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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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lateral cutting forces. The saw is modelled as an annular circular plate constrained by a guide modelled as a point spring. The governing equation 
of motion accounts for inertial, gyroscopic, and stiffness terms, and the time-dependent periodic forces generated by the saw-workpiece 
interaction. Stability analysis for different materials and engagements show regenerative instabilities to be influenced by the guide, and critical 
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1. Introduction 

The circular sawing process involves feeding a rotating saw 
into a workpiece to cut it to sections of required lengths and/or 
widths. The process is common across the wood working and 
metal cutting industries. To keep kerf losses at a minimum, the 
saws are usually thin. Their thinness makes them flexible and 
prone to vibration borne critical speed related instabilities, and 
to regenerative instabilities. Critical speed related instabilities 
occur when the rotational speed of the saw corresponds to one 
of its natural frequencies. Regenerative instabilities on the 
other hand occur due to sawing process induced self-excited 
vibrations. Large amplitude vibrations resulting from these 
instabilities can damage the saw, machine, and the workpiece, 
There has hence been sustained research effort to understand 
and mitigate the mechanisms responsible for these instabilities.  

Even though both instabilities are known to occur in circular 
sawing, the emphasis has been more towards understanding 
and mitigating critical speed related instabilities [1–9], and 
correspondingly less research attention has been paid on the 
modelling and mitigation of regenerative instabilities, the 
notable exception being the work reported in [10-11]. 

Furthermore, most reported work on circular sawing has been 
for the wood cutting application that is performed at higher 
speeds, and that is limited more by critical speed related 
instabilities than regenerative instabilities. This paper, 
however, is more concerned with circular sawing for metal 
cutting than for wood, and since metal cutting operations are 
performed at relatively lower speeds than the speeds at which 
wood is cut, it is important to understand which of the two 
instabilities kicks in first, such that it can be mitigated 
appropriately. This is indeed one of the aims of this paper. 

Modelling the dynamics and stability of circular saws, 
whether idling [1], and/or under the influence of concentrated 
radial, tangential, and lateral forces [2–3] has been studied 
extensively. There has also been sustained interest in 
understanding the role of guides in constraining the lateral 
motion of saws, and also their role in stabilizing and increasing 
the critical speeds [4–10]. Since these guides offer resistance to 
motion, and act as a transverse load, how/if their presence 
influences regenerative instabilities is yet unknown. 
Addressing this question is another aim of the present paper.  

The present study builds on our dynamic and critical speed 
stability models reported earlier [9] and considers a cutting 
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There has hence been sustained research effort to understand 
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sawing, the emphasis has been more towards understanding 
and mitigating critical speed related instabilities [1–9], and 
correspondingly less research attention has been paid on the 
modelling and mitigation of regenerative instabilities, the 
notable exception being the work reported in [10-11]. 

Furthermore, most reported work on circular sawing has been 
for the wood cutting application that is performed at higher 
speeds, and that is limited more by critical speed related 
instabilities than regenerative instabilities. This paper, 
however, is more concerned with circular sawing for metal 
cutting than for wood, and since metal cutting operations are 
performed at relatively lower speeds than the speeds at which 
wood is cut, it is important to understand which of the two 
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appropriately. This is indeed one of the aims of this paper. 

Modelling the dynamics and stability of circular saws, 
whether idling [1], and/or under the influence of concentrated 
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extensively. There has also been sustained interest in 
understanding the role of guides in constraining the lateral 
motion of saws, and also their role in stabilizing and increasing 
the critical speeds [4–10]. Since these guides offer resistance to 
motion, and act as a transverse load, how/if their presence 
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Addressing this question is another aim of the present paper.  

The present study builds on our dynamic and critical speed 
stability models reported earlier [9] and considers a cutting 
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force model involving multiple moving concentrated cutting 
forces over a given space-fixed sector to investigate the 
regenerative stability characteristics. We build on the 
regenerative model discussed in [10-12]. We also expand the 
model in [10–11] by including the influence of a guide 
modelled as a point spring. Furthermore, since circular sawing 
is essentially a milling operation, there will be three 
components of forces acting on every cutting tooth, and, in 
general over a space-fixed sector, and even though the primary 
forces might be the in-plane tangential and radial cutting forces, 
since the saw is more flexible in the lateral direction than in its 
in-plane directions, this paper will only factor the influence of 
the lateral regenerative cutting force on the stability of the 
system, while ignoring the contributions of the in-plane forces.  

The remainder of the paper is organized as follows: Section 
2 presents the expanded analytical model for the dynamics and 
stability of a spring-guided circular saw that includes lateral 
regenerative forces. Section 3 presents analytical model-based 
investigations on the influence of the guide on critical speeds 
and regeneration related instabilities. This section includes 
discussions on the stability of the process for cutting different 
materials, and for cutting with different engagement conditions. 
The paper is finally concluded in Section 4.  

2. Analytical model of instabilities of a spring-guided 
circular saw 

A circular saw made of steel (E = 208 GPa, ρ = 7850 kg/m3, 
ν = 0.3), and with 60 teeth, (Nt = 60), and that is laterally 
constrained by a guide pad modelled as a point spring is shown 
in Fig. 1. The saw is modelled as an annular circular plate with 
a clamped inner radius, ri = 42.5 mm, and a free outer radius, ro 
= 142.5 mm, and a thickness, h = 2 mm, rotating with an 
angular velocity of 𝛺𝛺 in the clockwise direction. The saw is 
assumed to be cutting a solid bar of some material with a 
diameter 76 mm. The instantaneous entry angle of the saw in 
the cut,  𝜃𝜃𝑠𝑠𝑠𝑠 and the corresponding exit angle, 𝜃𝜃𝑒𝑒𝑒𝑒 are as shown 
in the Fig 1. The point spring with stiffness, kg is located at 
𝑟𝑟𝑚𝑚, 𝜃𝜃𝑚𝑚 as shown and applies a point force of 𝑞𝑞 on the saw.  

 

 
Fig. 1. Schematic showing a guided circular saw cutting a solid bar and 
subjected to lateral regenerative cutting forces 

Our model, like the model we base our investigations on [10 
– 11], assumes that the saw is only flexible in the lateral 
direction. Neglecting the in-plane radial and tangential forces, 

and assuming that only the lateral component of the cutting 
force (𝑓𝑓𝑙𝑙𝑙𝑙(𝑡𝑡)) makes the saw oscillate laterally, and that the 
cutting force is always normal to the undeformed plane of the 
saw, there is an extra lateral cutting area between two 
successive teeth associated with the transverse response 
𝑤𝑤(𝑟𝑟𝑜𝑜, 𝜃𝜃𝑗𝑗, 𝑡𝑡)  of the current tooth (the jth tooth) and the 
transverse response 𝑤𝑤(𝑟𝑟𝑜𝑜, 𝜃𝜃𝑗𝑗, 𝑡𝑡 − 𝑇𝑇) of the previous tooth (the 
(j-1) th tooth) at a given location (𝑟𝑟𝑜𝑜, 𝜃𝜃𝑗𝑗) of the workpiece [10]. 
𝑇𝑇 = 2π/𝛺𝛺𝛺𝛺𝑠𝑠  is the tooth passing period, i.e., the period 
between two successive teeth coming into cut. 

The modified governing equation of motion for transverse 
vibrations of the spring-guided circular saw subjected to a 
lateral regenerative cutting force and a guide force in the 
stationary frame of reference, and that includes the bending 
stiffness of the saw, the inertial stress, and the in-plane 
rotational stress, is given by: 

𝐷𝐷𝛻𝛻4𝑤𝑤 + ρℎ (𝜕𝜕2𝑤𝑤
𝜕𝜕𝑠𝑠2 + 2𝛺𝛺 𝜕𝜕2𝑤𝑤

𝜕𝜕𝑠𝑠𝜕𝜕𝜕𝜕 + 𝛺𝛺2 𝜕𝜕2𝑤𝑤
𝜕𝜕𝜕𝜕2) −

ℎ [(1
𝑙𝑙) ( 𝜕𝜕

𝜕𝜕𝑙𝑙) (𝑟𝑟𝜎𝜎𝑙𝑙
𝜕𝜕𝑤𝑤
𝜕𝜕𝑙𝑙 ) + ( 1

𝑙𝑙2) ( 𝜕𝜕
𝜕𝜕𝜕𝜕) (𝜎𝜎𝜕𝜕

𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕)] = 𝑓𝑓𝑙𝑙𝑙𝑙(𝑡𝑡) + 𝑞𝑞,     (1)   

 
wherein, D is the flexural rigidity (= Eh3/ (12(1-ν2)), and 𝛻𝛻4 is 
the bi-harmonic operator. 𝜎𝜎𝑙𝑙 and 𝜎𝜎𝜕𝜕 are the rotational stresses 
that are neglected in this preliminary analysis. The transverse 
force corresponding to regenerative effect and due to the guide 
is represented as [9 -11]: 

𝑓𝑓𝑙𝑙𝑙𝑙(𝑡𝑡) = − ∑ (1
𝑙𝑙) 𝐾𝐾𝑙𝑙[𝑤𝑤(𝑟𝑟, 𝜃𝜃, 𝑡𝑡) − 𝑤𝑤(𝑟𝑟, 𝜃𝜃, 𝑡𝑡 − 𝑇𝑇)]𝛿𝛿(𝑟𝑟 −𝑁𝑁𝑡𝑡

𝑗𝑗=1
𝑟𝑟0)𝛿𝛿(𝜃𝜃 − 𝜃𝜃𝑗𝑗) 𝑔𝑔(𝜃𝜃𝑗𝑗)                                                                        (2) 
𝑞𝑞 = −𝑘𝑘𝑔𝑔𝑤𝑤(𝑟𝑟, 𝜃𝜃, 𝑡𝑡) (1

𝑙𝑙) 𝛿𝛿(𝑟𝑟 − rm)𝛿𝛿(𝜃𝜃 − 𝜃𝜃𝑚𝑚),                       (3) 

wherein in Eq. (2) 𝛺𝛺𝑠𝑠 are the total number of teeth in cut; 𝐾𝐾𝑙𝑙  is 
an empirically determined cutting force coefficient that is a 
function of the material being cut, the cutting parameters, and 
the geometry of the saw tooth, and this coefficient can be 
mechanistically identified as discussed in [12]. 𝛿𝛿(. ) in Eq. (2) 
and in Eq. (3) is the Dirac delta function, and 𝑔𝑔(𝜃𝜃𝑗𝑗)  is a 
screening function to determine if the tooth is in cut or not, i.e., 
𝑔𝑔(𝜃𝜃𝑗𝑗) = 1, when 𝜃𝜃𝑠𝑠𝑠𝑠 < 𝜃𝜃𝑗𝑗 < 𝜃𝜃𝑒𝑒𝑒𝑒,  and 𝑔𝑔(𝜃𝜃𝑗𝑗) = 0  otherwise. 
The instantaneous tooth position 𝜃𝜃𝑗𝑗  is given by: 𝜃𝜃𝑗𝑗 = 𝜃𝜃𝑠𝑠𝑠𝑠 +
𝛺𝛺𝑡𝑡 + (𝑗𝑗 − 1)𝜃𝜃𝑝𝑝, (𝜃𝜃1 = 𝜃𝜃𝑠𝑠𝑠𝑠 when 𝑡𝑡 = 0; 𝜃𝜃𝑝𝑝  is the angular 
pitch). Substituting Eq. (2) and Eq. (3) into the governing 
equation of motion and applying the Galerkin projection 
method leads to an equation of motion of the form [10 - 11]: 

[𝑴𝑴]{�̈�𝒙} + [𝑮𝑮]{�̇�𝒙} + [𝑲𝑲]{𝒙𝒙} + (1 − e−𝑇𝑇𝑇𝑇)[𝑨𝑨(𝒕𝒕)]{𝒙𝒙} = {𝟎𝟎}  (4) 

wherein e−𝑇𝑇𝑇𝑇{𝒙𝒙(𝒕𝒕)} = {𝒙𝒙(𝒕𝒕 − 𝑻𝑻)}, and [𝑴𝑴], [𝑮𝑮], and [𝑲𝑲] are 
mass, gyroscopic and stiffness matrices. [𝑨𝑨(𝒕𝒕)]  is a time 
periodic varying matrix associated with the cutting forces [13].  

The solution to Eq. (4) with periodic coefficients can be 
assumed in the form of a Fourier series [11]: 

{𝒙𝒙(𝒕𝒕)} = [{𝒃𝒃𝟎𝟎}
2 + ∑ ({𝒂𝒂𝒌𝒌} sin(𝑘𝑘𝑤𝑤𝑡𝑡))∞

𝑘𝑘=1 + {𝒃𝒃𝒌𝒌}cos(𝑘𝑘𝑤𝑤𝑡𝑡)] eλt  

wherein {𝒃𝒃𝟎𝟎},  {𝒂𝒂𝒌𝒌}  and {𝒃𝒃𝒌𝒌}  are time-invariant coefficient 
vectors, and 𝜆𝜆 is the characteristic variable of the system [11]. 

Since [𝑨𝑨(𝒕𝒕)] is also periodic, as was proposed in [13] for the 
case of a regenerative model for milling processes, in this case 
too, it can be expressed in a Fourier series form [11, 13]: 
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[𝑨𝑨(𝒕𝒕)] = [ 
[𝑩𝑩𝟎𝟎]
2 +∑([𝑨𝑨𝒌𝒌] sin(𝑘𝑘𝑘𝑘𝑘𝑘))

∞

𝑘𝑘=1
+ [𝑩𝑩𝒌𝒌] cos(𝑘𝑘𝑘𝑘𝑘𝑘)]. 

Substituting the assumed solutions in Eq. (4) and equating 
the coefficients of e𝜆𝜆𝜆𝜆 on both sides, and after simplifying for 
the case of only taking the zeroth order approximation, the 
characteristic equation of the system reduces to:  

(𝜆𝜆2[𝑴𝑴] + 𝜆𝜆[𝑮𝑮] + [𝑲𝑲] + (1 − e−𝑇𝑇𝜆𝜆) [𝑩𝑩𝟎𝟎2 ]) {𝒃𝒃𝟎𝟎} = {𝟎𝟎}.        (5) 

The roots of this characteristic equation can be solved to 
determine the stability of this system. However, to do so, we 
first assume that the transverse deflection for the circular saw 
for the special case of a single-mode solution can be 
approximated as follows [11]: 

𝑘𝑘(𝑟𝑟, 𝜃𝜃, 𝑘𝑘) = 𝑅𝑅𝑚𝑚𝑚𝑚(𝑟𝑟)[𝑪𝑪𝒎𝒎𝒎𝒎(𝒕𝒕) cos(n𝜃𝜃) + 𝑺𝑺𝒎𝒎𝒎𝒎(𝒕𝒕) sin(n𝜃𝜃)]  (6) 

wherein 𝑅𝑅𝑚𝑚𝑚𝑚(𝑟𝑟) satisfies the saw boundary conditions of the 
saw being clamped at its inner section and free at its periphery; 
and 𝑚𝑚  and 𝑛𝑛  correspond to the nodal circle and nodal 
diameters of interest. Substituting Eq. (6) in Eq. (1), and again 
applying the Galerkin procedure leads to a similar form of Eq. 
(4), wherein, it can be shown that [11]: 

[𝑨𝑨(𝒕𝒕)] = ∑  𝑔𝑔(𝜃𝜃𝑗𝑗)[𝑷𝑷(𝜽𝜽𝒋𝒋)]𝑁𝑁𝑡𝑡
𝑗𝑗=1 ;

[𝑷𝑷(𝜽𝜽𝒋𝒋)] = 𝑅𝑅𝑚𝑚𝑚𝑚2 (𝑟𝑟0) [
𝐾𝐾𝑟𝑟 cos2(n𝜃𝜃𝑗𝑗) 𝐾𝐾𝑟𝑟 sin(

2n𝜃𝜃𝑗𝑗
2 )

𝐾𝐾𝑟𝑟 sin(
2n𝜃𝜃𝑗𝑗
2 ) 𝐾𝐾𝑟𝑟 sin2(n𝜃𝜃𝑗𝑗)

]

[𝑩𝑩𝟎𝟎] =
2
𝑇𝑇 ∫ [𝑨𝑨(𝒕𝒕)]𝑇𝑇

0 𝑑𝑑𝑘𝑘 ≡ 𝑁𝑁𝑡𝑡
 π ∫ [𝑷𝑷(𝜽𝜽𝒋𝒋)]

𝜃𝜃𝑒𝑒𝑒𝑒
𝜃𝜃𝑠𝑠𝑡𝑡

𝑑𝑑𝜃𝜃

;

}
  
 

  
 

.        (7) 

Substitution of Eq. (7) into the characteristic Eq. (5) and 
using the Muller’s optimization algorithm [11, 14] with 
deflation to solve the resulting complex nonlinear equations 
yields the eigenvalues of the system for every speed of interest. 
The resulting eigenvalues at every speed are complex valued, 
i.e., 𝜆𝜆 = 𝛼𝛼 + 𝑖𝑖𝑖𝑖, wherein the imaginary part corresponds to the 
natural frequency of the system, and the real part corresponds 
to the growth.  

Having described the analytical model for the stability of the 
spring-guided circular saw subjected to regenerative lateral 
cutting forces, we now present numerical analysis of the 
influence of the guide on critical speed related instability as 
well as regenerative instability – as is discussed next.  

3. Numerical results and discussions 

This section discusses how instabilities are influenced by the 
introduction of a guide. At first, in Section 3.1, instabilities are 
compared for cutting a specific material characterized by a 
fixed cutting force coefficient, and for the instantaneous cutting 
at a fixed engagement condition. This is followed in Section 
3.2 with discussions on how the material being cut can 
potentially change instabilities. And, Section 3.3 discusses the 
instabilities changing with changing engagement conditions.  

All analysis presented herein is limited to the single mode 
case i.e., for the 𝑚𝑚 = 0, 𝑛𝑛 = 2  mode. Furthermore, for all 
analysis herein, the guide is assumed to be placed at a radial 
location of 𝑟𝑟𝑚𝑚 = 0.14 m, and with an orientation of 𝜃𝜃𝑚𝑚 = 300. 

The spring stiffness of the guide is assumed to fixed at kg = 105 

N/m. 

3.1. Critical speeds and regenerative instabilities of the 
guided circular saw 

Assuming that the material being cut can be characterized 
by a cutting force coefficient of Kr = 10 N/m, and considering 
the engagement conditions to be fixed at entry and exit angles 
of  𝜃𝜃𝑠𝑠𝜆𝜆 = 730  and 𝜃𝜃𝑒𝑒𝑒𝑒 = 1070  respectively, the resulting loci 
of the imaginary and real parts of the eigenvalues are shown in 
Fig. 2 for the case with and without the guide. 

As is evident from Fig. 2(a), the critical speeds, i.e., the 
speeds (or correspondingly the tooth passing frequencies, 
i.e.,  (𝑖𝑖𝑚𝑚/2𝜋𝜋) × (𝑁𝑁𝜆𝜆/60)) at which the natural frequencies of 
the backward travelling waves becomes zero, remains the same 
for the case of a spring-guided circular saw subjected to lateral 
regenerative instabilities, as it does for the saw without a guide 
and with regenerative effects considered. These results are 
consistent with what was reported on earlier, even for the case 
without regenerative effects included [7, 9]. Furthermore, even 
though the critical speed remains unchanged, introduction of 
the guide splits the mode at zero speeds, and also changes the 
characteristic behavior of the Campbell diagram – which is also 
consistent with earlier reported results which did not include 
the regenerative effects [7, 9]. 

Interestingly however, even though the critical speed 
remains unchanged, the regions of regenerative instabilities 
(i.e., the regions for which the real part of the eigenvalue is 
positive) for a guided saw are very different than the saw that 
is not guided – as is evident from Fig. 2(b). It is also evident 
that both the forward and backward waves can cause 
regenerative instabilities, as opposed to the critical speed being 
governed by only the backward wave. It is further evident that 
regenerative instabilities occur at much lower speeds as 
compared with the critical speed. And, since this paper is more 
interested in the circular sawing of metal that takes place at 
lower speeds, the regenerative instabilities are of more interest 
to us than the critical speed related instabilities, and as such 
results in the subsequent sections are limited to only discussing 
regenerative instabilities for lower tooth passing frequencies. 

 

 
Fig. 2. Comparison of natural frequencies (a), and real parts of 𝜆𝜆 (b) for a saw 
that is guided and not. (BWD- backward wave, FWD- Forward wave).  
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3.2. Regenerative instabilities of the guided circular saw for 
different materials 

Keeping all things the same as in the Section 3.1, 
regenerative instabilities were investigated for the case of the 
guided saw by changing only the material dependent cutting 
force coefficient, Kr. The low level of Kr = 10 N/m corresponds 
to cutting a soft material, and the high level of Kr = 1000 N/m, 
corresponds to cutting a relatively more difficult-to-cut 
material. Results for these are shown in Fig. 3, and, as is 
evident, an increase in Kr does not change the region of 
instability, and only changes the rate of growth of the 
instability. These results are consistent with those reported in 
[10 - 11], even though those results were reported for the saw 
not being guided. 

 
Fig. 3. Comparison of regenerative instabilities for different workpiece 
materials (BWD- backward wave, FWD-forward wave).  

3.3. Regenerative instabilities of the guided circular saw for 
different engagement conditions 

As the saw progress in the cut, the engagement conditions, 
and the active number of teeth in cut change. Regenerative 
instabilities were hence investigated with two different 
engagement conditions, one low ( 𝜃𝜃𝑠𝑠𝑠𝑠 = 800 and 𝜃𝜃𝑒𝑒𝑒𝑒 = 1000) 
and one relatively higher ( 𝜃𝜃𝑠𝑠𝑠𝑠 = 730  and 𝜃𝜃𝑒𝑒𝑒𝑒 = 1070), with 
correspondingly low (𝑁𝑁𝑠𝑠 = 4 ) and high (𝑁𝑁𝑠𝑠 = 6 ) levels of 
active teeth in cut. Results herein are limited to cutting a 
material with a higher cutting force coefficient of 1000 N/m.  

Results shown in Fig. 4 make clear that the regions of 
instabilities do not change with changing engagement 
conditions, or with the change in the active number of teeth in 
cut, and only the rate of growth of the instability increases with 
larger engagements and with more number of active teeth in 
cut. These results are also consistent with observations made in 
[10 - 11], even though those results were for an unguided saw. 

 
Fig. 4. Comparison of regenerative instabilities for different engagement 
conditions (BWD- backward wave, FWD-forward wave). 

4. Conclusions and outlook 

The critical speed related instabilities and regenerative 
instabilities for a guided circular saw were investigated in this 
paper. An expanded analytical model that described the guide 
as a single point spring and accounted for the regenerative 
lateral cutting forces was presented.  

Numerical simulations for a single mode revealed that the 
critical speed for a single spring-guided circular saw remains 
unchanged from the case of the saw that is not guided. 
Investigations also revealed that regenerative instabilities occur 
well below the critical speed, and that the regenerative 
instabilities are influenced by the saw being guided. 
Investigations also reveal that the intensity of the regenerative 
instability is governed by the material being cut, and by the 
engagement conditions and the number of active teeth in cut. 
Since circular saws are usually guided, the models and results 
presented herein can help instruct the placement of guides and 
in selection of guide material and cutting parameters that may 
stabilize circular sawing.    

Further research is necessary to understand the stability with 
multiple guides for the multi-mode case, and potentially with 
multiple regenerations taking place in multiple directions. The 
influence of the mass, damping and friction induced by the 
guide also must be addressed appropriately, as should the 
potential influence of any in-plane regenerative forces on the 
stability of the system.  
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