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Abstract Hierarchical ribs can be used to keep balance be-
tween heat transfer enhancement and pressure drop reduction.
The unique hierarchical structure which features a first-order
asymmetric arc rib imposed by second-order microgrooves
greatly reduces the pressure drop as well as enhances the heat
transfer. However, it is hard for conventional machining tech-
niques to generate such complicated configurations, especial-
ly freeform geometries in the micron range. Taking advantage
of ultra-precision raster milling (UPRM), a novel one-step
machining process, for advanced hierarchical ribs is proposed
and demonstrated. In this paper, the principle of the cutting
strategy for the second-order microstructures and cutting con-
ditions that affect the basic features of the structures are
discussed. In addition, three-level factorial design of cutting
speeds, feed rates, and depth of cuts were set and used to
machine hierarchical ribs on a copper workpiece. It was found
that the cutting strategy was affecting the geometry of second-
order microstructures of hierarchical ribs in UPRM.
Moreover, the result revealed that at low levels of feed rate
and cutting depth, a middle level of cutting speed provides a
better quality of second-order microstructures than a middle
level of feed rate, high level of cutting depth, and low level
and high level of cutting speed. Maintaining a balance be-
tween machining efficiency and hierarchical structure genera-
tion quality is thoroughly assessed bymachining second-order
microgrooves on asymmetric arc primary surfaces.

Keywords Hierarchical rib . One-step machining .

Ultra-precision raster milling . Cutting strategy . Cutting
conditions

1 Introduction

Artificial roughness has been investigated for a few decades
for their special function in enhancing heat transfer in heat
exchangers [1–3]. It is found that the transverse ribbed surface
in cooling channels could enhance heat transfer rates by
forced convection. Several investigators have verified this
phenomenon through simulations and experiments [4–7].
The ribbed surfaces act as a turbulence generator to break
down the thermal resistance layer near the surface, therefore
enhancing the heat transfer. However, with the improvement
of heat transfer, the pressure drop will greatly increase. In
order to keep a balance between enhancing heat transfer and
minimizing pressure drop, a more complex hierarchical rib is
employed by the authors [8]. Compared to other shaped ribs,
hierarchical ribs with asymmetric arc geometry could avoid
generating the fore eddy as well as promote the separated flow
to reattach the surface. A typical cooling channel and the prac-
tical surface topography of a hierarchical rib are illustrated in
Fig. 1. Flow direction is from right to left in the graphs indi-
cated by the pointed arrow. Based on the flow boundary con-
dition, the dimensions and arrangement of ribs need to be
adjusted.

Different machining techniques have been attempted
to fabricate these microstructures on cooling surface.
The conventional methods commonly used include laser
beam machining [9], grinding [10], wire electrochemical
machining [11], ploughing extrusion [12], etc. However,
conventional machining techniques cannot deal with
more complex configurations, such as freeform
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geometries in the micron range. Ultra-precision raster
milling (UPRM) is an ultra-precision machining technol-
ogy making use of a single crystal diamond tool for
fabricating non-rotational freeform surfaces with nano-
metric surface roughness and sub-micrometric form ac-
curacy, without the need for any subsequent post-
polishing [13].

Cutting conditions and cutting strategies play an important
role in machining components’ surface quality, which have
been studied by employing theoretical and experimental tech-
niques to provide the optimum feed and speed [14–16]. Kong
et al. [17] conducted a series of experiments to study the effect
of different cutting factors on surface generation in ultra-
precision raster milling. It was found that the surface rough-
ness is critically influenced by the machining factors (i.e., tool
geometry, cutting strategy, and tool wear), and the form accu-
racy of freeform surfaces is greatly affected by machining tool
characteristics (i.e., slide motion errors, spindle error motions,
and the relative vibration between the tool and the workpiece).
Cheng et al. [18] built a simulation system to predict the sur-
face generation precision and optimize cutting conditions and
cutting strategy in ultra-precision raster milling. Duong et al.
[19] introduced a prediction method for the deformation of the
microchannels in the ultra-precision machining process.

A dynamic model was established by Zhang and To [20],
which was employed to study the impact of cutting force on
surface generation under spindle vibration in ultra-precision ras-
termilling. Albertelli et al. [21] used simplifiedmodels to analyze
the effect of machine on spindle dynamics. It was found that the
stability of the cutting process can be enhanced by controlling
tuning criteria. In order to improve the quality of surface in a

given machining time, Wang et al. [22] reported a new method-
ology to integrate the optimization of cutting conditions and tool
path generation by the predictionmodels for ultra-precision raster
milling. Gao et al. [23]) proposed a reverse calculation method to
predict the form errors and evaluate the capacity of ultra-
precision machining.

The previous research works have studied different
methods and techniques to optimize the machining parameters
and strategies for ultra-precision milling operations to gener-
ate a lower roughness plane or various freeforms. There is a
lack of investigation in regard to the optimization of hierar-
chical microstructure generation in ultra-precision raster mill-
ing. Moreover, accompanied with high-accuracy surface
roughness and low form error, ultra-precision raster milling
usually consumes considerable time and cost because of the
trial-and-error cutting approaches. Maintaining a balance be-
tween efficiency and accuracy of surface generation is impor-
tant. In this research, UPRMwas used to generate hierarchical
asymmetric rib in a one-step machining process. A series of
cutting experiments was carried out to study the effect of dif-
ferent factors and cutting strategy on the quality of hierarchical
ribs and the efficiency of machining process.

2 Experimental

2.1 Hardware configuration of the experiment

After machining, the samples were cleaned. Since the thermal
and dynamic performance of 2D transverse ribs is very sensi-
tive to the quality of configurations and arrangements of ribs,

Fig. 1 The scheme of single-
phase channel with various
shapes of microstructures for heat
exchange. a The dimensions of
the channel and microstructure
and b the enlarge freeform ribs
withrib height e=600 μm and the
width of rib to the height of rib
w/e=4
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UPRM was performed on a Freeform 705G (Precitech Inc.,
USA), which is shown in Fig. 2. UPRM provides a solution
for machining freeform surfaces with sub-micrometric form
accuracy and nano-metric surface roughness without the need
for any subsequent post-polishing.

The specifications for linear axis and spindle motion of the
machine are shown in Fig. 2. The diamond tool is attached to
the spindle. The workpiece is clamped on the fixture and fol-
lows the linear motion along the Y-axis and rotational motion.
The machine performs high precision feed for 3D milling,
grinding, and two-axis turning. For the Freeform 705G ma-
chine, there are three linear axis (X, Y, Z) movements and two
rotational axis (B, C) movements.

2.2 Cutting strategy

There are two possible cutting strategies: One is horizontal cut-
ting and the other is vertical cutting, as shown in Figs. 3 and 4,
respectively. There are two main motions during the cutting
process: the feed motion and the raster motion. According to
the characteristics of the desired surface topology and the geom-
etry of the functional ribs, different appropriate cutting strategies
are required in UPRM. The horizontal cutting strategy is shown
in Fig. 3, in which the cutting tool feed direction is horizontal.
After finishing one cutting step, the diamond tool moves a step
in the raster direction. The process is repeated over the whole
surface. Figure 4 shows the vertical cutting strategy, in which the
feed direction is along the vertical direction, while the diamond
tool moves a step in the horizontal direction.

The principle of the generation of the hierarchical micro-
structures by horizontal cutting strategy is shown in Fig. 3.
The diamond tool is fixed to the main spindle and forms a
cutting plane when the spindle rotates. Figure 3a shows the tool
path of machining the primary structure on the material surface
under horizontal cutting strategy. Because the feed direction is
parallel to the transverse rib, after the diamond tool cuts the
surface, a series of second-order microgrooves, along the

transverse direction, was generated on the rib surface. The
depth of microgroove was determined by the step distance
and tool angle. The generation of second-order microgrooves
is shown in Fig. 3b. The red characters (i.e., T1,T2…Tn) repre-
sent the order of the cutting steps with a given constant cutting
depth of ε, and the subscript n is the number of cutting times to
generate a desired depth of groove. For example, if the cutting
depth is ε=2μm, it needs to cut n=10 times to obtain a groove
with the desired depth d of 20 μm.

For horizontal cutting, based on the relationship of step
distance w, desired microgroove distance d, and cutting tool
angle α, the ideal depth of microgrooves can be calculated by

d ¼ 1

2
w � ctg α

2

� �
ð1Þ

where d is the desired depth,w is the step distance, andα is the
cutting tool angle.

The machining process of the vertical cutting strategy is
shown in Fig. 4. Due to the feed direction being parallel to
the transverse rib, after the diamond tool cuts the surface, a
series of tool interval marks, which cross the transverse direc-
tion, was generated on the rib surface. The tool path of vertical
cutting strategy is shown in Fig. 4a; the calculation model of
the artificial roughness is shown in Fig. 4b; the scallop of tool
interference in the depth direction is calculated by

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2−

ω
2

� �2
r

ð2Þ

When the spindle of the machine rotates at a given speed ω,
the flying diamond tool traces a circular plane. The radius of
the circle equals to the swing distance R.

2.3 Tool path

According to the relative position of the flying tool plane and the
ribs, there are two types of machining method to control the

Fig. 2 Freeform 705G ultra-
precision machine and five axes
of machine tool
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microtexture on the rib surface as shown in Fig. 4. The dimen-
sions of transverse ribs are much smaller than the swing radius
value of R. If the flying tool plane is in the Y–Z coordinate plane
(parallel to the longitudinal direction), the interference between

the diamond tool and transverse ribs will occur as shown in
Fig. 5a. When the flying tool plane machines the microstructures
in the X–Z plane, the interference could be avoided as shown in
Fig. 5b
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Fig. 3 The horizontal cutting strategy: a relative position of cutting tool and workpiece, b tool path (top view), and c ideal artificial roughness profiles
and mechanism of forming microgrooves (side view)

Fig. 4 The vertical cutting strategy: a relative position of cutting tool and workpiece, b tool path (top view), and c ideal artificial roughness profiles (side view)
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2.4 Cutting parameter determinations

The diamond tool plays a very important role in the one-step
machining process, and the shape of the cutting tool deter-
mines the shape of second-order microgrooves.

Single crystal diamond tools have many outstanding ad-
vantages involving nano-metric edge sharpness, high repro-
ducibility, and highwear resistance. A sharp tool whose radius
of arc is extremely small is required to fabricate some special
types of components, such as V-grooves. The sharp diamond
tool with a 40° tool angle is shown in Fig. 6.

The machining parameters such as cutting depth, revolution
speed of the spindle, feed rate, step distance, and cutting tool

angle are the critical factors that affect the surface texture and
form accuracy. Three groups of machining experiments were
conducted (i.e., groups 1 to 3) to study the effect of the cutting
conditions (i.e., cutting depth, revolution speed of the spindle,
feed rate, and tool angle) on the second-order microstructure
generation. The cutting conditions are shown in Table 1.

Hierarchical ribs are machined by horizontal cutting strat-
egy, and the step distance determines the depth of second-
order microgroove. In this study, the desired depth of
second-order microgroove was set as d=20 μm. According
to Eq. (1), in order to obtain the desired depth of microgroove,
the step distance w was set as 8.68, 14.56, and 20 μm for tool
angles of 25.5°, 40°, and 90°, respectively.

3 Results and discussion

3.1 Effect of cutting strategy

The surface generation for different cutting strategies has been
introduced in Sect. 2. Examples of the machined cross section
of microstructures are given in Fig. 7. Asymmetric arc ribs
with and without transverse second-order microstructures ma-
chined are shown in Fig. 7a, b, respectively.

In Fig. 7a, the second-ordermicrogroove arrays overlap on the
primary asymmetric rib surface. These surface features greatly
contribute to the enhancement of the heat transfer rate and min-
imizing of the pressure drop in a microstructure heat exchanger.
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Fig. 5 The relative position of
workpiece and flying cutting tool
plane: a tool plane in Y–Z plane
and b tool plane in X–Z plane

Fig. 6 The SEM photo of sharp diamond tool with tool 40° angle used in
UPRM
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Due to the flow speed of the viscous layer being very slow
near the smooth surface, it will form a thermal resistance layer
between the heat surface and high-flow speed upper layer. The
second-order microgrooves contribute to break the thermal
resistance layer and enhance the flow convection, thereby en-
hancing transfer of local heat to the upper layer. Moreover, the
second-order microgrooves also act as a turbulence generator,
which can reduce the weak region of the leeward side of ribs
and minimize the form pressure.

The SEM micrograph of an asymmetric rib without trans-
verse microgrooves is shown in Fig. 7b. The artificial rough-
ness of the asymmetric arc rib is found to be relatively smaller
than ribs machined by vertical cutting. In order to improve the
efficiency of fabrication for the microstructures, increasing the
step distance is one of the possible methods. However, the
path-interval scallop height also increases with increasing step
distance, which may influence the flow near the wall.
Nikuradse [24]) classified the characteristics of the rough sur-
face into three regimes, as follows:

1. Hydrodynamic smooth surface: 0<uτε/v≤5,

2. Transition rough surface: 5<uτε/v≤70,
3. Complete rough surface: 70<uτε/v,

where uτ is the friction velocity, τω=fρu
2/2 is the shear stress,

f=0.046/Re2 is the fining friction factor, u is the average ve-
locity, ρ is the fluid density at the wall, e is the equivalent
roughness height, ν is the kinematics viscosity, and Re is the
Reynolds number. According to the flow boundary condi-
tions, the step distance should be controlled within a reason-
able range, which ensures that the artificial roughness is a
hydrodynamic smooth surface.

Figure 8 shows the topography of arc asymmetric rib
surface machined by vertical cutting. It can be seen that
the scallop direction is along the X-axis (longitudinal
direction). The step distance is 240 μm, and the highest
height of peak to valley is about 5 μm. For flow with a
high Reynolds number (i.e., Re from 20,000 to 60,000),
the artificial roughness surface could be considered as a
hydrodynamic smooth surface, which means that the
artificial roughness will not affect the flow near the wall
at this scale.

Table 1 Set of cutting conditions
in the machining experiments Group 1 2 3

Cutting condition Cutting depth ε Revolution speed of the spindle ω Feed rate f

α (°) 25.5, 40, 90 25.5 25.5

ε (μm) 2, 5, 8 2 2

ω (rpm) 4000 2000, 4000, 6000 4000

f (mm/min) 50 50 50, 100, 150

Fig. 7 SEM micrograph of cross
section of a transverse rib a
obtained by horizontal cutting
strategy and b machined by
vertical cutting strategy
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Fig. 8 Surface roughness of ribs
machined by vertical cutting a
topography of rib surface and b
profile of surface roughness
(measured by 3D optical
measurement system)

Fig. 9 The SEMmicrophotographs of cross-sectional second-order microgrooves machined byUPRM; the cutting depths are 2, 5, and 8 μm from left to
right. a–c Machined by 25.5° tool angle, d–f machined by 40° tool, and g–i machined by 90° tool angle

Int J Adv Manuf Technol (2016) 86:989–998 995



3.2 The effect of cutting depth with different tool angles

The effect of cutting depth on themicrogrooveswas studied. The
cutting experiments were carried out under group 1. The other
cutting parameters were fixed. The revolution speed of the spin-
dle was 4000 rpm, and the feed rate was 50 mm/min. Figure 9
shows the second-order microgrooves machined by different
cutting depths of 2, 5, and 8 μm from left to right, respectively.

The second-order microgrooves machined by the 25.5° dia-
mond tool are shown in Fig. 9a, b, c. It can be seen that the
differences between the three testing groups ofmicrogrooves are
very obvious. Figure 9a shows the microgrooves machined by a
25.5° diamond tool at the cutting depth of 2 μm. The shape of
the microgroove is a regular “V,” and the top of the groove is
very thin while the root is thick. The depth of the microgroove is
19.2 μm for a cutting depth of 2 μm, which is close to the
desired depth of 20 μm. In addition, the top of the groove ridge
bends slightly toward the opposite raster motion direction for the
tool angle of 25.5°, but no such plastic distortion occurs on the
roots of the grooves where the tooth of groove is relatively
thicker. The microgrooves were machined by 40° and 90° and
are shown in Fig. 9b, c. Due to the existence of burrs on the tops
of the microgrooves, the depths are much deeper for the set
values of the microgrooves under a cutting depth of 5 and
8 μm, and the measured depths of microgroove are 22.3 and
29.1μm, respectively. So, the results show that the phenomenon
of burrs becomes more serious with increasing depth of cut.

The microgrooves machined by the 40° diamond tool are
shown in Fig. 9d, e, f under the cutting depths of 2, 5, and
8 μm, respectively. There still exists some burrs on the top of
microgrooves under a large cutting depth for the 40° tool

angle, but the plastic deformation resistance of larger cutting
tools performs much better than the 25.5° tool angle. For the
90° diamond tool, the burrs on the tops of microgrooves
completely disappear under all cutting depths as shown in
Fig. 9g, h, i. Furthermore, there is no deformation on the tops
of microgrooves at all. So, the effect of cutting depth on the
quality of microgrooves is not obvious for a large tool angle.

Increasing the cutting depth processing means reducing the
number of cutting times, therefore improving the machining
efficiency. However, increasing the cutting depth does not
facilitate the removal of burrs during the machining process.
Especially for small tool angles, the effect is more serious. In
addition, with larger cutting depth and increase in the volume
of material removal for each cutting step, the friction between
the microgroove surface and the chip material greatly in-
creases, which leads to more serious deformation at the thin-
ner tops of grooves. So, the cutting depth should be chosen a
low level (2 μm) for small tool angles. For bigger angle
second-order microgrooves, it can be increased the cutting
depth to improve the efficiency of the machining process.

Because the quality of microgrooves machined by a small
tool angle are more sensitive to the cutting conditions, the
analysis of second-order microgrooves will be focused on
the 25.5° tool angle in the next experiments.

3.3 The effect of revolution speed of spindle

The cutting experiments were carried out under group 2. The
revolution speed of the spindle was varied from 2000 to
6000 rpm. Since a smaller value of tool angle is sensitive to
the cutting factor, a tool angle of 25.5° was used. The other

Fig. 10 The SEM of second-
order microgrooves machined by
UPRM at different revolution
speed of spindles ω for tool angle
25.5°: a ω=2000 rpm, b ω=
4000 rpm, and c ω=6000 rpm

Fig. 11 The SEMofmicrotexture machined byUPRM at different feed rate f for tool angle 25.5°: a f=50mm/min, b f=100mm/min, and c f=200mm/min
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parameters were held constant, and the cutting depth chosen
was 2 μm, and the feed rate was set at 50 mm/min.

SEM micrographs of the microgrooves machined at differ-
ent revolution speeds of the spindle are shown in Fig. 10. As
shown in Fig. 10a, the depth of the microgroove d is about
28.3 μm, which is much deeper than the set value of 20 μm
and means that the cutting is not sufficient under this low
revolution speed of the spindle. The phenomenon of burrs
on the tops of microgrooves is obvious. The microgrooves
bent in the opposite direction to the raster. The microgrooves
produced at the revolution speed of the spindle of 4000 rpm
are shown in Fig. 10b. The depth of microgroove is about
20.2μm, which is very close to the set d value of microgroove
depth; there are no burrs on the top. In addition, the micro-
grooves also bent toward the raster direction. Figure 10c
shows the SEM photo of microgrooves machined at the rev-
olution speed of the spindle of 6000 rpm. The depth of micro-
grooves is about 19.3 μm. Although the depth of second-order
microgrooves is close to the theoretical value, plastic defor-
mation extends to the middle part of microstructures where the
microgrooves are relatively thicker.

Increasing the revolution speed of the spindle is beneficial
for removing burrs, thus improving the second-order micro-
groove quality. However, the cutting tool pressure on the sur-
face of the microgrooves also increases as well as the increase
of the revolution speed of the spindle. For the microgrooves
machined by a small tool angle in UPRM, the plastic defor-
mation may extend to the position where the wall is relatively
thicker. So, the revolution speed of spindle should be set with-
in a reasonable range which should be the middle speed level
speed, and the experimental works suggest that the revolution
speed of spindle should be about 4000 rpm.

3.4 The effect of feed rate

The cutting experiments were carried out under group 3. Feed
rate is one of the important cutting factors in UPRM.A large feed
rate could greatly save machining time, but increasing the feed
rate may decrease the quality of microgrooves. The other cutting
parameters were fixed. The cutting depth chosen was 2 μm, and
the revolution the speed of spindle was set at 4000 rpm.

The quality of second-order microgrooves is also greatly
affected by the feed rate. In Fig. 11, it is found that the
highest quality of microgrooves was achieved at the lowest
feed rate of 50 mm/min. The depth of the microgrooves is
19.2 μm. High-quality microgrooves were obtained under a
low feed rate. The top of the groove area still slightly bent
in the opposite raster direction, as shown in Fig. 11a. The
SEM micrograph of microgrooves machined at the feed
rate of 100 mm/min is shown in Fig. 11b. Machining burrs
on the top are obvious, and the depth of the microgrooves
is 24.1 μm. The geometry of the second-order micro-
grooves machined at the feed rate of 200 mm/min is shown

in Fig. 11c. The phenomenon of burrs becomes more seri-
ous, and the depth of groove is greater than 25.3 μm.

The feed rate value is another critical cutting factor that
affects the quality of second-order microgrooves. Increasing
the feed rate does not facilitate the removal of burrs for small
tool angle cutting, so the feed rate should be controlled below
a reasonable value to avoid insufficient cutting. A low level
feed rate of the 50 mm/min should be chosen to machine the
second-order microstrutures.

4 Conclusion

Machining grooves on ultra-precision machines is com-
monplace. This paper demonstrates that complex
microhierarchical ribs with tiny small grooves imposed
on the top used for microheat exchangers can be ma-
chined successfully in a single machining step by ultra-
precision raster milling.

A series of cutting experiments was carried out to study the
artificial roughness under different cutting strategies and cut-
ting parameters on copper alloy. The results greatly contribute
to the determination of fine cutting conditions and cutting
strategy in ultra-precision raster milling. The cutting strategy
determines the topology of artificial roughness that is pro-
duced in hierarchical ribs. The cutting depth, revolution speed
of the spindle, and feed rate are found to be critical factors
affecting the quality of second-order microgrooves. As the
cutting depth and feed rate increase, the accuracy of micro-
grooves decreases with the formation of more burrs and de-
bris. As the revolution speed of the spindle increases, machin-
ing burrs decrease, but if the revolution speed of the spindle is
too high, the plastic distortion of the microgrooves becomes
more pronounced.
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