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The design of a strain gage dynamometer to measure three-dimensional grinding forces during surface
finishing of molds and dies is presented in this article. The dynamometer is composed of four measuring
blocks to which strain gages are attached. The measuring blocks in this study were designed so that when
strain gages are attached at particular places, the blocks deform in such a way that forces in the x, y, and
z directions can be separated with little interaction. This behavior was confirmed with finite-element
results, and static calibrations performed on the measuring blocks further verified this behavior. In this
study, the dynamometer is used to measure grinding forces in a surface-finishing system with a hand
grinder mounted on a spindle of a machining center.
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1. Introduction

Very often, a material removal process is performed to-
gether with force measurement. Force measurement is, there-
fore, a part of the study of material removal processes (Ref 1).
Octagonal ring dynamometers have been used and discussed by
many researchers (Ref 1-4). In most cases, the octagonal ring
dynamometers can measure forces in the normal (or radial) and
tangential directions. A variety of modified designs exist, how-
ever, to upgrade octagonal rings to measure forces in more than
two component directions. In the designs given by Shaw (Ref
1) and Hsu and Choi (Ref 2), the third force component could
also be measured because the four octagonal rings were
mounted so that they faced in two different but orthogonal
directions. Brewer and Hull (Ref 5) proposed a similar design,
in which four half-octagonal rings were used and six force
components could be measured. Due to interactions, the cali-
bration processes of these designs required the determination of
calibration matrices of size 3 × 3 for the design by Hsu and
Choi (Ref 2), and 8 × 6 for the design of Brewer and Hull (Ref
5). Zhe-Jun et al. (Ref 6) modified the structure of the octago-
nal ring, and strain gages were oriented so that bending strains,
shear strains, and axial strains could be measured. The dyna-
mometer so designed was able to measure three-component
forces. In this article, a new design for a three-component
dynamometer with octagonal measuring blocks is presented. In
this design, each measuring block can measure three force
components, and interactions can be eliminated within each
measuring block.

2. Construction

The dynamometer shown in Fig. 1 includes four measuring
blocks mounted between two plates. The measuring block
shown in Fig. 2 contains two orthogonal hollow regions, which
can undergo appreciable deformation when loaded by any of
the force components (i.e., Fx, Fy, and Fz). Strain gages are
attached to each of these measuring blocks at positions of
maximum axial strain, �zz (in absolute values), and these po-
sitions may be determined by finite-element (FE) analyses. In
this research, the FE software COSMOS-M is used. The mesh
contains 4092 quadratic, 10-node, tetrahedral elements and
7677 nodes. As a force Fx � 100 N is applied to the top of a
measuring block the bottom surface of which is fixed, and the
deformed shape (exaggerated) obtained by FE analyses is
shown in Fig. 3. Strain gage positions for this force are indi-
cated as X1 and X2 (Fig. 2). Similarly, strain gage positions for
Fy, and Fz are (Y1, Y2) and (Z1, Z2), respectively, as Fig. 2
shows.

As the measuring block is subjected to a single force, Fx, on
the top surface (i.e., the same loading causes the deformation
shown in Fig. 3), FE results show that axial strains �zz at strain
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Fig. 1 Dynamometer in an automatic grinding system
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gage positions X1 and X2 have opposite signs. The average
strain for block A may be defined as:

�A�x� =
1

2
��AX1

− �AX2
� (Eq 1)

where �AX1
and �AX2

are strains measured by gages X1 and X2

on measuring block A. As strain gages on blocks A, B, C, and
D are connected in the way shown in Fig. 4, then the output
voltage EX is given by:

EX =
1

8
��AX1

− �AX2
+ �BX1

− �BX2
+ �CX1

− �CX2
+ �DX1

− �DX2
� × K × E (Eq 2)

where K is the gage factor, and E is the voltage. The electric
circuit for Fx may be found in Lin (Ref 7). If strain gages Y1

and Y2 are used instead of X1 and X2, then the force Fy may be
measured. The connection of the strain gages onto the four
measuring blocks and the electric circuit for Fy are the same as
those for Fx (also found in Lin, Ref 7).

Now consider the case in which a force, Fz, is applied to the
top surface of measuring block A. It can be seen that if Fz is
downward, then �zz < 0 for strain gages Z1 and Z2. Hence, the
average strain may be defined as:

�A�z� =
1

2
��AZ1

+ �AZ2
� (Eq 3)

If strain gages on four measuring blocks are connected in the
way shown in Fig. 5, then the output voltage EZ is given by
(Ref 7, 8):

EZ =
1

8
��AZ1

+ �AZ2
+ �BZ1

+ �BZ2
+ �CZ1

+ �CZ2
+ �DZ1

+ �DZ2
� × K × E (Eq 4)

The electric circuit for measuring Fz may once again be found
in Ref 7.Fig. 2 Strain gage positions on a measuring block

Fig. 3 Deformed shape of the measuring block as a force Fx � 100 N is applied
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3. Elimination of Interactions

Figure 6 shows the top view of the upper plate. Four mea-
suring blocks are fixed to the plate at points A, B, C, and D. The
workpiece is fixed to the surface of the plate, and, during the
grinding process, the resultant contact force between the work-
piece and the plate, R� = Rxi� + Ryj� + Rzk�, is applied at point P.
The coordinates of point P, measured from the origin O, are
given as x and y, and the moment produced by R� about the
point A may be shown to be:

M� A = Mxi� + My j� + Mz k�

= �1

2
H − y�Rzi� − �1

2
W − x�R z j� + ��1

2
W − x�Ry

− �1

2
H − y�Rx�k� (Eq 5)

Hence, this moment is three-dimensional, and each component
is generally nonzero. Fx, Fy, and Fz denote forces applied to
measuring block A (Fig. 7). Because measuring block A is
bolted to the upper plate at the geometric center of its upper

surface, forces Fx, Fy, and Fz, are applied to the measuring
block at roughly the center. Due to symmetry, the force Fz

causes equal strains in X1 and X2, and, from Eq 1, they cancel
each other. Therefore, the normal force Fz has little effect on
measuring the tangential force Fx. Likewise, Fz also produces
equal strains in gages Y1 and Y2 and has negligible influence
on Fy.

Fig. 4 Connection of strain gages for measuring Fx

Fig. 5 Connection of strain gages for measuring Fz

Fig. 7 Forces and moments applied to the measuring block

Fig. 6 Top view of the upper plate
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Next, consider the effect produced by the moment My, given
by Eq 5, on force Fx. The thin walls on which strain gages X1

and X2 are attached (Fig. 2) have very low stiffness, making
adjacent parts resemble rigid bodies. Thus, each of these walls
may be represented by a beam that is completely fixed at both
ends. It may be shown, by using elementary strength of mate-
rials, that the couple My produces no deformation on a beam
that is completely fixed at both ends. Therefore, the moment
My causes small strains on strain gage positions X1 and X2.
Similar arguments lead to the conclusion that the moment Mx

has little effect on strain gages Y1 and Y2.
FE analyses were performed to verify the conclusions

reached so far. The same mesh shown in Fig. 3 was used in
these analyses. Table 1 shows the results for two loading cases:
(a) A force Fx � 100 N is applied to the geometric center of the
upper surface of the block, and (b) a force Fx � 100 N and a
couple My � 20 N · m is also applied to the block. The bottom
surface is completely fixed. FE nodal coordinates are deter-
mined by the preprocessor and generally do not coincide with
strain gage coordinates (shown in the second column in Table
1). The closest nodes (i.e., coordinates shown in the third col-
umn) are used for comparison. Normal stresses at these nodes
are identical for loading cases a and b. Hence, the moment My

does not have any influence on stresses produced by the force
Fx. Because normal strains may be uniquely determined by
these stresses, My produces no strains on strain gages X1 and
X2. Table 2 shows that the stresses in strain gage positions Y1

and Y2 are not affected by the moment Mx.

4. Calibration

Static calibrations are performed to verify the analyses dis-
cussed above. Balancing weights are imposed and removed
from the dynamometer to produce loading and unloading paths.
Table 3 and Fig. 8 show output voltages due to force Fx. Note
that in Fig. 8 all loading paths coincide with the corresponding
unloading path. Results for Fy and Fz are shown in Fig. 9 and
10, respectively, and numerical values are given in Tables 4
and 5, respectively. It can be seen from these figures that little
interaction occurs.

5. Measuring Results and Discussions

Rotary hand grinders have become important tools for the
grinding and mechanical polishing of molds and dies. They are
used for manual operations and also in automatic surface-
finishing systems (Ref 9, 10). In a surface-finishing process
using a rotary hand grinder with a carbide bur, grinding and
polishing forces are generally three-dimensional, and the mag-
nitude of each force component is less than 50 N. This dyna-
mometer is used to the measure grinding forces of a hand
grinder driven by a machining center (see Fig. 1) to move along
a reciprocal path. Figure 11 shows the measuring results as the
hand grinder is driven with a feed rate 25 mm/min while ro-
tating at 10,000 rpm. The grinding depth is 50 �m. The diam-
eter of the tool is 0.3 mm, and the specimen material is S45C
steel. It may be seen from these figures that the normal grind-
ing force (Fz) is higher than the tangential forces Fx and Fy and
is generally within a range, under the current grinding condi-
tions, of 0 to 6 N. Average grinding forces in the x, y, and z
directions are calculated to be 0.23, 0.61, and 2.18 N, respec-
tively. Grinding forces may go up as the hand grinder changes
directions along its reciprocal path. At these locations, the nor-
mal grinding force (Fz) may reach a value of 9.8 N, or 4.5 times
higher than its average value.

6. Conclusions

The measuring block and corresponding strain gage posi-
tions proposed in this article may eliminate interactions among

Table 2 Stresses and strains as the measuring block is subjected to the following forces: (a) Fy = 100 N (b) Fy = 100 N
and Mx = 20 N � m

Strain
gages

Gage coordinates
(x,y, z), cm

FEM nodal coordinates
(x,y, z), cm

�xx, MPa �yy, MPa �zz, MPa

(a) (b) (a) (b) (a) (b)

Y1 (2.25, 0, 1.7) (2.25, 0, 1.63) 67.3 67.3 9.27 9.27 238.1 238.1
Y2 (2.25, 1.5, 1.7) (2.32, 1.5, 1.66) −61.7 −61.7 −6.66 −6.66 −214.5 −214.5

Table 3 Output voltage due to Fx

Loading Unloading

Fx (N)

Voltage, V

Fx (N)

Voltage, V

x-axis y-axis z-axis x-axis y-axis z-axis

0 0 0 0 0 0 0 0
10.0 1.618 0.022 0.044 10.0 1.676 0.024 0.020
20.0 3.312 0.042 0.112 20.0 3.358 0.052 0.044
30.0 4.960 0.068 0.166 30.0 5.004 0.064 0.154
40.0 6.620 0.076 0.260 40.0 6.676 0.082 0.244
50.0 8.300 0.096 0.320 50.0 8.300 0.096 0.320

Table 1 Stresses and strains as the measuring block is subjected to the following forces: (a) Fx = 100 N (b) Fx = 100 N
and My = 20 N � m

Strain
gages

Gage coordinates
(x,y, z), cm

FEM nodal coordinates
(x,y, z), cm

�xx , MPa �yy , MPa �zz , MPa

(a) (b) (a) (b) (a) (b)

X1 (0, 0.75, 4.95) (0, 0.75, 5.03) −12.51 −12.51 48.42 48.42 186.5 186.5
X2 (0.05, 0.75, 4.95) (0.05, 0.78, 4.85) 10.32 10.32 −73.84 −73.84 −246.8 −246.8

Note: FEM, finite-element method
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force components. Specifically, the influences of Fz on mea-
suring Fx and Fy are reduced by the symmetry of the block
about the xz and the yz planes. Also, interactions between Fx

and My, and between Fy and Mx, are restrained by fixed-end
effects. Calibration results show that the dynamometer con-
structed with these measuring blocks has little interaction and,
hence, may be used for three-dimensional force measurement.
This dynamometer was then used to measure the grinding
forces of an electric hand grinder driven by a machine center.
Along a reciprocal grinding path, the local maxima of the nor-
mal grinding force occur at locations where the hand grinder

changes direction, and the global maximum force may reach a
value 4.5 times higher than the average force.
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Table 4 Output voltage due to Fy

Loading Unloading

Fy (N)

Voltage, V

Fy (N)

Voltage, V

x-axis y-axis z-axis x-axis y-axis z-axis

0 0 0 0 0 0 0 0
10.0 0.030 1.358 0.028 10.0 0.036 1.398 0.114
20.0 0.046 2.760 0.050 20.0 0.078 2.798 0.080
30.0 0.102 4.156 0.054 30.0 0.104 4.230 0.090
40.0 0.130 5.970 0.058 40.0 0.122 5.662 0.084
50.0 0.170 6.978 0.070 50.0 0.170 6.978 0.070

Table 5 Output voltage due to Fz

Loading Unloading

Fz (N)

Voltage, V

Fz (N)

Voltage, V

x-axis y-axis z-axis x-axis y-axis z-axis

0 0 0 0 0 0 0 0
10.0 0.009 0.003 0.045 10.0 0.019 0.026 0.041
20.0 0.008 0.008 0.091 20.0 0.016 0.024 0.089
30.0 0.002 0.006 0.135 30.0 0.010 0.020 0.131
40.0 0.004 0.008 0.180 40.0 0.007 0.017 0.181
50.0 0.008 0.005 0.223 50.0 0.009 0.008 0.223

Fig. 8 Calibration curves for Fx

Fig. 9 Calibration curves for Fy

Fig. 10 Calibration curves for Fz
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