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This paper is focused on the problem of compliance of interface between clamping/locating fixture ele-
ments and workpiece, under dynamic loads during machining. In contrast to previous investigations,
the authors have developed a special device dedicated to testing of physical models which represent
clamping/locating elements and workpiece. This device allows optimization of a large number of input
parameters which are critical to interface compliance. It was used in experimental investigations to
establish the impact that the radius of the spherical tip of a clamping/locating element has on the inter-
face compliance and load capacity. The results of experimental investigation show that, under certain
conditions, the clamping/locating elements with larger-radius spherical tips provide significantly lower
interface compliance. Future investigations should be aimed at finding optimum macro- and micro-
geometries of contact interface, as well as the selection of materials for clamping/locating elements.

© 2013 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The main objective of machining fixture is to establish and
secure the desired position and orientation of the workpiece dur-
ing machining on machine tool. Fixtures have a direct impact upon
product quality, productivity and cost. The costs associated with
fixture planing, design and manufacture can account for 10-20%
of the total cost of a manufacturing system [1]. On the other hand,
approximately 40% of rejected parts are due to dimensioning errors
that are attributed to poor fixturing design [2].

Many researchers have focused on the investigation of the influ-
ence of fixture-workpiece system on the aggregate accuracy of
machining. As regards the fixture layout optimization, the research
has been mostly focused on: kinematic analysis, force analy-
sis, contact analysis, finite-element analysis (FEA), etc. Numerous
methodologies have been proposed to allow fixture layout opti-
mization.

Meyer and Liou [3] presented a methodology to generate fix-
ture layout under dynamic machining forces. Linear programming
was used to determine optimal positions of locating elements and
clamping forces. Nee et al. [4] reported a sensor-assisted fixture
that was capable of delivering varying clamping loads, calculated
from a quasi-static model, to minimize workpiece distortion. Li and
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Melkote [5] presented an optimal synthesis approach for the fix-
ture layout and clamping force that considers workpiece dynamics
during machining and determines the optimal clamping force for a
multiple clamp fixture subjected to a quasi-static machining force.
Hurtado and Melkote [6] formulated a multi-objective optimization
model that defines minimum clamping loads to achieve workpiece
shape conformability and fixture stiffness goals for a workpiece
subjected to quasi-static machining forces. Kulankara et al. [7]
presented an iterative algorithm that minimized the workpiece
elastic deformation for the entire cutting process by alternatively
varying the fixture layout and clamping force. Vallapuzha et al.
[8] investigated the use of spatial coordinates to represent loca-
tions of fixture elements in their fixture layout optimization model
solved by genetic algorithms (GA). Xiong et al. [9] formulated the
clamping optimization problem as a constrained nonlinear pro-
gramming problem based on the concept of passive force closure.
Kaya and Ozturk [10] simulated the machining operations by using
afinite element model. The machining forces are considered as area
force and applied over the tool workpiece contact area. Liao [11]
used the GA to find the optimal numbers of locators and clamps as
well as their optimal positions in sheet metal assembly such that
the workpiece deformation and variation are minimized. Amaral
etal. [12] employed 3-2-1 locating method and developed an algo-
rithm to automatically optimize fixture support, clamp locations,
and clamping forces, to minimize workpiece deformation, subse-
quently increasing machining accuracy. Deiab and Elbestawi [13]
presented the results of a full factorial experimental investigation of
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the tribological conditions of the workpiece-fixture elements con-
tact surface for workholding applications taking into consideration
the effect of workpiece material, workpiece surface roughness, fix-
ture element roughness, and normal load. Deng and Melkote [14]
presented a model-based framework for determining the minimum
required clamping force to ensure the dynamic stability of a fix-
tured workpiece during machining. Kaya[15] presented a GA-based
continuous fixture layout optimization method. The optimization
objective was to search for a 2D fixture layout that minimizes the
maximum elastic deformation at different locations of the work-
piece. Siebenaler and Melkote [16] presented a fixture-workpiece
model using FEA to investigate the influence of various parame-
ters on workpiece deformation, including the compliance of the
fixture body, contact friction, and mesh density. Tian et al. [17]
presented an approach for optimally selecting the locating pos-
itions of workpieces and identifying feasible clamping regions that
meet the requirements of the form-closure principle for fixture
layout. Sanchez et al. [18] calculated the contact load distribu-
tion and valid clamping regions in machining processes. They also
calculated the contact load using a non-iterative means by mod-
elling both fixture and workpiece as separate and independent
FEA problems. Ratchev et al. [19] addressed this knowledge gap by
proposing a fixture-workpiece behaviour prediction methodology
that utilized commercial FEA software for the prediction of complex
fixture-workpiece behaviour during machining processes. Chen
et al. [20] presented a fixture layout design and clamping force
optimization procedure based on the GA and FEM. The optimiza-
tion procedure was multi-objective: minimizing the maximum
deformation of the machined surfaces and maximizing the unifor-
mity of deformation. Padmanaban et al. [21] used an ant colony
algotithm (ACA)-based discrete optimization method to optimize
fixture layout under dynamic conditions. They also proved that
in the fixture layout optimization ACA outperformed GA. Wang
et al. [22] proposed a system based on FEA which compares the
deformation induced by machining forces to the tolerance. Sys-
tem can mesh workpiece, assign material properties and boundary
conditions, and create FEA files ready for calculation with limited
human interference. Padmanaban et al. [23] optimized fixture lay-
out for 2D workpiece geometry with an objective of minimizing
the workpiece elastic deformation using ACA-based discrete and
continuous fixture layout optimization methods. Hazarika et al.
[24] developed a setup planning methodology for prismatic parts
considering fixturing aspects. The objective function is formulated
to minimize the maximum of locating elements reaction forces
during machining and clamping. Layout optimization is formed
as a constrained optimization problem and solved using nonlin-
ear optimization technique. Vishnupriyan et al. [25] presented a
method for determination of optimal fixture layout in order to min-
imize the machining error considering both locator geometric error
and workpiece elastic deformation. Chaari et al. [26] presented
a modelling methodology for geometrical machining defect. The
kinematical deviation due to part locating and relocating is mod-
elled by homogeneous transformation. Dynamic displacements
caused by clamping and machining force are determined by FEA.
Tadicetal.[27] proposed an approach to workpiece clamping based
on intentional plastic deformation of workpiece in some prede-
fined narrow zones. They analysed load capacity and compliance
of these interfaces. Vishnupriyan [28] investigated the significance
of system compliance and workpiece dynamics as the two criti-
cal sources of machining error. Considering different layouts and
various clamping forces, the resulting components of machining
error were computed. Selvakumar et al. [29] proposed a hybrid
scheme to design an optimum fixture layout in order to reduce
the maximum elastic deformation of the workpiece caused by the
clamping and machining forces acting on the workpiece while
machining.
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Fig. 1. Schematic drawing of fixture elements-workpiece interface compliance.

Several important conclusions stem from the analysis of pre-
viously discussed investigations. Namely, wrong or inadequate
fixturing process can lead to elastic or plastic workpiece defor-
mations, as well as to static and elastic displacements which can
greatly influence final workpiece accuracy. On the other hand, inad-
equate clamping force can cause detachment of workpiece from
locating elements during machining, leading to less efficient fixtur-
ing process. This is especially true when machining thin-walled and
complex-geometry workpieces, where inaccuracy, deformations
and distortions can be minimized through optimization of locat-
ing scheme (number, type, and displacement of locating elements)
and clamping scheme (number, type, and displacement of clamping
elements and clamping force dimensioning). Considering mod-
ern cutting regimes (high cutting speeds, exceeding 1000 m/min,
high feed rates, sometimes over 1000 mm/min, large chip cross
sections and cutting forces) special attention should be paid to
fixture layout optimization which would allow minimization of
workpiece-fixture interface compliance.

Current results in the domain of optimization of micro- and
macro-geometry of clamping and locating fixture elements are
not universally applicable. This is especially true considering the
dynamic behaviour of contact interfaces between fixture ele-
ments and workpiece, i.e., tangential load capacity and interface
load capacity. Investigations published so far, basically deal with
dynamic behaviour analysis of fixture assembly. Thus, it is impos-
sible to thoroughly analyze dynamic behaviour of a specific contact
interface between clamping/locating elements and workpiece.
The authors maintain that comprehensive analysis of dynamic
behaviour and optimization of fixture elements requires, first of all,
a dedicated measuring instrument which allows testing of physical
models which represent clamping/locating elements and work-
piece.With this in mind, investigations in the discussed area should
be directed towards:

¢ development of a universal device to allow experimental inves-
tigation of fixture-workpiece interface compliance in dynamic
conditions, i.e., with realistic simulation of contact interface
loads, and

e investigation and analysis of dynamic fixture-workpiece inter-
face compliance.

2. Methodology

It is often the case that the cutting forces in fixtures are coun-
terbalanced by friction forces which occur on interface, surfaces
between workpiece and clamping/locating elements. Shown in
Fig. 1 is a workpiece (WP) which is located in the neighbourhood
of some point on the direction AB by two locating elements (S; and
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S2). The workpiece is clamped to the locating surface by the clam-
ping force, F.. During machining, workpiece is exposed to dynamic
cutting force, F(t) and cutting moment, M(t). Cutting force, F(t), and
cutting moment, M(t), are functions of time and, in general, can
attack any point on workpiece. Cutting force and moment can be of
various magnitude, direction and sense. Thus, the locating elements
are generally acted upon by normal reactions (F,,; and F,;») and tan-
gential forces (F; and Fy,), which are also known as the friction
forces. When the cutting force, F(t), and cutting moment, M(t), are
acting in the designated direction (Fig. 1), there shall occur certain
displacement due to compliance of the contact interface between
locating elements (S; and S, ) and workpiece, regardless of the mag-
nitude of F(t), and M(t). This is well known from the relation which
describes stress and deformation. The magnitude of displacement,
x, is generally a function of a large number of parameters and can
be stated as follows:

X :f[F(t)5 M(t)7 @, Fn];Fn27Mwlva2,Msl,M525 Gv K] (])

where: F(t) - cutting force; M(t) - cutting moment, F,; and Fy
- normal reactions on locating elements; M,,; and M,,; — a set
of parameters which define mechanical and thermal properties of
workpiece material; M and M, - a set of parameters which define
mechanical and thermal properties of locating elements material;
G - a set of parameters which define macro- and micro-geometry
of locating element and workpiece interface surface; K - other
interface-related conditions, such as machining with or without
coolant and lubricant, machining errors, and other parameters.

Considering a large number of parameters which influence
interface compliance and displacement x, given in expression (1),
the interface compliance can be precisely determined only by
experimental methods. It should be noted that interface compli-
ance between fixture elements and workpiece is directly related
to workpiece errors. Namely, if the displacement is x > T, where
T represents the allowed machining tolerance of some functional
measure relative to the locating surface, AB, (Fig. 1), this shall
inevitably result in machining error.

Proposed in this paper is a radically different approach to the
problem of interface compliance. Especially important for inter-
face compliance is the dynamic behaviour of workpiece and fixture
elements. According to that authors propose the development of
a special device to allow investigation of displacements on phys-
ical models within particular contact interface zones under the
influence of cutting forces of specified dynamic characteristics. In
this way, it should be possible to combine various exchangeable
clamping/locating elements and workpiece material specimens,
use them as contact pairs to test their dynamic behaviour and per-
form optimization of interface load capacity, i.e., minimize interface
compliance. The experimental data shall also be used to produce
regression equations and consider the influence of macro- and
micro-geometry of contact pairs, various fixture element materials,
various magnitudes of cutting force, and other factors on contact
interface compliance

Fig. 2 shows the schematic drawing of the device dedicated to
testing of fixture-workpiece interface compliance. Exchangeable
clamping/locating element, M, which was previously attached to
its carrier, CM, is attached to workpiece material specimen, WP,
which plays the role of the workpiece. In case of a spherical, pointed,
and similar types of contacts, the contact interface is established
in the neighbourhood of points Ki, K, and K3. The element which
locates the workpiece from three points, provides an even load dis-
tribution between particular elements. The contact interface can
also be realized in the neighbourhood of particular lines, or over
a surface - depending on the micro-geometry of contact pair. The
interface contactis loaded by the carrier, CM, and the ball, B. Normal
load (i.e. clamping force), F,, is applied by the lever mechanism, L,
which freely rotates about O, -0, axis, and with calibrated weights,

LP :
. Ly L \c,

Fig. 2. Schematic drawing of the device for measurement of dynamic compliance
of fixture-workpiece interface.

W=mg. Tangential load, F, i.e., component of cutting force, F(t), is
applied by the compression load cell, LC, mounted on the carrier, Cq,
to which a workpiece material specimen, WP1, is affixed. The car-
rier C; is pivoted about point Oq, i.e., axis 01 -01. Depending on the
attack point of cutting force, F(t), i.e., distances Ly and L, a compo-
nent of the cutting force F(t) is transmitted by LC onto the carrier,
CM, at point K. Displacement of carrier CM, i.e., the exchange-
able clamping/locating element, M, is registered by a displacement
sensor, SX, which is mounted on the fixed carrier C,. During dis-
placement of exchangeable clamping/locating element, M, relative
to workpiece material specimen, WP, the ball, B, is rolling along the
carrier CM. Measurement error is the result of unregistered rolling
friction force which occurs between the ball, B, and carrier, CM.
According to calculations which are not presented here, and bear-
ing in mind that rolling friction coefficient is much smaller than
the sliding friction coefficient, there follows that the total measure-
ment error does not exceed 1%. It should be noted that the device
was designed so that this error is minimized. Shown in Fig. 3 is the
auxiliary measurement instrumentation which consists of:

SC DAQ

Fig. 3. System for the measurement of dynamic compliance of fixture-workpiece
interface.
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Fig. 4. Photo image of the device for model testing of dynamic behaviour of clamping/locating fixture elements.

e The compression load cell (shown as LC in Fig. 3) FC2311-0000-
0250, with force range up to 1100 N, measuring tangential force,
F, which is proportional to the cutting force, F(t);

e The inductive displacement transducer W1T (shown as SX in
Fig. 3), with accuracy of 0.017 wm, with nominal displacement of
+1 mm, and deviation of the sensitivity from normal sensitivity
less than +1%. Before the measurement, displacement transducer
was calibrated on a tool microscope, UIM-21;

e The 2 channel HBM signal conditioner (shown as SC in Fig. 3)
which processes the signals from sensors LC and SX;

e The 8 analogue input channels simultaneous sampling data
acquisition module with a 16-bit resolution (shown as DAQ in
Fig. 3), which was used for sampling of the signal from the LC and
the SX; and, The PC which controls DAQ module and stores the
results of measurement for further processing.

The developed device represents an important prerequisite for
advanced research in the domain of compliance analysis and opti-
mization of fixture elements for clamping and locating. The device
offers several basic advantages:

e Contact load F is maintained at the exact, realistic level which
matches that of the machining process. Cutting force can be
generated in the process of milling, grinding or drilling on a
workpiece material specimen, WP, which is made of a partic-
ular material of choice. In addition, cutting regime parameters
and cutting tools can be selected according to requirements.

Exchangeable clamping/locating element, M, can be of arbi-
trary geometry, micro geometry and material. The same applies
to workpiece material specimen, WP.

e Contact pairs are of simple shape and are many times cheaper
than a complete fixture assembly, especially bearing in mind the
vast number of possible variations regarding parameters of influ-
ence.

e Machining can be performed with or without coolant and lubri-
cant.

One essential advantage of this device is the possibility
for a thorough dynamic analysis of the particular type of
fixture-workpiece contact interface, with the influence of other
fixture elements eliminated. This allows extensive comparison and
optimization of particular interface types, opening the way to find-
ing more reliable solutions of clamping/locating elements in terms
of compliance reduction.

Shown in Fig. 4 are photo images of the device designed for
model testing of dynamic behaviour of clamping/locating fixture
elements.

3. Results

The specially designed device was subsequently used to conduct
experimental investigation of the influence of spherical tip on the
clamping/locating element on the compliance of fixture-workpiece
interface. Exchangeable clamping/locating element (Fig. 5a) is
made of EN 10083-1 steel, 56HRc, with a spherical tip in two vari-
ants: R=10mm and R=60mm. In both variants (R=10mm and
R=60mm), the exchangeable elements were grinded so that their
contact area has roughness of R;=0.8-1.0 wm. All elements were
mounted onto the carrier shown in Fig. 5b.

Given in Fig. 6a and b. are photo images of a spherical-
tip exchangeable clamping/locating element with its carrier, and
the workpiece material specimen. Spherical-tip exchangeable
elements (Fig. 6a) were used in the experiment to represent clam-
ping/locating elements (three spherical-tip exchangeable elements
are mounted into the carrier). Experimental investigations were
performed using workpiece material specimens made of C 45 E
(annealed), tensile strength 710 MPa and 208 HB hardness. Chem-
ical composition of the steel was: 0.44%C; 0.18%Si; 0.27%Mn;
0.011%Si, and <0.010%P. Prismatic workpiece material specimen,
25 mm x 30 mm x 50 mm, was used in the experiment to represent
workpiece (Fig. 6b).

Clamping forces, F,, were varied within 278-631.2 N interval.
For each particular value of clamping force, a twist drill, @12, was
used at n=2000RPM and varied feeds, f, to simulate various tan-
gential forces. These forces and their corresponding feeds were
monitored and recorded using the discussed measuring instrumen-
tation.

Shown in Fig. 7a-c are recordings of all tangential forces, F, and
corresponding displacements, x. The results of measurement are
shown in Table 1.

Section A-A

a) Q b)

A

Fig. 5. 2D drawing: (a) exchangeable clamping/locating element, and (b) its carrier.
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Fig. 6. Photo images: (a) exchangeable clamping/locating elements, and (b) workpiece material specimens.
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Fig. 7. Recordings of tangential forces, F, and corresponding displacements, x.

Table 1 contains the values of varied clamping forces, F,,
mean values of dynamic tangential force, F, maximum dynamic
tangential force, Fngx, as well as the mean values of displace-
ment, X, and maximum displacement, Xpng. The values from
Table 1 pertain to the two radii of spherical tip (R=10mm and
R=60mm). Based on the data from Table 1 it is evident that cer-
tain values of dynamic forces and displacement are missing. The
missing values are the result of combinations of cutting and tan-
gential forces which resulted in large displacements, exceeding
50 pm.

Also obvious from Table 1 is the fact that diagrams in Fig. 7a-c
pertain to experiments numbered 1, 4, and 6, in case of clamping
with R=60mm, at F, =631.2 N clamping force.

Fig. 8a and b presents 3D diagrams of dependence of mean
tangential load, F (interface load capacity) on the normal load, F;,
(clamping force) and mean value of displacement, X, obtained for
two different sphere radii (R=10 mm and R =60 mm). The diagrams
in Fig. 8a and b were generated according to data in Table 1.

Correlation between mean tangential force, F, clamping force,
Fn, and mean displacement, x, was established for both radii val-
ues of the spherical-tip clamping/locating element in the following
form:

F=(C1 Fa+C Fi+C3-F3)-X% (2)

Based on regression equation (2) and the general expression for
compliance, ¢ (c=x/F, c - interface compliance, x - displacement, F

Table 1
Results of measurements of tangential forces, F, and corresponding displacements, x.
No. Fa (N) f(mm/min) R=10(mm) R=60 (mm)
F(N) Fiax (N) X (pum) Xmax (Jum) F(N) Finax (N) X (pm) Xmax (p.m)

1 631.2 20 20.51 24.20 0.52 0.60 17.05 20.21 0.51 0.60
2 631.2 40 35.92 42.04 1.16 1.29 38.85 49.09 0.94 1.04
3 631.2 60 52.00 59.79 1.47 1.62 50.50 56.91 1.13 1.24
4 631.2 80 67.11 76.72 2.40 2.70 70.38 76.82 3.38 3.48
5 631.2 100 - - - - 84.05 94.12 8.46 8.67
6 631.2 120 - - - - - - - -
7 513.5 20 18.27 20.92 0.54 0.62 19.04 22.08 0.46 0.64
8 513.5 40 34.19 40.42 0.84 0.99 34.30 38.77 0.95 1.04
9 513.5 60 49.96 56.33 5.36 5.67 49.20 56.64 1.62 1.77

10 513.5 80 - - - - 63.45 68.52 13.31 13.85

11 513.5 100 - - - - - - - -

12 395.8 20 19.77 22.63 1.99 222 19.21 23.64 0.55 0.64

13 395.8 40 35.87 41.91 5.11 5.49 34.97 39.48 1.17 1.28

14 395.8 60 - - - - - - - -

15 278.0 10 12.71 24.20 0.87 1.36 11.48 14.31 0.17 0.43

16 278.0 20 19.40 22.72 1.68 1.86 18.83 22.68 0.66 0.75

17 278.0 30 - - - - - - - -
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S

Fig. 8. 3D diagrams showing dependence of mean tangential load on the interface load capacity, F, normal load F, (clamping force) and mean interface compliance, &, for

two different radii of spherical-tip clamping elements, (a) R=10mm and (b) R =60 mm.

- force causing displacement) one can establish the contact inter-
face compliance, c, as the function of x and F;, for both radii of the
spherical-tip clamping/locating element:

X
(Cr Fa+Cy-F3+C3-F3)-XC

| X

x1-Cq

= (3)
(C1-Fa+Cy-F2+C3 - Fp)

Table 2 shows constant values, C; (i=1-4), spherical tip radii of
the clamping/locating elements, (R), and the corresponding corre-
lation coefficient, (r).

Using data from Table 1 and Fig. 9 shows a 2D rendering of the
dependence of contact interface stiffness on the clamping force for
both spherical tip radii of the clamping/locating elements. The ren-
dering in Fig. 9 visually depicts the changes in contact interface
stiffness as the function of clamping force, for both spherical-tip
radii. For that reason, the diagram deals with contact interface stiff-
ness, which, by definition, equals inverse value of contact interface
compliance. Fig. 9 also shows clamping force, F;, in (daN).
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Fig. 9. Contact interface stiffness for two physical models of clamping elements
with different spherical-tip radii.

4. Discussion

The specially designed device allows experimental testing of
fixture-workpiece interface behaviour under dynamic loads, while
eliminating the influence of all fixture elements other than the
clamping/locating ones. For example, the influence of workpiece
stiffness and fixture elements stiffness is thus successfully elimi-
nated. This allowed following benefits:

e Reliable determination of interface compliance and load capacity
of any type, for the selected dynamic load and clamping force;
Experimental investigation of elements (physical models) with
various macro- and micro-geometry of contact surfaces. For
example, it is possible to investigate contact between two flat
surfaces of various sizes, contact between spheres of various radii
and a flat surface, contact pairs with various micro geometries,
and other types of contacts. In this way, it is possible to conduct
a thorough optimization of contact interfaces between clam-
ping/locating elements and workpiece, thus producing highly
reliable solutions.

Investigations of dynamic behaviour were conducted on a
contact interface between sphere and flat surface. Exchangeable
clamping/locating elements with spherical tips were used to rep-
resent the clamping/locating elements, while prismatic material
specimens were used as workpieces. The goal of experimental
investigation was to establish the influence of tip radius size on the
contact interface compliance and load capacity. It should be noted
that the experiments were performed with relatively lower values
of clamping forces, F,. This can be explained by the fact that this
investigation was focused on locating and clamping of thin-walled
workpieces. Fig. 7a-cillustrates the phenomenon of small displace-
ments of specimens representing the clamping/locating elements
CM, relative to workpiece WP, i.e., the occurrence of slipping and
deformation of material in the contact areas under the influence of
tangential forces of various magnitudes. Based on the typical sig-
nals of tangential forces and their corresponding displacements, it
is possible to discern between three types of displacement:

e Type A displacement (Fig. 7a) when the system reverts to pre-
vious state upon force cancellation, while the displacements are
small, on the micrometre order of magnitude;
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Table 2

Constant values C; (i=1-4), spherical tip radii of the clamping/locating elements, (R), and the corresponding correlation coefficient, (r).

Element Constant Cy Constant C; Constant C3 Constant Cy Correlation coefficient r
R=10 (mm) 1.25x 107! -3.938 x 1074 4.776 x 107 0.501 0.939
R=60 (mm) 1.746 x 10! —4.458 x 104 4371 x1077 03118 0.940
Table3 ) differences from the aspect of contact interface stiffness. However,
Basic statistical parameters for the experimental data. the specimens with tip radius R=60 mm exhibit superior perfor-
Element F(N) SD(F) (N) % (um) SD(R) (um) mance at smaller clampllng force Yalues (experlmeqts 7_—1 1). .
Theoretical explanation of this phenomenon lies in the dif-
R=10(mm) 3324 17.25 1.99 171 ference between contact pressures and various characteristics of
R=60 (mm) 33.07 18.19 1.04 0.87 p

e Type B displacement (Fig. 7b) when the system partially reverts
to previous state upon force cancellation, regardless of the mag-
nitude of displacement;

e Type C displacement (Fig. 7c) where total slipping occurs on the
contact interface, in excess of 400 wm, which represents the limit
set by the safety limit pin on the device (shown as LP in Fig. 2).

Obviously, in case of Type A displacement, the deformations of
material in contact under tangential force, F, predominantly take
placein the domain of elastic deformations. In the case of Type B dis-
placement, there is a significant presence of plastic deformations of
the material within the interface zone. Finally, Type C displacement
means obvious disruption of contact due to sliding.

Regardless of displacement type, the recorded data were ana-
lysed using mean displacement and mean tangential force values
(mean interface load capacity). This allowed objective comparison
of different displacement types from the aspect of workpiece error.

The 3D diagrams in Fig. 8a and b it is evident that the contact
established with a sphere, R=60 mm, features higher load capacity
and lower interface compliance compared with the contact estab-
lished with R=10 mm. This can be clearly seen in the diagrams
(Fig. 8a and b) which were drawn to the same scale, i.e., within
identical value ranges.

Basic statistical parameters for the experimental data are shown
in Table 3. It includes: mean of F (Table 1), standard deviation of F
(Table 1), mean of X (Table 1), and standard deviation of X (Table 1).

In this experimental investigation of interface compliance, there
was no significant difference between the means (F = 33.24N
for sphere radius R=10mm, i.e., F = 33.07N for sphere radius
R=60 mm) at the 95% confidence level. Dispersion of F (R=60 mm)
(SD(F) = 18.19N) was larger than F(R = 10nm) (SD(F) = 17.25N).
This fact implies that the dynamic component of tangential force
was much more intensive during experiments with R=60 mm, than
was the case with R=10 mm. Regardless of that, X of R=60 mm was
48% lower, compared with X of R=10 mm. During experiments 5
and 10 (Table 1), while testing the spherical-tip locating element,
R=10mm, a total slipping occurred, which was not the case with
R=60mm.

The dependence of contact interface compliance on the clam-
ping force for both spherical-tip radii, was established and
expressed through regression Eq. (2) and the general expression
for interface compliance (Eq. (3) and Table 2). Bearing in mind the
relatively high correlation coefficient, this equation can be used to
determine interface compliance depending on the clamping force,
Fn, as well as to analyze the influence of the two different spherical
tip radii of clamping/locating elements.

The diagram in Fig. 9 illustrates the very complex influence of
clamping force and tip radius on contact interface stiffness. The
diagram shows that in the domain of relatively large clamping
forces (experiments1-6) the tested specimens representing physi-
cal models of clamping/locating elements do not exhibit significant

contact surfaces which take place when locating and clamping a
flat surface against the spherical surface of various radii. Given
the normal load, the contact between a larger radius sphere and
a flat surface occurs over a significantly larger surface area which
results in lower specific contact pressure. It should be noted that,
due to low values of clamping forces chosen to adjust to thin-
walled workpiece, it was not possible to precisely determine the
real values of contact surface areas. In other words, the indent
marks on workpiece specimens (Fig. 6b) were small and it was
quite likely that most of the contact deformations were elastic,
and thus disappeared once the clamping force was zero. Obviously,
such calculation would be highly approximate. However, it is clear
from the theoretical standpoint that larger sphere radius provides
larger contact surface area and lower specific contact pressure.
With this in mind, it should be noted that numerous results [30,31]
of tribological investigations imply that friction coefficient tends
to increase with the reduction of contact pressure and increase
of contact surface area. For this reason, the interface compliance
follows the same trend, which is confirmed by the results of this
investigation.

5. Conclusions

Based on the previous discussion it is possible to draw following
conclusions:

e According to survey of literature, published analyses of interface
compliance between clamping/locating elements and workpiece
under dynamic loads have been mostly confined within the
analysis of dynamic behaviour of fixture assemblies. However,
such investigations are devoid of universal character and do not
allow optimization of material and macro-/micro-geometry of
the clamping/locating elements with interface compliance or tan-
gential load capacity as the goal function.

The device which was specially designed in this investigation
for the purpose of testing the dynamic behaviour of clam-
ping/locating fixture elements, allows testing of physical models
which represent clamping/locating elements and workpiece, and
offers wide possibilities for investigations in this area.

The results of experimental investigations presented in this paper
have shown that the proposed measuring device allows a signif-
icant leap forward in the domain of optimization of the types of
contact interfaces between clamping/locating fixture elements
and workpiece. This allows increase of tangential loads, and
decrease of interface compliance.

The results can find a very significant application in industry,
allowing redesign of clamping/locating fixture elements in order
to increase fixture-workpiece load capacity and lower interface
compliance. Positive effects of such redesign lie in the higher
reliability of fixtures, increased machining accuracy or higher
productivity based on more intensive cutting regimes.

The authors maintain that future investigations should be
directed towards optimization of contact macro- and micro-
geometry, as well as towards selection of materials for
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clamping/locating fixture elements. Moreover, it would be of spe-
cial importance to focus on experimental investigations of the
behaviour of interface compliance under intensive cooling and
lubrication of workpiece during machining. More precisely, it is
highly likely that lubrication of contact surfaces on workpiece and
standard clamping/locating fixture elements (with flat or spher-
ical contact surface) boosts the interface compliance. Under such
circumstances, it would be very useful to apply clamping/locating
fixture elements which slightly penetrate the workpiece surface,
causing only minor aesthetic changes, while allowing significant
increase in fixture-workpiece load capacity.
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