTH INTERNATIONAL 
WORKSHOP ON THE MECHANICS OF JOINTED 

STRUCTURES 
 
The mechanics of jointed structures is of fundamental importance for high consequence 
applications. While joints are ubiquitous in most engineered structures, the cost of over 
designing them is inconsequential in most applications. In high consequence applications (i.e. 
applications where optimal design is paramount or where failure is catastrophic), however, 
mechanical joints are the single largest area for driving improvement in design and structural 
dynamics [1]. The challenge related to modeling and predicting the dynamics of jointed 
structures is four-fold. First, predictive models do not exist as the fundamental nature of friction 
within a jointed interface is qualitatively different than the Coulomb friction model. Second, the 
nonlinearity created by the jointed interface results in a nonlinear dynamics that linear methods 
are inadequate for characterizing (such as damping and natural frequency that changes with 
response amplitude). Third, a further limitation for predicting the dynamics of jointed structures 
is numerical in nature – systems with strong nonlinearities require very large computational 
resources in order to calculate the dynamic responses. Fourth, jointed structures exhibit a high 
degree of variability and non-repeatability, and the source of this uncertainty is not understood. 
 
Over the past decade, an international community has been established to address these four 
over-arching challenges. In order to focus, guide, and organize this international community, a 
series of workshops have been conducted. The first workshop was sponsored by Sandia National 
Laboratories and the National Science Foundation in Arlington, Virginia, 16-18 October, 2006 
[2]. A follow up workshop in Dartington Hall, Totnes, Devon, UK 26-29 April 2009 [3] was 
sponsored by the British Atomic Weapons Establishment (AWE) and Sandia National 
Laboratories (SNL), and a third workshop sponsored by Sandia National Laboratories and the 
British Atomic Weapons Establishment was held 16-18 August 2012 at the conclusion of the 
ASME International Design Engineering Technical Conference in Chicago [4].   
 
Over the first three workshops, a series of challenges were established that identified specific 
subject areas of pressing importance within the greater research area of joint mechanics. These 
challenges served to push the limits of what academia can do to develop a new generation of 
joint modeling techniques. However, the outlook at the start of the fourth international workshop 
on the mechanics of jointed structures is that these challenges have reached the end of their 
usefulness, and it is time for a new approach for organizing the international joints community. 
Thus, the focus of the fourth workshop was on the transition from academic to industrial 
problems in order for the recent advances to be transitioned into solutions that industry can 
benefit from. 
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2. MINUTES OF THE FOURTH INTERNATIONAL 
WORKSHOP ON JOINTED STRUCTURES 

 
2.1. Organization 
 
The fourth workshop was organized around the four central themes of Applicability, 
Repeatability, Predictability, and the Way Forward. Priming these four themes, a session was 
held to introduce the workshop and to discuss the current state of joints research, and a sixth 
session held at the end of the workshop focused on outside perspectives and discussion for going 
forward. Additionally, two evening sessions contained short, submitted presentations. All 
presentations from these eight sessions are included in Section 4. Discussion from each of the 
four themed sessions is summarized in what follows. 
 
2.2. Session 1 – Applicability 
 
What Are Industrial Needs and Potential Benefits – Technical and Economic – From a New 
Joints Modelling Capability? 
 
Predictive models of joints can benefit a number of industrial sectors 

Critical - willing to support and fund development 
● Aviation 
● Space 
● Defense 
● Automotive 

Useful - would use advanced modelling capabilities 
● Power Generation 
● Marine 
● Civil 
● Electronics 

Potential - might find benefit in joints modelling 
● Biomedical 
● Consumer Goods 
● Building Services 

 
Technical capabilities of advanced joint models 

Predictable 
Efficient 
Can be used for design - describes the response (e.g., damping, stiffness, integrity) in 
terms of the system design parameters 
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Economic benefits of advanced joint models 
 Ability to quantify 

(1-highly quantifiable) 
Economic savings 

(1-significant savings) 

Minimize Testing 1 1 

Reduce Inspection 1 2 

Reduce Service 1 1 

Failure 3 1-3 

Recall & Retrofits 2 2 

Complaints 2 1 

 
To better understand the industrial needs and desires for joints research, Sections 3.1 and 3.2 
directly report the perspectives from researchers at multiple industrial institutions. 
 
2.3. Session 2 – Repeatability 
 
It was globally agreed that there is very high variability in measurements of local joint response 
in experiments.  Some noted that at the system level, the variability in damping or energy 
dissipation did not have large variability, perhaps because of the averaging effect of many joints 
in a full system structural response.  Several said that standardized tests were needed to reduce 
the variability that simply comes from poor test techniques or inadequate measurement 
capability.  However, the definition of the proper tests to standardize is still an open question.  
One group noted that there are several levels of testing, i.e. surface tribology, low level tests to 
calibrate constitutive models, single joint tests for standard joints, system level experiments and 
field operation data gathering.  We lack a general physical understanding of joints.  Some 
general needs from experiment were voiced multiple times including: 

1. Need to measure joint surface geometry to high resolution, and dynamic normal and 
traction force distributions and displacements in the joint for basic insight and ultimately to 
validate constitutive models; 

2. As an alternative to number 1., a very well controlled experiment using analytically 
tractable geometry (such as sphere on sphere as opposed to the worst case flat on flat lap 
joint) and boundary conditions from which measurements can be made with fewer 
unknowns to gain quantitative information on frictional tractions and displacements.  

 
Some additional ideas were: 

1. With all the variability, we don't know how much is epistemic due to lack of knowledge or 
poor experimental methods and how much is aleatoric based on joint materials, geometry 
and loading. 

2. In experiments, normal loads, forces and/or amplitudes need to be controlled particularly 
for sinusoidal force testing to take into account or remove harmonics that naturally occur 
when forcing a nonlinear system with a sinusoid.   

3. Whether testing should be transient, sinusoidal, periodic or random is still somewhat of an 
open question, at least partially dependent on the final application. 

4. Load history can affect experimental joint response. 
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2.4. Session 3 – Predictability 
 
The discussions on predictability were grouped around questions that related to the ability of 
predicting system behaviour, mainly through approaches based on computer modeling and 
numerical forecasting. Three main themes emerged from the discussions. 
 
I. Computer based modeling and simulation techniques have to aim mainly towards design.  
The approaches have to be useful and have to be applied in design. What has no impact in design 
does not need to be predicted. Similarly, the accuracies needed, should be viewed from the 
design perspective too. This will ultimately decide on needs of computing performance, high 
performance computing, integration of multi-scale and multi-physics aspects, etc. 
 
II. The development needs to go from component level, or a small or few element view, to 
full large-scale systems level predictions.  
While at component level predictability has reached a satisfactory level, for systems set up of 
smaller or larger numbers of components, prediction today poses a major challenge. Still, due to 
higher system integration levels and the general drive towards higher system complexity, most 
substantial progress will be accomplished only when a full systems perspective, and also a 
perspective to full operational loads, will be taken.  
 
III. There needs to be a better balance of bottom-up, first principles physics based views 
and approaches and top-down, complex systems, empirical and data based approaches.  
At present the two views seem largely disconnected. On the one hand there is the modeling 
community that follows geometry and physics based modeling, growing models bottom-up 
following physical principles, sometimes down to ab-initio ideas. The approach suffers from 
growing inaccuracies and uncertainties in building up larger models. On the other hand there is 
the community following complex systems empirical approaches, often starting out with the 
large-scale whole systems perspective. Balancing the two perspectives better will be a future 
task. 
 
2.5. Session 4 – Way Forward and Applications 
 
Recap of Key Ideas 
Some of the key ideas that came out of these discussions include: 

- A need for a better terminology. The terms that we currently use to discuss our systems are 
developed for linear systems. Thus, their applicability to these nonlinear/real systems is 
questionable. 

- The thought of looking at expanding a series of linked beams, starting with a single joint 
and scaling up to multiple joints, would be interesting to quantify the effect of a single joint 
in a complex system, the formulation of a joint continuum model, etc. 

- Several new ideas include adapting the complex systems research to joints applications, 
and investigating the potential of slow dynamics for explaining the variability in joints. 

- Consensus for better communication between dynamicsists and contact mechanics 
researchers is needed, as well as better communication between industries to clearly 
articulate the needs and potential overlap. 
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- One new open question: how will additive manufacturing affect joints? Already, we’ve 
seen that the removal of joints (ex: F22) can lead to problems. We don’t have a valid 
approach, yet, for designing assemblies using additive manufacturing though… 

- Guidelines and concrete structures for round robin exercises are needed: the details need to 
be flushed out and clear. Additionally, we need to share data (experiments and models). 

- There are several applicable industries out there that we aren’t engaging, especially when 
friction-induced vibrations are considered, such as is found in the drilling industry for oil 
and gas. 

- A new organizational model is suggested, in which we define themes, or subgroups, that 
focus on specific aspects of joints research rather than defining actions and challenges for 
the community with a sense of obligation. 

 
Detailed Discussion of the Way Forward Session 
The Way Forward breakout session was preceded by four talks: 

- Matt Allen presented on modal Iwan methods. Some of the key thoughts included 
o There are multiple examples of joints causing a problem when they are removed from a 

system, such as the F22’s tail wing, and the cowl in GE turbines. Without the joint, 
there was insufficient damping in the system despite attempts to engineer in high 
damping 

o With additive manufacturing, joints will be removed increasingly in the future; this 
introduces the potential for new problems (such as those mentioned above) 

o The proposed analysis framework is thus: 1) Is a system linear? If so, traditional methods. 
2) Is a system quasi-linear? If so, uncoupled modal methods (such as modal Iwan). 3) 
The system is strongly nonlinear, and new tools are needed still. 

- Muzio Gola presented on the capabilities of AERMEC 
o For specific details of the 13 test rigs, see Muzio’s slides 
o The AERMEC test rigs are developed to have high temperature (1000˚C) for the samples 

via induction and multiple unique capabilities. 
- Norbert Hoffmann presented on complex system perspectives, and touched on: 

o Friction as a self-excitation process (brakes, well-bores, etc.), which has non-standard 
bifurcations that warrant more analysis 

o Advancements over the LuGre friction model become very messy due to large numbers 
of variables or state variables 

o Presentation of an “Intensity Chart,” which presented data complexity versus modeling 
complexity (Norbert will provide more details of this in a separate write-up) 

- David Nowell presented on physics-based potential approaches 
o Top down approaches tend to be phenomenological, and usually are efficient but limited 

in scope 
o Bottom-up approaches tend to be behavior based that is extrapolated to real structures, 

but are often complex and difficult to scale 
o Recent advances in hysteresis measurements have focused on use of new capabilities 

such as DIC (digital image correlation) 
o Consensus is needed on the quantity to measure/model 

 
With this motivation in mind, the breakout groups were given the guidance that they need to 
detail the outcomes of the workshop now. What shape should this take though? Thoughts on a 



13 

roadmap and context for joints research to outsiders are necessary. The summaries of the three 
breakout groups are 
 
Group A 

- Instead of “Actions and Challenges,” why not “Themes”? Defining a set of research groups 
that collaborate, but reducing obligations as this seems to be a turn-off for many to engage. 

- We should define several structural benchmarks to illustrate the range of problems (i.e. 
aerospace, additive manufacturing, automotive, etc.). 

- Regarding costs: thoughts on highlighting recurring versus infrequent costs. Often, it may 
be the case that a designer could live with a high infrequent cost due to the low probability 
of occurrence; recurring costs, however, are guaranteed. 

- Methods that make a better link between contact mechanics and dynamics are needed 
- Guidelines for testing, measurements, data processing, and modeling are needed, including 

putting data online and sharing experiments/models 
- Better strategy for testing needed: standard test plans, communication between analysts and 

experimentalists, etc. 
- Prioritization of end-user needs? Simple things that can be completed sooner might be well 

received 
- What are industrial needs? 

o Simplified models that run faster 
o Education of importance of joints and best practices 
o How to translate from one problem to another 

- Potential industries include: 
Brake noise 
Turbines 
Combustion related joints 
NVH 
Nuclear power 
Piping 

Oil and gas 
Tires 
Musical instruments 
Submarines 
Marine applications 
Control systems/accessories 
 

Machine vibration 
Bolted joints 
Cables 
Automotive applications 
Helicopters 
 

- Defining requirements and creating a detailed gap analysis needs another workshop. 
- Some potential objectives include: 

o Damping within X% 
o I-Bolt 
o Predicting the onset of macroslip 
o Account for variability in a joint 
o Faster numerical methods for transient analysis (on part with current HBM computational 

times) 
 
Group B 

- Focus on funding: 
o Top down perspective beginning with industry and trickling down to workshops, visions, 

industry-centric roadmaps, more industrial involvement, etc. 
- Coherent vision touching on need of potential customers in government and industry 
- Statement of how work impacts industry’s vision (for perusal by other industries) 
- Build a consortium analogous to the GUIDE consortium 
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- Line of sight within strategy between each sector and research elements most impacted by 
them 

- An attempt at creating a strategy: 
o An example objective: More informed system design that can result in 10% cost savings 
o Methods for achieving are detailed: 

 
 
Group C 

- Key engineering issues include Predictability/Repeatability, Integrity (Structural), and 
Damping. These three issues form a triad chart that Christoph will flush out and provide to 
the group: 
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- A second chart discussed was length scale versus physics (from a single joint to a system, 
and from atomistic modeling to structural modeling). David Nowell will flush out this 
second chart: 
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- Regarding predictability, what is the best joint? Factors including damping, statics, 
stiffness… 

- Funding: the turbine industry has more clearly defined needs than transient or random 
applications; dissemination needed to help other industries better formulate their needs 

- Regarding the development of the joints group  
o Keep the annual meeting and update at a conference 
o Virtual workshops? 
o Encourage sub-groups 
o More interaction between contact mechanics and dynamicists 
o Use the website more; include email addresses, ping inboxes when updates are published, 

etc. 
 
Following the discussion of the Way Forward and Applications session, two researchers that are 
external to the joints community were asked to provide their observations and suggestions to the 
community after observing the three days of the workshop. Their feedback is summarized here: 
 
Adnan Akay 

- We need to be careful regarding our perspective. Our discussions focused on joints, not 
vibration suppression or failure reduction. Joints are essential elements with primary 
functional requirements. Joints also have a secondary role in dynamics and damping. 

- View joints as complex impedance nodes. They dissipate energy and regulate transmission 
of energy in the entire structure. 

- Uncertainty, variability, repeatability are all related, and they’re associated with the 
secondary aspects of joints 

- Regarding physics: it is highly likely that there are important, hidden parameters at the 
microscale (such as flatness). We tend to integrate the effect of microscale features within 
the joint, which loses some of the microscale aspects. For example: microslips are 
unobserved at the macroscale, we can only see the integral of their effect 

- Concepts such as loss factor, Coulomb’s friction coefficient, and viscosity group many 
parameters into scalar terms. This is dangerous. We should redefine parameters for our 
applications. “Words define thoughts.” 

- What is the source of the nonlinearity in joints? 
- We need to consider joints globally. Does the same type of joint have the same influence 

on a structure regardless of its location? 
- A physics based understanding is far off. In the meantime, we can develop new methods 

for reducing uncertainties and proceeding with uncertainties that we have to deal with. 
- A collection of well defined, deterministic sub-models into an assembly constitutes a 

“complex system.” These complex systems exhibit emergent behavior, and there’s a whole 
field of research out there to be applied. 

 
Dan Inman 

- Need for a classification of the types of joints, and a classification of application types, 
including level of importance. 

- Focus on damping, define ideal connections as a game-changing application. 
- What impact will additive manufacturing have here? 
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- A simple joint experiment to validate codes against is needed: start with something simple 
and build up. Define what’s good enough: statistical values, bounds, factor of safety, etc. 
Develop a round robin with protocol, fixtures, parameters being measured, etc. This needs 
careful thought to ensure that its potential is maximized; otherwise multiple labs can 
provide varied analyses. 

- Can we define a continuum model of joints? i.e. from an expanding series of joints, 1, 2, 5, 
10, … , how much does modeling of one joint matter in the entire system? 

- Regarding predictability: clarifying accuracy/needs is necessary. We should determine if 
Coulomb’s friction is correct, or quantify how wrong it is.  
o We should organize sub groups within our community.  
o We should quantify the costs of not solving the joints related problems.  
o Often, in funding calls, there’s a section for engineering relevance/pathways to impact: 

how relevant is this work, and how does it affect society? 
- Formally have dynamicists, tribologists, and contact mechanicists get together. 
- New terms/concepts are needed: instead of coefficient of friction, normalized friction force 

(instantaneous), hysteresis loop, etc. 
- Slow dynamics (e.g. Young’s modulus changing over time) may be applicable to joints: 

how much could this explain some of the sources of nonlinearity? 
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3. OUTCOMES 
 
3.1. Industrial Importance of Joints 
 
The perspectives in what follows are solicited from select researchers at each company 
identified. The views do not represent the corporate perspective or opinion on the matter, but 
rather the opinions and perspectives of the researchers that were engaged. 
 
3.1.1. The Perspective from Select Researchers at Audi 
 
For inclusion in a list of statements and explanations from engineering companies to give 
explanation to why better understanding of joints is important in engineering. 
 
Short Statement 
In the field of noise, vibration, and harshness (NVH) increasing energy dissipation in structures 
is key to optimize the system’s dynamic behaviour. In assembled structures mechanical joints 
and contact interfaces usually account for most of the dissipation of vibrational energy. Hence, 
improving the understanding of these coupling elements and establishing guidelines for 
maximum energy dissipation will allow for the design of more “silent” and robust structures at 
lower project costs.  
 
Statement 
Mechanical joints and contact interfaces are important design elements in the development 
process of technical systems, especially in the context of noise, vibration, and harshness (NVH) 
where increasing energy dissipation in structures is key to optimize the system’s dynamic 
behaviour. In assembled structures mechanical joints and contact interfaces usually account for 
most of the dissipation of vibrational energy. However, design guidelines are missing and a-
priori statements about the impact of a specific joint or contact interface on the vibrational 
behaviour of a structure are difficult or even impossible to make. The reasons for this are 
manifold. Amongst others, the proper representation of coupling elements in finite-element 
models and the identification of the corresponding parameters are still challenging. In addition, 
the underlying effects are not fully understood. However, especially in the field of noise, 
vibration, and harshness this kind of information could dramatically reduce the development 
time and enhance the quality of the product. Based on calculated deflection shapes of the system 
mechanical joints and contact interfaces could be designed to minimize the corresponding 
vibrations. Thus, starting from the concept phase, i.e. without/with few hardware, the system 
could be designed in such a way that the vibrational amplitudes during operation remain in the 
permitted limits. The numerous test runs which obviously always require hardware could be 
largely replaced by virtual testing. This saves time and reduces costs. Today several iteration 
loops with multiple hardware modifications are necessary to find a feasible configuration.     
 
The mechanical joints and contact interfaces which are of relevance in the context of NVH 
problems are rubber bushings, ball joints, frictional interfaces with point, line, or areal contact, 
and bolted joints. 
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Summing up, improving the understanding of coupling elements, enhancing their modelling, and 
establishing guidelines for maximum energy dissipation will allow for the design of more 
“silent” and robust structures at lower project costs. 
 
 
3.1.2. The Perspective from Select Researchers at the Atomic Weapons Establishment 
 
“This document is of United Kingdom origin and contains proprietary information which is the 
property of the Secretary of State for Defence. It is furnished in confidence and may not be 
copied, used or disclosed in whole or in part without prior written consent of Defence Intellectual 
Property Rights DGDCDIPR-PL - Ministry of Defence, Abbey Wood, Bristol, BS34 8JH, 
England.” 
 
For inclusion in a list of statements and explanations from engineering companies to give 
explanation to why better understanding of joints is important in engineering. 
 
Short Statement 
In complex built up structures interface type can have a significant impact on behaviour through 
dynamic environments. Improved understanding of these interfaces allows for more predictive 
methods to be developed with less conservatism being required. Interface design based on 
desired dynamic behaviour rather than just the joints function is desired for the greatest 
optimisation possible. The test and analysis partnership should most effectively answer specific 
questions of response and life driving efficiency and confidence.      
 
Statement 
The effect of joints within structures remain something that is not fully understood. Currently a 
structure can be tested and responses measured at selected locations through a variety of 
technologies, which can build a picture as to the behaviour under specified environments. Test 
results can be compared against computational models allowing correlation between predictions 
and test providing evidence for model updating. This process influences the assumptions and 
level of conservatism applied to the model, but even with an accurate representation of joints 
being developed for the specific structure, it would be post manufacture. 
 
With an up front detailed understanding of how jointed interfaces affect a structure assumptions 
can be more correctly made from the concept stage. Allowing the detail of the joint design to be 
a more comprehensive design feature, the understanding would be based on specific principles 
rather than the net effect of many things.  
Understanding how specific joint types and arrangements impact a structures response can 
remove the requirement for conservative design features, affect mass considerations, tune for 
dissipation of energy and ultimately make a model more predictive.  
 
More predictive models give greater understanding of response levels, transfer functions and 
have significant influences on life predictions. Greater understanding of interfaces in terms of 
simple relationships and principles allows for representative methods to be developed and 
translated directly into computational models. Until we know exactly what is happening and 
why, this level of detail can not be included.        



21 

 
We desire to be in a position where the level of understanding of interface dynamic behaviour 
allows joints to not only be designed based upon the static behaviour but on control of energy 
dissipation and response levels. Greater predictive models would aid efficiency of test and 
considerably increase confidence in the models used alongside them. We require models which 
predict the severity of response and not just the mode shapes and natural frequencies.   
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3.1.3. The Perspective from Select Researchers at Sandia National Laboratories 
 
Overview 
From the highest level, the defense systems/aerospace structures that are designed at Sandia 
National Laboratories primarily are single use systems. Inherent in this single use, however, are a 
large number of different types of missions that the systems must be designed to survive. For 
instance, a normal operating environment requires testing of random vibration (at multiple 
levels), sine sweeps, and large amplitude vibration that represents typical loads encountered 
during a mission. As a result, the joints within a system designed at Sandia National Laboratories 
must survive a number of transient load cases. A second issue associated with “surviving” is 
associated with aging effects: many systems will be, effectively, in storage for decades. During 
this time, some of these systems may be affected by environmental effects (such as large 
temperature changes), and it is paramount that environmental aging effects not affect the 
performance of the system. 
 
Common Joints 
Within the systems designed at Sandia National Laboratories there are a number of commonly 
used joints: 

 Bolted Joints 

 Tape Joints 

 Compression/Press Fit 

 

Bolted Joints 
These are joints in the traditional sense that two or more pieces are held together with a 
squeezing force applied by a bolt or similar fastener.  Ultimately the friction force arising from 
the contact pressure holds the components together, however if large motion is encountered, 
pinning of the fastener occurs.  A sample of a Sandia bolted connection is shown in Figure 1. 
Many versions of bolted connections are employed, including lap joints, radial joints, and 
connections such as shown in Figure 1 and discussed in (Segalman et al) 
 

 
Figure 3.1.3.1 – Traditional Bolted Connection 

 
Typically, the primary function of bolted connections is well understood and well designed for: 
hold multiple components together.  Good design practices have long been established that aid 
designers in creating bolted connections with the correct stiffness and load properties.  However, 
the consideration of the joint’s secondary effects is often neglected during their design.  This 
secondary effect, however, is crucial to predicting how an external force is transmitted to the 
(relatively sensitive) internal components. As an example, consider a jointed structure which 
houses an electrical component.  When subjected to a large impulse load the joint will undergo 
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macro-slip which drastically reduces the system’s stiffness and in turn the load on the 
component.  Were the structure monolithic, more of the load would reach the electronics 
requiring a more robust design (Hopkins and Heitmann). Without a predictive capability for the 
secondary effects (i.e. how damping changes as a function of excitation amplitude), multiple 
costly experiments are necessitated to characterize the response of the system at a number of 
different load levels.  Additionally, possibly catastrophic anomalies, such as fretting fatigue 
(despite the “single use” nature of systems designed at Sandia National Laboratories), also arise 
when the overall frictional interface is not considered.  A more sound understanding of jointed 
structures would allow the analyst and designer to work together to design bolted connections 
that meet all form and functional requirements of the product.  Additionally, the connections 
could be designed such that they fell within the envelope of what is predictable with the state-of-
the-art analytical techniques. See (Brake) for more information. 
 
Tape Joints 
This type of joint connects components by driving multiple tapered metal bars into a groove 
formed when the components are brought together (see Figure 2 and (Starr and Segalman)).  As 
the bars slide passed each other in the groove, the taper forces them tightly against the groove 
walls, hence holding them together.  The pressure arising from the tapers holds the components 
together, but friction plays a large role in the amount of preload achieved. 
 

 
Figure 3.1.3.2 – Schematic of a Typical Tape Joint (Starr and Segalman) 

 
Tape joints have been an important connection mechanism in nuclear weapons since there 
invention in 1969.  These joints rely on the binding of ‘tapes’ with the pieces in which they are 
holding together, as shown in Figure 2.  This joint type exhibits a bi-linear behavior in axial 
modes and a cubic nonlinearity when the interface is subjected to bending (similar to a Duffing 
oscillator).  The nonlinearities arise from the contact interface and the effect of loading on the 
contact pressure distribution within the joint (Starr and Segalman). These joints are important to 
Sandia products because they allow internal connections to be made without directly accessing 
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the internal space.  Additionally, the exterior surface of the components which they connect 
remains smooth.  A lack of understanding of the nonlinear damping and stiffnesses associated 
with these joints currently prevents leveraging these nonlinearities to the designs advantage. 
 
Compression / Press Fit 
This type of joint relies only on the friction force arising from the parts as they are preloaded 
together. A good example of this is loading D-Cell batteries into a flashlight.  The batteries are 
placed into the cylindrical portion of the flashlight; a cap with a spring is then applied to preload 
the batteries.  Friction between adjacent cells and between the cells and the wall keep the 
components in place during vibration. These joints often introduce a large, distributed frictional 
interface that cannot accurately be modeled using Coulomb friction.  An example of a press fit is 
shown in Figure 3. A key difference between the system of Figure 3 and a flashlight is that 
applications at Sandia National Laboratories tend to have foam encapsulation filling gaps to 
ensure tight fits, that components are held in place, and that potentially damaging amounts of 
energy are absorbed by the foam instead of the components. 
 

 
Figure 3.1.3.3 – Press Fit Joint Example (Mayes, Pacini and Roettgen) 

 
Compression and press fit connections are designed into systems where traditional bolted 
connections are not possible.  These types of interfaces introduce nonlinear stiffness as well as 
nonlinear damping into the system.  They differ from bolted connections in that they often have 
larger contact areas and have no direct kinematic constraints holding the constitutive components 
together (such as a bolt).  They rely solely upon contact pressure and friction to hold the 
components together.  These types of connections not only have micro-slip and macro-slip, as 
the traditional bolted connection, but suffer more from the components banging into adjacent 
components and dissipating energy. Sometimes, these types of connections tend to be less 
sensitive to manufacturing tolerances because elastomer pads placed between the components 
lessens the tolerances effect; however, in other instances these types of connections are very 
sensitive to manufacturing conditions due to the potting process.  In all cases, these connections 
tend to be sensitive to preloading, as varying preload levels changes the contact pressure 
distribution and therefore changes load paths. 
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3.2. Industrial Requirements of Joints 
 
The following lists of requirements are solicited from select researchers at each company 
identified. The views do not represent the corporate perspective or opinion on the matter, but 
rather the opinions and perspectives of the researchers that were engaged. Due to the high 
amount of overlap between the requirements of different agencies, the lists have been combined 
into a single set of industrial requirements. 
 
Short term requirements 

- Prediction of the onset of macroslip in assembled structures with complex loading 
(accuracy within a factor of two) 

- Reduction of variability/unrepeatability observed in experiments 
- Extension of current theories to large contact area interfaces (e.g. compression pads, etc.) 
- Maturation of existing methods/theories to high TRL level (e.g. modal Iwan, experimentally 

derived CB, etc.) 
- Refinement of models such that once calibrated, are predictive for other environments 

(excitation amplitudes) to within 5% for stiffness and 20% for damping 
- New solver methods and ROM techniques to more efficiently predict the response of 

nonlinear structures 
- Maturation of techniques for quantifying and propagating uncertainties (e.g. SROMs, 

Soize’s method, etc.) 
- Nonlinear system identification techniques for UQ, calibration, and validation 
- To know what amplitude predictions are either consistently conservative or under 

predicted 
 
Long term requirements 

- In situ techniques for measuring joint properties/behaviors/forces 
- Development of joints that are less sensitive to manufacturing variabilities 
- Development of models that can predict the amplitude dependent stiffness and damping of 

an assembled system 
- Development of models for jointed structures under random loading 
- To predict amplitude and frequency within a jointed structure to the confidence seen within 

unit-to-unit variability 
- The ability to influence the selection of joint type and arrangement based on desired 

system level responses and damping characteristics 
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3.3. Visualization Tools and Their Descriptions 
 
During the presentations and subsequent break-out sessions, a number of useful diagrams were 
developed that merited further attention. A select number of these diagrams are reproduced 
below. 
 
3.3.1. Venn Diagram of Requirements from a Bolted Joint 
 

 
 
Integrity, performance and predictability are the three requirements for a bolted joint.  The static 
design of joints currently provides good static integrity. For dynamic performance we 
additionally require beneficial damping as well as dynamic integrity.  Dynamic integrity includes 
other capabilities such as fatigue life and tolerance to transient events.  Good predictability 
implies that the joint will be repeatable when it is replicated many times.  Dynamic performance 
may require compromises between integrity, performance and predictability. Overall issues of 
manufacturability and cost must also be considered and these may also drive compromises. 
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3.3.2. Categorization of Damping versus Rigidity in Joints 
 

 
 
This classification originated in answering the question of “who needs what kind of joints?” In 
flushing out this chart, a better view of the role of each type of joint is able to be discerned. 
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3.3.3. Intensity Chart of Data versus Modeling 
 

 
 
This chart, originally from Norbert Hoffmann’s presentation “Structural Dynamics from a 
Complex Systems Perspective: Are We Missing Something Out Here?”, illustrates the trade-offs 
in data and modeling complexity. In the extreme of high data complexity and low modeling 
complexity are data mining applications such as geosciences. It is possible that future empirical 
joint models will reside here. In the other extreme of high modeling complexity and low data 
complexity, is extreme computing applications, such as weather forecasting. It is possible that 
first principles based models for joints will reside here. The ultimate goal is a hybrid approach 
that is rich in both data and modeling complexity. The open question, though, is where to go 
from our current state?  
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3.3.4. Joint Scale and Complexity Relationships 
 

 
 
The diagram presents the  frictional joint space plotted against two axes.  On the vertical axis is 
length scale, ranging from nm up to cm.  Also labelled on this axis are length scales at which 
analyses may be carried out (atomic/asperity/continuum traction/whole joint).  The horizontal 
axis plots ‘complexity’, ranging from a single joint to a complex structure incorporating many 
joints.  The objective (plotted in green) is full understanding (where a complete structure could 
be analysed correctly at an atomic level).  Current understanding is plotted in blue: Complete 
structures can be analysed at the joint level, and single joints down to asperity scale.  The drivers 
of pure scientific research (to smaller length scales for a single joint) and industrial need (more 
understanding for a complete structure) are shown with blue arrows.  Also shown in red are 
contours of increasing difficulty (in addressing the problem). 
 
3.4. Draft of the New Roadmap 
 
As of publication, the new roadmap (and associated declaration) is still a work in progress. The 
current version of the roadmap focuses on three different levels: a high level understanding, 
termed an atlas; the roadmap itself outlining all of the major goals and challenges, and a street 
map for each goal/challenge with sub-goals detailed. These three levels are illustrated in order: 
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As outlined in [5], a series of seven themes are suggested for the Atlas: 
- Building external consensus for support; 
- Experimental investigation of repeatability and variability; 
- Techniques to characterize/identify nonlinearities; 
- Constitutive model development; 
- Numerical methods for nonlinear dynamics; 
- Multiscale investigation of interfacial physics; and 
- Uncertainty-based strategies for modeling and experiments. 

These seven themes are intentionally chosen to be broader than joint mechanics in order to help 
tie in related veins of research to the efforts of the present community. By making the themes 
broad, the hope is that the challenges highlighted by the Atlas will be more approachable by a 
wider community than is currently engaged. 
 
 

 

Atlas 
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The roadmap is still a work in progress. Two potential views of it are that it could either contain 
all of the sub-goals of the focus areas listed in the Atlas, or it could be developed for each 
specific goal listed in the Atlas. The version above is developed to contain many of the sub-goals 
for all of the focus areas listed in the Atlas. Highlighted by this roadmap are the central elements 
of a strategy, discussed by David Ewins during his workshop opening presentation. A strategy is 
defined to have four components: 

1. A comprehensive understanding of the current state; 
2. A clearly defined objective; 
3. Possible tools to lead from the current state to the objective; and 
4. A plan for how to use those tools. 

The first component, a comprehensive understanding of the current state, is summarized by [5]. 
The objective of joints modeling could be: 

A validated method for the Design and Analysis of dynamically loaded 
structures with frictional joints. 

The roadmap, is thus, the list of possible tools to lead from the current state to the objective. “X” 
in the above diagram is the current state, “O” is the objective. While there are many tools and 
paths possible for ultimately achieving the objective, it is not year clear what the possible plan 
will be. This is to be further flushed out in the final outcome of the workshop, the Dartington 
Declaration, when it is published. 
 
Lastly, the third layer of the roadmap is the streetmap, which highlights specific tools to achieve 
a specific sub-goal. For illustrative purposes, the sub-goal of multiscale investigation of 
interfacial physics is highlilghted: 
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3.5. Action Items 
 
Following the conclusion of the workshop, a series of 13 action items were issued and assigned 
to various participants. The complete list follows: 
 
1. Flush out graphs and provide a one paragraph description of them: 
Hugh Goyder (the Venn Diagram),  
Norbert Hoffmann (both damping versus rigidity and the graph from his presentation),  
Christoph Schwingshackl (the stiffness-damping-integrity graph), 
David Nowell (the physics/length scale graph) 
This is due no later than November 15th. 
 
2. Detailed information/brief write-up of the economics of fasteners under dynamic duty 
Hugh Goyder 
 
3. 1-2 Page summary of the break-out session overviews 
Dane Quinn: Session 1, Applicability 
Randy Mayes: Session 2, Repeatability 
Norbert Hoffmann: Session 3, Predictability 
Matthew Brake: Session 4, Way Forward 
This is due no later than November 15th 
 
4. List of Industrial Requirements 
Ed Green 
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Dan Brown (complete) 
Matthew Brake 
Merten Tiedemann 
This is due no later than November 15th 
 
5. Global Roadmap 
David Ewins 
David Nowell 
 
6. Explore dessimination through NAFEM 
Hugh Goyder 
David Ewins 
 
7. Update website capabilities to include automatic updates and journal paper lists 
Pablo Tarazaga 
 
8. Provide Industrial presentations to M. Brake and D. Ewins 
Dan Brown 
Ed Green 
Merten Tiedemann 
 
9. Industrial description of why joints are important 
Dan Brown 
Ed Green 
Merten Tiedemann 
Matthew Brake 
 
10. Images for the website (i.e. research/application related visuals) 
All. 
 
11. Dartington Declaration (several pages) 
Executive+ committee 
 
12. Update to entire community 
Matthew Brake 
 
13. Photos of the workshop to M. Brake 
All. 
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4. ATTENDEES 
 
The workshop was attended by 45 researchers from Europe and the United States. These 
researchers included a mixture of professors, industrial researchers (including government labs), 
and graduate students. The complete list is: 
 
Name  Affiliation  Email 
Akay, Adnan  Bilkent University  akay@bilkent.edu.tr  

Allen, Matt  University of Wisconsin, Madison  msallen@engr.wisc.edu  

Bergman, Larry  University of Illinois, Urbana‐
Champaign 

lbergman@uiuc.edu  

Brake, Matt  Sandia National Laboratories  brake@rice.edu  

Brink, Adam   Sandia National Laboratories  arbrink@sandia.gov  

Brown, Dan  Atomic Weapons Establishment  daniel.brown@awe.co.uk  

Butlin, Tore  University of Cambridge  tb267@cam.ac.uk  

Chaise, Thibaut  INSA Lyon  thibaut.chaise@insa‐lyon.fr 

Chevallier, Gael  University of Franche‐Comte 
(FEMTO‐ST) 

gael.chevallier@univ‐fcomte.fr  

DiMaio, Dario  University of Bristol  dario.dimaio@bristol.ac.uk  

Dini, Daniele   Imperial College London  d.dini@imperial.ac.uk  

Dion, Jean‐Luc  SUPMECA  jean‐luc.dion@supmeca.fr 

Eriten, Melih  University of Wisconsin, Madison  eriten@wisc.edu  

Ewins, David  Imperial College London  d.ewins@imperial.ac.uk  

Fleury, Rodolfo  University of Oxford  rodolfo.nf@gmail.com  

Gastaldi, Chiara  Politecnico di Torino  chiara.gastaldi@polito.it  

Gola, Muzio   Politecnico di Torino  muzio.gola@polito.it  

Goyder, Hugh  University of Cranfield  h.g.d.goyder@cranfield.ac.uk  

Green, Ed   Rolls Royce  ed.green@rolls‐royce.com  

Gross, Johann   University of Stuttgart  johann.gross@ila.uni‐stuttgart.de  

Hall, Tom  Atomic Weapons Establishment  tom.hall@awe.co.uk  

Hills, David   University of Oxford  david.hills@eng.ox.ac.uk  

Hoffman, Norbert   Imperial College London  n.hoffmann@imperial.ac.uk  

Ind, Phil   Atomic Weapons Establishment  philip.ind@awe.co.uk  

Inman, Daniel  University of Michigan  daninman@umich.edu  

Kerschen,Gaetan  University of Liege  g.kerschen@ulg.ac.be  

Krack, Malte  University of Illinois, Urbana‐
Champaign 

matle.krack@ila.uni‐stuttgart.de  

Mayes, Randy  Sandia National Laboratories  rlmayes@sandia.gov  

Mignolet, Marc   Arizona State University  marc03@asu.edu  

Nowell, David  University of Oxford  david.nowell@eng.ox.ac.uk  

Petrov, Yvgeny   University of Sussex  y.petrov@sussex.ac.uk  

Polycarpou, Andreas   Texas A&M University  apolycarpou@tamu.edu  

Quinn, Dane   University of Akron  quinn@uakron.edu  
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Reuss, Pascal  University of Stuttgart  pascal.reuss@daimler.com 

Roettgen, Dan  University of Wisconsin, Madison  dan.roettgen@wisc.edu  

Salles, Loic  Imperial College London  l.salles@imperial.ac.uk  

Schwingshackl, Christoph  Imperial College London  c.schwingshackl@imperial.ac.uk  

Segalman, Dan  Michigan State University  segalman@egr.msu.edu  

Suess, Dominik  Erlangen  dominik.suess@ltm.uni‐erlangen.de  

Tarazaga, Pablo  Virginia Tech  ptarazag@vt.edu  

Tiedemann, Merten  Audi  merten.tiedemann@tuhh.de  

Vakakis, Alex   University of Illinois, Urbana‐
Champaign 

avakakis@illinois.edu  

Wong, Chian  Rolls Royce  chian.wong@rolls‐royce.com 

Zucca, Stefano  Politecnico di Torino  stefano.zucca@polito.it  
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5. PRESENTATIONS 
 
5.1. Workshop Introduction and Opening Perspectives  
 
D. J. Ewins: Introduction to the 4th Workshop on Joints Modelling, 2015 
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Larry Bergman: Introductory Remarks 
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Dane Quinn: 4th Workshop on Joints Modeling 
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Dan Segalman: Some Perspectives for the Workshop on Mechanics of Jointed 
Structures 
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Matthew Brake: Actions and Challenges from the 3rd Joints Workshop: Progress as of 
October 2015 
 

 



72 



73 



74 



75 



76 



77 



78 



79 



80 



81 



82 



83 



84 



85 



86 



87 



88 



89 



90 



91 



92 



93 



94 



95 



96 



97 



98 



99 



100 



101 



102 



103 

 
 



104 

5.2. Session 1: Applicability 
 
Ed Green: Perspectives from the Aeroturbine Community 
 
As of publication, these slides were not yet available due to review and approval issues internal 
to Rolls Royce. 
 
Randy Mayes: Applicability – Sandia National Laboratories  
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Phil Ind: Why Improved Understanding of Jointed Interfaces is Important to AWE 
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Merten Tiedemann: The Relevance of Joints in Friction Brake NVH; Friction-Induced 
Vibrations in Nonlinear Multi-Component Systems 
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5.3. Submitted Short Talks from the First Evening 
 
Tore Butlin: Dynamic Friction Work at Cambridge (and Bristol) 
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Malte Krack: Nonlinear Modal Analysis and Modal Reduction of Jointed Structures 
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Dan Roettgen: Nonlinear Characterization of a Bolted Industrial Structure Using a Modal 
Framework 
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Dominik Süß: Investigation of Jointed Structures at LTM: An Overview of Recent and 
Current Projects at the Chair of Applied Mechanics 
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Pablo Tarazaga: The Use of Piezo-Based Electro-Mechanical Impedance to Drive and 
Characterize Non-Linearities 
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5.4. Session 2: Repeatability 
 
Matthew Brake: On Observed Variability in Jointed Structures and Several Hypotheses 
for its Source 
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Jean-Luc Dion: What Techniques for Damping Measurement in Joints 
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Hugh Goyder: Some Measurements Illustrating Repeatability in Jointed Structures 
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Gaetan Kerschen: Experimental Characterization of Joints in Aircraft Structures 
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5.5: Session 3: Predictability 
 
David Hills: Bringing the Joints and Contacts Communities Together 
 

 



215 



216 



217 



218 



219 

 



220 

Marc Mignolet: Predicting Uncertainty in Joints Behavior 
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Evgeny Petrov: On the Predictive Analysis of Dynamics in Complex Structures with 
Joints 
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Alex Vakakis: Methodologies for Nonlinearity Quantification and Nonlinear System 
Identification 
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5.6. Submitted Short Talks from the Second Evening 
 
Adam Brink: Continuum Shell Models for Structural Damping 
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Gael Chevallier: Vibration Couplings in Built Up Structures 
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Chiara Gastaldi: Modeling and Model Tuning in Under-Platform Damper Dynamics 
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Andreas Polycarpou: Advanced Friction Models and Fretting Experiments of Polymeric 
Coatings 
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Loic Salles: Frequency Methods for Contact Mechanics 
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Christoph Schwingshackl: Explicit Micro-Slip Modelling 
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5.7. Session 4: Applications and Way Forward 
 
Matt Allen: Exploiting Joints to Maximize Structural Durability: Near-Term Opportunities 
and Limitations 
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Muzio Gola: Overview of Test Rigs at AERMEC Laboratory 
 

 



309 



310 



311 



312 



313 



314 



315 



316 



317 



318 



319 



320 



321 



322 



323 

 



324 

Norbert Hoffmann: Structural Dynamics from a Complex Systems Perspective: Are We 
Missing Something Out Here? 
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David Nowell: Challenges in the Measurement and Modelling of Frictional Contact 
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5.8. Concluding Perspectives 
 
Dan Inman: Summary from an Outsider: “Divide and Conquer” 
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Adnan Akay: Observations 
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6. SUMMARY 
 
 The Fourth International Workshop on Jointed Structures was held in October 2015.  At this 
workshop, 45 researchers from across the world came together to discuss progress made since 
the previous workshop (in 2012) and to develop a roadmap for the research directions in the area 
of mechanics of jointed structures over the next five to ten years.   
 
 Previous workshops had focused on defining a set of actions and challenges. The progress 
towards those actions and challenges were summarized to start the workshop, and can be found 
in detail in [5]. The direct outcome of this fourth workshop was to define a new roadmap for the 
future of joints research. This roadmap is heavily focused on strategy, which is defined to consist 
of four parts. First, there is a clear understanding of the current state (see [5]). Second, a clearly 
defined objective is needed. For the joints community, it was put forth that this objective could 
be: 

A validated method for the Design and Analysis of dynamically loaded 
structures with frictional joints. 

Third, an inventory of the possible tools to lead to the objective is needed. This is the concept 
behind the roadmap, which is developed at three different levels. The highest level, the Atlas, 
describes the tools in terms of seven themes that are broad and encompassing of multiple 
disciplines outside of joint mechanics in order to attract new researchers to the challenges 
specific to joints. These seven themes are suggested to be:  

- Building external consensus for support; 
- Experimental investigation of repeatability and variability; 
- Techniques to characterize/identify nonlinearities; 
- Constitutive model development; 
- Numerical methods for nonlinear dynamics; 
- Multiscale investigation of interfacial physics; and 
- Uncertainty-based strategies for modeling and experiments. 

Lastly, the fourth component of a strategy is a plan for how to achieve the objective. This plan is 
currently under revision and will be eventually published as the Dartington Declaration. 
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