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a b s t r a c t

In this paper, the design and testing of a tuned holder that increases the dynamic stiffness of boring bars
is described. Bymatching the holder natural frequency to the clamped–free boring bar natural frequency,
a new dynamic system is obtained with decreased vibration magnitude and reduced susceptibility to
chatter. In this approach, the flexible holder supports the boring bar and effectively acts as a dynamic
absorber for the clamped boring bar. Design trends are explored using an analytical receptance coupling
model and experimental validation is provided.

© 2010 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.
1. Introduction

During machining operations, vibratory motion between the
tool and workpiece can lead to reduced performance. In partic-
ular, self-excited vibration, or chatter, causes poor surface finish,
tool damage, and other unwanted effects. When chatter does oc-
cur, themachining parameters must bemodified, and productivity
may be reduced (e.g., the material removal rate may be limited by
the maximum allowable depth of cut to avoid chatter). One exam-
ple of tools that may encounter excessive vibration is boring bars,
which are used to produce internal cylindrical and conical surfaces.
A primary difficulty in their use is that, because they enlarge holes
that tend to be deep and narrow, they are often long and have
small diameters. This naturally leads to low stiffness. Therefore, a
variable cutting force during boring operations causes the tool to
deflect and leave behind a wavy surface. When the cutting edge
encounters this wavy surface in the next revolution, the relative
phasing can lead to increased force and deflection through regen-
erative chatter.

For both single-point and multi-point machining processes
in general, it is well known that the allowable chatter-free
chip width depends on the cutting system’s frequency response
function (as reflected at the tool point) and the selected cutting
conditions. Early work by Hahn, Tobias, Tlusty, and Merritt [1–7]
led to the development of graphical depictions of the boundary
between stable and unstable machining conditions, which are
referred to as stability lobe diagrams. In these plots, spindle
speed is typically selected as the independent variable and chip
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width as the dependent variable. Stability lobe diagrams identify
increased chatter-free chip widths for spindle speeds (or tooth
passing frequencies in multi-point operations) that are equal
to integer fractions of the cutting system’s natural frequency
which corresponds to the most flexible vibration mode. While
these spindle speeds can lead to substantial increases in chip
width in many milling applications, the improvement in most
boring/turning applications is small. Therefore, other passive
and active techniques have been developed to improve chatter
resistance. Rivin provides a comprehensive overview of these
and other issues related to the dynamic stiffness (the product of
stiffness and damping) of tools and holders [8]. He categorizes
these techniques as:

• reduction of cutting forces
• high damping clamping devices
• bars with anisotropic stiffness
• periodic variation of cutting conditions
• enhancement of structural stiffness
• passive vibration absorbers
• active dampers
• active correction systems.

Selected examples of these approaches include commercially
available boring bars with internal passive vibration absorbers, ac-
tive vibration control [9–12], bar material selection for increased
dynamic stiffness [13–15], actuation of an internal electrorheo-
logical fluid [16], error compensation [17], and holder modifica-
tion [18].

Here, a new method to reduce tool vibrations by providing a
flexible holder with dynamics tuned to the boring bar dynamics is
described. The flexible holder supports the boring bar and acts as
a dynamic absorber (for the boring bar). The flexible holder natu-
ral frequency is approximatelymatched to the clamped–free natu-
ral frequency of the bar and reduces the magnitude of vibration at
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Fig. 1. Clamped–free response of a 12:1 boring bar.

the bar–holder assembly’s free (cutting) end. The advantage of this
approach is that standard boring bars can be used and the mono-
lithic holder design is straightforward to manufacture. An analyt-
ical solution which applies Euler–Bernoulli beam theory and re-
ceptance coupling to explore trends is first presented and then the
final holder design is detailed. Frequency response (receptance)
measurements of a prototype boring bar–holder assembly are pro-
vided and compared to the clamped–free response of the boring
bar alone. Increased dynamic stiffness is demonstrated for the bor-
ing bar–holder assembly. Although not expressly demonstrated
here, prior turning stability research has shown that increased dy-
namic stiffness tends to subsequently increase the (asymptotic)
stability limit for boring operations [4–7].

2. Receptance coupling model

Closed-form, Euler–Bernoulli beam receptances [19] were used
to describe an ISO A10-SCLPR2 NE4 boring bar with a 12:1 length
to diameter (L:D) ratio. (Note that there is no restriction on the
L:D ratio that can be used in this approach.) A diameter, d, of
15.9 mm was chosen because this is on the order of the smallest
available diameter for commercial boring bars with internal
dynamic absorbers. Fig. 1 shows the analytical frequency response
function (FRF) for lateral vibration, x, at the free end (coordinate
1) due to an external force, f , applied at the free end for the
clamped–free beammodel of the steel boring bar. It was developed
using Eq. (1), where E = 200 GPa is the elastic modulus, I =

πd4
64 is

the area moment of inertia, and η = 0.0015 is the unitless solid
damping factor. Also, λ4

=
ω2m

EI(1+iη)L , where ω is the frequency
(rad/s),m is the beam mass, and L is the length [19].

h11 =
x1
f1

=
sin (λL) cosh (λL) − cos (λL) sinh (λL)
EI (1 + iη) λ3 (cos (λL) cosh (λL) + 1)

. (1)

Using a modal analysis peak picking method [20] on the FRF
shown in Fig. 1, a stiffness value of 2.79 × 105 N/m and a
viscous damping ratio of 6.5 × 10−4 (0.5η) were determined
for the 309.9 Hz boring bar bending mode. A single degree of
freedom spring–mass–damper representation of a clamped–free
holder was then defined with a stiffness value of 20·(2.79 ×

105) N/m, but the same natural frequency and damping ratio as
the clamped–free boring bar. Next, the holder model was rigidly
coupled to a free–freemodel of the boring bar using the receptance
coupling approach [19]. The free–free beam FRFs were defined
according to Eqs. (2)–(5), where 1 is the free end coordinate, 2 is
the end clamped to the holder, θi (i = 1, 2) is rotation, andmi is an
external couple.

h11 =
x1
f1

=
sin (λL) cosh (λL) − cos (λL) sinh (λL)
EI (1 + iη) λ3 (cos (λL) cosh (λL) − 1)

l11 =
x1
m1

=
sin (λL) sinh (λL)

EI (1 + iη) λ2 (cos (λL) cosh (λL) − 1)

n11 =
θ1

f1
= l11

p11 =
θ1

m1
=

cos (λL) sinh (λL) + sin (λL) cosh (λL)
EI (1 + iη) λ (cos (λL) cosh (λL) − 1)

(2)

h22 =
x2
f2

= h11

l22 =
x2
m2

= −l11

n22 =
θ2

f2
= l22

p22 =
θ2

m2
= p11

(3)

h12 =
x1
f2

=
sin (λL) − sinh (λL)

EI (1 + iη) λ3 (cos (λL) cosh (λL) − 1)

l12 =
x1
m2

=
cosh (λL) − cos (λL)

EI (1 + iη) λ2 (cos (λL) cosh (λL) − 1)

n12 =
θ1

f2
= −l12

p12 =
θ1

m2
=

sin (λL) + sinh (λL)
EI (1 + iη) λ (cos (λL) cosh (λL) − 1)

(4)

h21 =
x2
f1

= h12

l21 =
x2
m1

= n12

n21 =
θ2

f1
= l12

p21 =
θ2

m1
= p12.

(5)

The coupling was completed using Eq. (6) [21,22], where H11 =
X1
F1

is the required assembly FRF (at the tool’s free end), Rij =
hij lij
nij pij


, and only the h33 =

x3
f3

holder FRF was modeled (l33, n33,
and p33 were assumed rigid). A schematic representation of the
model is provided in Fig. 2. The predicted responses for the boring
bar–holder assembly and clamped–free boring bar are compared
in Fig. 3.[
H11 L11
N11 P11

]
= R11 − R12 (R22 + R33)

−1 R21. (6)

Fig. 3 shows that the single degree of freedom clamped–free
bar FRF (within the selected frequency range) becomes a two
degree of freedom response with the addition of the holder. The
peak magnitude is reduced from 2.39 × 10−3 m/N (309.9 Hz) to
1.63× 10−3 m/N (256.1 Hz); this represents a 32% peak reduction
or 1.5 times dynamic stiffness increase. The increased dynamic
stiffness of the assembly is counterintuitive (i.e., adding a flexible
element increases the assembly stiffness), but is similar in nature
to the well-known dynamic absorber effect. Additionally, because
the holder is 20 times stiffer than the boring bar, the subsequent
increase in static (zero frequency) compliance is not significant:
3.70×10−6 m/N for the clamped–free bar versus 3.88×10−6 m/N
for the assembly.
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Fig. 2. Schematic representation of receptance coupling model for the boring bar–holder assembly.
Fig. 3. Boring bar–holder assembly (solid line) and clamped–free boring bar
(dotted line) responses.

The receptance coupling model was next used to evaluate
the individual effects of the holder stiffness and damping on the
assembly FRF. Fig. 4 displays: (top panel) the ratio of the boring
bar–holder assembly peak magnitude to the clamped–free boring
bar peak magnitude (labeled as peak ratio) as a function of a
stiffness factor, equal to the holder stiffness divided by the boring
bar stiffness; and (bottom panel) an analogous damping factor.
In both instances, the bar and holder natural frequencies were
matched for all factor values. Additionally, for the stiffness factor
analysis the damping factor was 1 and for the damping factor
analysis the stiffness factor was 1.

In Fig. 4, a decrease in the peak ratio (i.e., the assembly stiff-
ness increases relative to the clamped–free boring bar alone) is
observed for an increase in the stiffness/damping factors. It is
seen that the damping effect is stronger and that the decrease is ap-
proximately logarithmic in both instances. Also, stiffness/damping
factors greater than 5 are required to improve the system dynamic
stiffness. Interestingly, the reduced peak ratio trend continues to
hold even for large stiffness factors. For example, if the holder
is 1 × 104 times stiffer than the clamped–free bar, interaction
still occurs. Fig. 5 shows this result. Naturally, for very large stiff-
ness factors (order of 1 × 107) the assembly response begins to
resemble the original clamped–free response and the peak ratio
approaches 1.

Finally, the influence of the holder’s natural frequency relative
to the boring bar’s clamped natural frequency was investigated.
A stiffness factor of 20 was selected, while the damping factor
Fig. 4. Peak ratio for stiffness (top) and damping (bottom) factors.

was set to 1. Using the receptance coupling model, the ratio of
the holder natural frequency to the clamped–free bar natural
frequency, or frequency factor, was varied between 0.75 and 1.25
(±25% variation from the matched condition). Fig. 6 displays the
ratio of the boring bar–holder assembly peak magnitude to the
clamped–free boring bar peak magnitude as a function of the
frequency factor. First, it is seen that the matched condition does
not yield the maximum dynamic stiffness increase. For the 12:1
boring bar/stiffness factor combination considered here, the best
frequency factor is 0.925 (i.e., the holder’s natural frequency is
92.5% of the clamped–free boring bar’s natural frequency). This
case is shown in Fig. 7. Second, the assembly’s dynamic stiffness
exhibits sensitivity to the frequency factor. For example, a 10%
increase in the frequency factor from 1 to 1.1 in Fig. 6 leads to a
peak ratio increase of 20% (0.68 to 0.82).

3. Prototype design

The primary design considerations revealed by the receptance
coupling analysis were that: (1) the holder natural frequency
should be approximately matched to the clamped–free boring
bar natural frequency and the assembly dynamic stiffness is
sensitive to their ratio; and (2) the holder stiffness and damping
should be significantly higher than the corresponding values for
the clamped–free boring bar alone. These considerations must
naturally be balanced by the existing design constraints. First, it is
challenging to add damping to structures without increasing their
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Fig. 5. Boring bar–holder (solid line) and clamped–free bar (dotted line) responses
for a stiffness factor of 1 × 104 .

Fig. 6. Peak ratio for variable holder natural frequency.

Fig. 7. Boring bar–holder assembly (solid line) and clamped–free boring bar
(dotted line) responses for 0.925 frequency factor from Fig. 6.

mechanical complexity; an example previously used in machining
applications is shear layer damping [23]. Second, the boring bar
natural frequency depends strongly on its length and the holder
connection. For these reasons, the focus of the holder design was
high stiffness combined with convenient tuning of its natural
frequency without requiring adjustments to the boring bar.

The design concept is shown in Fig. 8. It includes: (1) a
50.8 mm diameter monolithic aluminum holder (Fig. 9) with cir-
cular notches to set the natural frequency/stiffness and a dove-
tail base connection; (2) a brass sleeve to enable ‘‘mass tuning’’,
Fig. 8. Boring bar–holder assembly design concept (1 — holder, 2 — sleeve, and 3
— boring bar).

Fig. 9. Notched flexure holder with dovetail base and thermal shrink fit boring bar
connections.

in which the natural frequency of the holder is adjusted by mod-
ifying the sleeve’s axial position and, therefore, the holder–sleeve
assembly’s modal mass; and (3) the steel boring bar, which is in-
serted in the holder using a thermal shrink fit connection (this is
enabled by the higher thermal expansion of the aluminum holder
relative to the steel boring baring). The mass tuning approach us-
ing the sleeve’s axial position provides a preferred alternative to
adjusting the boring bar’s overhang length in order to tune the
assembly dynamics (as shown in Fig. 6, for example). The reader
may note that this design is inherently axisymmetric so that im-
proved dynamic stiffness with nominally the same response in all
radial directions can be achieved.

4. Results and discussion

The following set-ups were used for FRF measurements:
(1) the boring bar was clamped in a vise with a 12:1 L:D ratio
to simulate clamped–free boundary conditions; (2) the boring bar
was inserted in the holder–sleeve (again using the 12:1 L:D) and
the entire assembly was clamped in the vise (see Fig. 10); (3) the
holder–sleeve–boring bar assembly was mounted to a standard
dovetail holder; and (4) the sleeve axial position was varied in
the dovetail set-up to see the effect. The FRF measurements were
completed by exciting the free end of the boring bar with a
modal hammer and recording the response using a low mass
accelerometer.

A comparison of the measurements for the two vise set-ups is
provided in Fig. 11. As shown by the receptance coupling model,
the dynamic stiffness for the assembly is higher than for the
clamped–free boring bar alone. The peak response is reduced from



28 L. Houck III et al. / Journal of Manufacturing Processes 13 (2011) 24–29
Fig. 10. Set-up for frequency response measurements of the vise–holder–sleeve–
boring bar assembly.

Fig. 11. Measurement results for the vise set-up: boring bar alone and
holder–sleeve–boring bar assembly.

3.49 × 10−4 m/N (305 Hz) to 1.80 × 10−4 m/N (365.5 Hz); this
represents a 48% peak magnitude reduction or 1.9 times dynamic
stiffness increase.

The measurement result for the dovetail set-up is displayed
in Fig. 12. Similar behavior is observed as in Fig. 11. The peak
response is reduced from 3.49 × 10−4 m/N (305 Hz) to 1.09 ×

10−4 m/N (365.5 Hz); this represents a 69% peak magnitude
reduction. However, additional modes are also seen, and the entire
response is shifted to the left (lower frequencies). This behavior
makes sense given the non-rigid coupling present in the dovetail
connection. The increased dynamic stiffness relative to the vise
Fig. 12. Measurement results for the dovetail set-up of the holder–sleeve–boring
bar assembly.

set-up is presumably due to increased damping in the non-rigid
dovetail interface.

Finally, the sleeve position was axially varied for the dovetail
set-up to demonstrate the resulting influence on the assembly FRF.
Measurement results (real part of FRF) are provided in Fig. 13,
where the progression is for sleeve positions from the holder
notches (1) toward the free end of the holder (9); the total
range was 70 mm. For position 1, the effective modal mass of
the sleeve was the lowest and the frequency match between
the holder and clamped–free boring bar was poor. Therefore, the
dynamic interaction was weak and the assembly response appears
to be single degree of freedom (within the selected frequency
range). At position 6, minimum assembly magnitude is obtained.
As the effective sleeve modal mass is increased, however, the
natural frequencies are againmismatched and the peakmagnitude
grows. These results show that the sleeve tuning approach offers
sufficient flexibility to tailor the assembly dynamics to aminimum
magnitude for a selected L:D ratio.

5. Conclusions

A tuned holder design was described that provides increased
dynamic stiffness for the holder–boring bar assembly. The design
geometry is simple and relies simply on an approximate natural
frequency match between the holder and clamped–free boring
bar. There are no significant restrictions on the holder design or
material. Aluminum was selected for this study for fabrication
convenience and to enable the thermal shrink fit connectionwith a
commercially available steel boring bar. Additionally, the concept
of mass tuning was demonstrated by adding a sleeve to the
holder. By varying the axial position of the sleeve, its effective
modal mass is changed, and the assembly dynamics were tuned
to the minimum magnitude condition. Experimental results were
provided and a 69%magnitude reductionwas demonstrated for the
assembly relative to a clamped–free boring bar (of the same 12:1
length to diameter ratio) alone.
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Fig. 13. Effect of varying the sleeve’s axial position on the assembly FRF. The sleeve is located at the holder notches for position 1 and displaced 70 mm toward the free end
of the holder for position 9.
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