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Oscillating bone sawing is a critical procedure in orthopedic surgery. However, conventional oscillating saw
mechanisms often result in excessive sawing forces, which are detrimental to implant fixation and postoperative
patient recovery. Therefore, there is an urgent need to design a new oscillating saw mechanism to reduce sawing
forces during surgery, including avoiding ineffective impact forces on bone cutting and preventing ploughing
forces caused by negative rake angle contact with the workpiece. In this study, an innovative oscillating sawing
mechanism is proposed to effectively inhibit the generation and accumulation of impact forces, avoid negative
rake angle contact with the workpiece. Oscillating sawing experiments under various cutting conditions
demonstrated that the proposed mechanism significantly reduces cutting forces and prevents defects due to crack
propagation of the bone and saw teeth damage. The proposed design offers an effective mechanism to achieve
small and stable sawing forces in bone sawing surgery, and it inspires tailored oscillating saw techniques for
specific machining needs, such as thin deep groove cutting.

1. Introduction

Oscillating sawing is an essential bone cutting technique in ortho-
pedic surgeries such as fracture repair, joint replacement, and orthog-
nathic surgery [1]. Its reciprocating motion allows for precise cutting of
hard tissues, e.g., cortical bone and cancellous bone, within confined
surgical spaces and minimizes the risk of damage to surrounding soft
tissues [2]. However, excessive bone cutting forces can influence post-
operative recovery and surgical outcomes. For instance, in total knee
arthroplasty (TKA), the most prevalent joint replacement, surgeons
typically begin by drilling to place a positioning pin within the knee
joint and then use a cutting guide block to precisely position the saw
blade for creating a flat implant surface at the correct orientation for
implant bonding. However, the low rigidity of the saw blade (e.g., 1 mm
thickness and 110 mm length) results in significant cutting forces,
making it difficult to securely control an oscillating saw and leading to
blade deflection [3]. This deflection can cause uneven implant surfaces,
potentially leading to implant component misalignment [4], reduced
longevity, and patient discomfort. Consequently, surgeons often need to
perform corrective rework to achieve proper alignment, thereby
increasing surgical time [5]. Alternatively, using bone cement to fill
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uneven surfaces may result in loosened implant components. Increasing
blade thickness enhances rigidity, as seen in robotic-arm-assisted sur-
geries, but this also elevates cutting forces or reduces feed rates, thereby
prolonging operation time. Moreover, excessive cutting forces can cause
the saw blade being kicked out from the bone, posing risks to sur-
rounding soft tissues [5,6]. Furthermore, these forces may fracture
bones due to their semi-brittle nature [7,8], induce thermal [9,10] and
mechanical damage [11], and cause bone debris buildup on tools due to
localized heat generation [12,13]. Complications may also arise from
blade wear [12,14], affecting cutting precision and potentially causing
inaccuracies, exacerbated by surgeon fatigue [5,15] or insufficient ri-
gidity in robotic-arm systems. Therefore, reducing cutting forces in
oscillating sawing is crucial.

Cortical bone, the tough outer layer of bone, significantly influences
cutting forces and is commonly used in bone cutting studies. Its char-
acteristics such as semi-brittle behavior, anisotropy due to osteon
orientation, and low thermal conductivity have been extensively studied
in relation to cutting forces [16]. Different osteon orientations can affect
the direction of cracks propagation. By controlling the direction of crack
propagation, it is possible to achieve lower specific cutting forces [17].
Additionally, crack propagation at different cutting depths also
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influences chip formation and increasing the cutting depth can also
reduce specific cutting forces [18]. A larger positive rake angle will
significantly reduce cutting forces and cutting heat [19]. Based on these
studies, tools aimed at reducing overall cutting forces have been pro-
posed for bone milling [20,21] and drilling [22].

However, due to the significant differences between oscillating
sawing and rotary cutting methods, reducing overall cutting forces using
large cutting depths is challenging. Milling cutters generally machine
the flat surface of the bone by side milling [23], which means that the
cutter can use a large depth of cut to complete the rough milling before
using a small depth of cut to avoid damage to the machined surface. In
contrast, oscillating sawing directly cuts through bone to provide a
machined surface suitable for mounting an implant (e.g., the artificial
knee), necessitating the prevention of surface cracking during the cut-
ting process. On the other hand, oscillating sawing introduces the
ploughing force due to the negative rake angle of the flank face [24,25]
or rounded cutting edge [26,27] on the saw teeth, which can become
excessive with a large cutting depth. During reciprocating motion, as a
large positive rake angle is used, the negative rake angle on flank face
also increases, thereby significantly increasing the ploughing force,
which greatly hinders the reduction of total cutting forces.

The sawing force is influenced by the interaction between the teeth
during oscillation, which is determined by the alignment of the tooth
tips and the oscillating trajectory [24,28,29]. Initially, the curved edge
saw blade was widely used due to the evenly distributed force on each
tooth tip as the same oscillating radius. However, serious problems:
clogging due to bad chip evacuation [12,24], blade are easily kicked out
from the bone (resulting in a "kicking" phenomenon) due to the curved
edge easily generate one side force [30]. To address this issue, Fletcher
and Fisher [30] patented a saw blade with a straight blade edge
(US6503253B1) to reduce the “kicking” phenomenon. It was found that
this design also improved chip evacuation to avoid clogging [24]. Sub-
sequently, a saw blade with a concave edge shape was developed to
further address the kicking problems [5]. However, these straight or
concave edge shapes, due to the differing oscillating radius of each tooth
tip, generated different cutting depths for each tooth tip, resulting in a
larger sawing force compared to blades with curved edge shapes [24].
By analyzing the trajectory of the saw tooth tips, Wang et al. [29] further
identified that the increased force is primarily due to significant impact
near the extremes of oscillation between the saw teeth and the work-
piece. Additionally, the sawing force model proposed by Wang et al.
[29] considers three components of the sawing force: the cutting force
generated by effectively cutting the workpiece, the ploughing force
resulting from the elastic deformation of the workpiece due to negative
rake angle, and the impact force generated by compressing the work-
piece. This model reveals that a significant portion of the applied force
may not contribute to chip formation but rather translates into elastic
deformation and crack propagation, thereby increasing the overall
sawing force. Particularly during stopped groove cutting, the impact
force increases linearly with the feed. When stopped groove cutting is
performed on only one side, resulting in an unbalanced sawing force in
the oscillation direction, the saw blade may encounter resistance from
the impact, causing the bone to be kicked out and risking injury to the
surrounding soft tissue [5,6]. When stopped groove cutting is performed
on both sides, the impact force increases on both the left and right sides.
This can lead to brittle bone parts breaking or even sharp bone debris
flying out quickly, posing serious risks to the patient’s recovery and
increasing the potential for bioaerosol contaminants and infection for
the surgeon [31].

Previous studies have demonstrated that reducing cutting forces and
increasing cutting efficiency is possible by improving the oscillating
trajectory. James et al. [2] designed a figure-eight orbital motion to
provide a larger depth of cut per tooth for improving cutting efficiency.
However, a larger depth of cut poses a higher risk of causing crack
propagation due to the large impact force. Additionally, they mentioned
that the additional stroke in the thrust direction carries a risk of
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rebounding from the bone surface, leading to erratic cutting conditions.
Carusillo [32] hold a patent (US9572585B2) with a similar trajectory to
facilitate chip evacuation. Shu et al. [33] proposed the elliptical
vibration-assisted motion into conventional oscillating sawing which
shows a great reduction of cutting force. However, the higher vibration
frequency may induce increased friction, leading to higher temperature
rise [7] and potentially causing burns in bone tissue when a high thrust
force is applied [34]. Overall, these innovative methods, while effective
in reducing cutting forces or increasing cutting efficiency, did not spe-
cifically address the challenges posed by ploughing force and impact
force, which can lead to excessive cutting forces. This limitation
restricted the extent to which cutting forces could be reduced. Therefore,
optimizing the trajectory of saw teeth to minimize impact force and
ploughing force remains crucial.

In this study, an innovative oscillating saw mechanism was proposed
based on a comprehensive analysis of tooth tip trajectories to reduce
sawing forces, particularly impact force and ploughing force that did not
contribute to chip formation. A method was introduced to incorporate a
reverse feed motion near the extremes of oscillation, altering the cutting
depth and rake angle of the tooth tip to break off continuous chips from
the workpiece, thereby avoiding the accumulation of impact force.
Additionally, saw blade tooth tip positions aligned according to the
proposed motion trajectory to avoid contact between the negative rake
face of the tooth tips and the workpiece, reducing ploughing force. The
bone cutting comparison experiment with conventional oscillating
sawing mechanisms demonstrated the excellent performance of the
newly designed oscillating sawing mechanism, showing significant re-
ductions in impact and ploughing forces, thus avoidance of cracks on the
machined surface on workpieces and saw teeth damages. The proposed
mechanism will significantly advance current oscillating sawing tech-
niques in bone cutting surgery and inspire tailored oscillating saw
techniques for specific machining needs, such as thin deep thin groove
cutting.

2. Improvement for oscillating sawing mechanism
2.1. Conventional oscillating sawing mechanism

Fig. 1 shows the conventional oscillating sawing process. The oscil-
lating unit drives a saw blade with multiple saw teeth at the end, which
oscillates repeatedly around a pivot point and feeds forward to cut the
workpiece (Fig. 1a). Depending on the width of the workpiece and the
oscillating range of the blade, either a through groove or a stopped
groove is formed [29]. In both situations, the ploughing force cannot be
ignored. When the tooth tip oscillates in the opposite direction, the
actual rake face of the tooth tip changes to a large negative rake angle,
resulting in the generation of a ploughing force (Fig. 1b).

In the case of a stopped groove, the corners on both sides form a
compressed zone (Fig. 1a) because the workpiece is compressed by the
outermost teeth of the saw blade without being entirely removed,
resulting in the generation of a significant impact force. Although
Winter [35] patented (US3905374A) a redesigned saw blade with
outermost teeth having a positive rake angle oriented outward to reduce
the impact force, significant impact forces still occurred in a single-tooth
sawing experiment [29]. The conventional trajectory of a single tooth
tip (Fig. 1b) shows that the instantaneous depth of cut of tooth tip
gradually increases from one extreme of the oscillation to the other side
thus generate a continuous chip when using a positive rake face [25].
When the tooth tip moves to the extreme of the oscillation, the root of
the chip is not separated from the bone but compressed and accumulated
to the corner, thus the cutting force is converted into impact force, which
is absorbed by the elastic deformation of the bone. In addition, the
impact force is related to the contact area of the tooth tip with the
workpiece and the distance at which elastic deformation occurs, which
both increased as feed, thus resulting in an increasing impact force [29].

Previous research has shown that impact forces increase linearly
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Fig. 1. Schematic diagram of the conventional oscillating sawing mechanism. (a) Stopped and through grooving in the conventional oscillating sawing process. (b)

Conventional trajectory causing impact force and ploughing force.

with the stopped corner depth, even when using a zero-rake angle
(Fig. 2a, adapted from [29]). At a stopped corner depth of only 200 pm,
the impact force on a single tooth reaches 30 N. If the impact force
continues to increase linearly, it would reach 160 N at 1 mm (Fig. 2a).
Given that cortical bone thickness is generally greater than 1 mm and
feed rates are usually over 1 mm/s, it may be challenging for the surgeon
to withstand such a significant impact force over a short period. This
could lead to undesirable outcomes, as discussed in Section 1.

On the other hand, the cutting force on each saw tooth is influenced
by adjacent teeth, which alters the instantaneous depth of cut due to
overlapping trajectories [28,29]. The instantaneous depths of cut of two
typical saw blade edge shapes—curved-edge and straight-edge—are

shown in Fig. 3a, b.

The machined area of the outermost tooth when cutting outwards
(Ap) is not affected by the trajectory of the adjacent teeth, generating a
large impact force for both curved-edge and straight-edge saw blades.
When oscillating from the outside to the inside, the machined area of the
outermost tooth (Ay) produces a significant difference: the curved-edge
saw blade results in a smaller depth of cut due to the adjacent tooth
having the same oscillation radius, thus producing a smaller ploughing
force compared to the straight-edge saw blade. In contrast, the straight-
edge saw blade creates a larger depth of cut with a negative rake angle,
leading to greater ploughing and impact forces.

For the teeth other than the outermost ones, the curved-edge saw
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Fig. 2. Impact force increases linearly with the stopped corner depth. (a) Oscillating sawing forces in a stopped groove cutting on cortical bone with a single-tooth
blade [29]. Parameters: depth per oscillating cycle: 10 um; tooth rake angles: 0° and —40°; FC: principal force in oscillation direction, FT: thrust force in feed di-
rection. (b) Linear trend of the measured impact force (zero-rake angle, FC) with increasing stopped corner depth.
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Fig. 3. Machined area and depth of cut of a single tooth tip with different edge saw blades. (a) Curved-edge blade (b) Straight-edge blade [29]. Ap, Ay are the
machined area of the outermost tooth with positive and negative rake angles, respectively; Ap, Ay are the machined area of the rest teeth with positive and negative

rake angles, respectively; h; is the instantaneous depth of cut of the tooth tip.

blade produces a continuous and relatively small depth of cut across the
machined areasA, and Ay (Fig. 3a), meaning each tooth generates
relatively small cutting and ploughing forces. Conversely, the straight-
edge saw blade generates practical machined areas A, and Ay
(Fig. 3b) only near the extremes of the oscillation inward, as the middle
portion of the machined area has already been removed by adjacent
tooth tips with larger oscillation radii. Therefore, the tooth tips on the
left and right sides are alternate and discontinuous in generating the
cutting force and ploughing force. In addition, due to the different
oscillation radii, the tooth tips also generate an impact force in
machined area Ap, thus causing an impact force on each tooth.

In summary, these two typical saw blades generate impact force and
ploughing force to varying degrees that do not contribute to chip
removal. In particular, the impact force can increase with the depth of
the stopped corner. Effectively leveraging the differences in cutting
depth variation between these two blade edge shapes can help mitigate
the generating impact force and ploughing force, resulting in smaller
and stable sawing forces.

2.2. New oscillating mechanism concept for reducing sawing force

Based on the analysis in Section 2.1, it can be considered that
avoiding the impact force and ploughing force near extremes of the
oscillation can effectively reduce the overall sawing force. As shown in
Fig. 4a, to avoid the impact force, the instantaneous of cutting depth in
machined area A, should be decreased to facilitate the chip separate
from workpiece in each oscillating cycle. On the other hand, the
instantaneous of cutting depth in machined area Ay should be decreased
to reduce ploughing force generated by the negative rake.

Here, as shown in Fig. 4b, a novel oscillating trajectory concept was
proposed to reduce the forces near the extremes of oscillation: When the
tooth moves near the extreme, a backward motion along the feed di-
rection is added to change the cutting direction, thus further reducing
the cutting depth to facilitate chip separation from the workpiece. When
the tooth moves out from the extreme, instead of returning to the same
path, the trajectory continues to move backward for some time before
moving forward to return to the previous oscillating trajectory. This
strategy can avoid negative rake angle surface contact with the work-
piece and thus reduce the ploughing force.

Bone

Generate ploughing

Machined area

Generate impact

Machined area Ap Bone

No impact and pIoughing\ T

@)

(b)

Fig. 4. Illustration of tooth trajectory and machined area near the extreme of oscillation for different mechanism concepts. (a) Conventional mechanism. (b)

Proposed mechanism.
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Overall, this mechanism concept modifies the trajectory near the
oscillation extremes to follow an elliptical-like path, effectively reducing
the sawing forces and improving the efficiency of the cutting process.

2.3. Design for new trajectory and related to saw teeth arrangement

To verify the theoretical validity of this mechanism concept, a cor-
responding trajectory design was proposed, and then the related saw
teeth arrangement was designed considering the interaction of indi-
vidual teeth.

2.3.1. New trajectory

A new proposed trajectory based on the concept mentioned in Sec-
tion 2.2 as shown in Fig. 5a. The differences between it and the con-
ventional trajectory are shown in Fig. 5b,c.

The conventional oscillating trajectory equation in the YZ plane of
the mechanism can be expressed from [29]:

_ [ Y(t) = Rsiné,
Paon(t) = {Z(t) = Reost; + Vet M
Gt = C1 Sin(2ﬂf1 t) (2)

where 6; is the instantaneous oscillating angle with time ¢; C; is the is the
amplitude angle of oscillation; f; is the oscillating frequency; V.4 is the
feed speed in Z-direction; R is the oscillating radius, i.e., length between
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pivot and saw tooth tip. Therefore, by changing the instantaneous
oscillating radius near the extremes, the elliptical-like path can be
achieved, and the proposed trajectory equation (Pnew(t)) can be
expressed as

[ Y(t) = (R— Al)sind,
Prew(t) = {Z(t) = (R — Al;)cost, + Vyeeat @

where Al is the instantaneous of backward distance. Assume that the
feed speed is zero and the trajectory point moves to point a (or d) near
the extreme of oscillation when Al, begins to vary with time as a positive
portion of a sinusoidal curve (Fig. 5b). As the trajectory point moves to €
when it oscillated to the extreme end, Al; continues to increase until it
reaches point e, the lowest point of the trajectory, and then Al, begins to
decrease until it reaches 0 at point f. Thus, Al; can be represented by the
segmented function

Cosin(2xfa(t — tg , g <t<t
Alt:{o (2afl ) ,tgtdortfztf @
where C» is the maximum backward distance; f; is the frequency for the
variation of Al;, which can be simplified to the half value of fi; t; is the
start time of backward motion; t; is the time when moved to point f.

The instantaneous cutting depth of the proposed trajectory (Hy,
Fig. 5e) is different with that of the conventional trajectory (h;, Fig. 5d).
In conventional trajectory, cutting depth increases as oscillation from

c f
a
Elliptical-like path
, Feed Vied = 0
b Oscillation e’
b e

Proposed

(d

(e

Fig. 5. Illustration of the conventional and proposed trajectories. (a) Proposed trajectory design with elliptical-like paths near the extremes of oscillation. (b-c)
Comparison between conventional (Pc,n(t)) and new proposed (Pye(t)) trajectories with or without feed speed. (d-e) Machined area and force variation for different
trajectories on the right oscillation side of the conventional and proposed trajectories. R: oscillating radius; Al: instantaneous backward distance; F, and F;: cutting
forces along the cutting and thrust directions, respectively; Fin. and Fi,,: impact force along the cutting and thrust directions, respectively; a: rake angle of the tooth;
AZ and AZ:: Z-axis difference of the trajectory at adjacent oscillation cycles for conventional and proposed trajectories, respectively (AZ = Z(t) —Z(t —2(t—t})) [29],
AZ' = Z(t) — Z/(t — T)); he, le: instantaneous cutting depth of the conventional and proposed trajectories, respectively; @: angle between cutting depth and Z-axis; Fy

and Fz: sawing force in Y-axis and Z-axis, respectively.
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zero to a maximum value (hpoe = Vyeed/f1
from [29]

), which can be expressed

he=Z(t) - Z(t — 2(t — ;) ) = Vpeea(t — ty)cOS@D; 5)

where ty is the time at move to left extreme of the oscillation; @,: angle

between cutting depth and Z-axis, which can be calculated as @,

dz(t)
arCtanm.

While K, can be expressed as

dz(t) )

dy(t)

Here, although the difference variation of cutting depths in the
conventional and new proposed trajectories, the theoretical machined
area for each oscillating cycle is not changed since the same feed and
same oscillating range. In other words, the newly proposed mechanism
does not reduce the theoretical cutting efficiency of the conventional
mechanism.

Due to the actual rake angle would change to negative rake angle
during backward path, the cutting forces in proposed trajectory (Fnew)
can be expressed as [36]

©

H¢ = Rpoccos@; = hpoccos (arctan

F,

Cnew

= op(utan(a — @,) + 1)wh',
F.,, = on(u — tan(a — @;))Wh';

F, New

)

where w is the width of cutting edge; o,,: normal stress; u: friction co-
efficient; (« — @,): represent the actual rake angle.

Subsequently, the sawing forces along feed direction and oscillating
direction can be calculated from
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Fy = F,cos|@,| — F.sin|@|

! 8
F; = Fisin|@,| + F.cos|@,| ®

{

where F,; and F;: cutting forces along cutting direction and thrust di-
rection, respectively.

To clarify the variation rules of cutting direction and depth generated
by the new trajectory, a series of parameter values commonly used in
surgery were substituted into the trajectory equation, e.g., oscillating
radius (R): 110 mm, which generally used in large bone cutting [33];
oscillating angle (C;): +£2.55° [2]; cutting depth per oscillating cycle:
10 um [26,37] due to feed speed (Vy.q) at 2 mm/s [33] and oscillating
frequency (f1) at 200 Hz [26,37]. In addition, the maximum backward
distance (C;) was set as 0.35 mm, which corresponds to the value used
in the experiments. Therefore, the tangent direction (cutting direction)
near the right extreme can be expressed as shown in Fig. 6a. The start
time of backward motion (t;) were set as 0.6, 0.7 and 0.8 of half oscil-
lation cycle to avoid the impact force near the extreme. The tangent
direction, tangent angle and cutting depths were calculated based on
Egs. (3)-(6). As t; decreases, the trajectory starts backward motion
further away from the extreme position, i.e., avoid impact, but the
tangent direction changes more slowly (Fig. 6b), which caused the depth
of cut decreases less efficiently (Fig. 6¢). Nonetheless, there is no doubt
that it has the opposite trend to the depth of cut of conventional tra-
jectory. Based on Eq.(8), and parameters in previous research [29] (o,:
1150 MPa; u: 0.4; w: 0.8 mm), the sawing force variation near the
extreme (t;—t,) of the proposed trajectory with different tool rake an-
gles (10°, 20°, and 30°) calculated as shown in Fig. 7.

The sawing force in the oscillating direction initially increased
gradually due to the actual rake angle decreasing to a negative rake

1101 - 110.1 ; , , :
i —> Tangent direction
110 i 110
i & 4z d3
£ 1099 i £109.9
£ | E
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N 109.7 a2 | N 1007
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©

Fig. 6. Proposed trajectory and tangent angle ( — @&;). (a) Proposed trajectory with different t;. (b) Tangent direction of the trajectories near the extreme of
oscillation. (c) Variation of tangent angle ( — @), cutting depth of the proposed trajectories (') with time when setting ¢4 as different times, and its comparison with
the cutting depth of the conventional trajectory (h,). The trajectory starts at point (0, 110) on the YZ plane, moving from center to right side. As t; decreases, the
trajectory starts backward motion further away from the extreme position, but the tangent angle decreases more slowly, resulting in a less efficient reduction in

cutting depth.
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Fig. 7. Variation in calculated sawing force near the extreme (tg—t.) of the
proposed trajectory for different ideal rake angles.

angle. As it neared the extreme, the cutting depth decreased drastically,
causing it to plummet to zero. Conversely, the sawing force in the thrust
direction decreased to a negative force value and then back to zero
during the process. Different parameters may lead to different values,
but the variation reflects the fact that with the new trajectory the
decrease in depth of cut limits the increase in cutting forces despite the
negative rake angle. It should be emphasized that it enables timely chip
separation to avoid impact forces, and these increased sawing forces due
to the negative rake angle are negligible compared to the impact forces
generated in the conventional sawing mechanism ((e.g., force values in
Fig. 2).

2.3.2. Saw teeth arrangement based on new trajectory design

As shown in Fig. 5¢, besides the elliptical-like path on both sides, the
intermediate position of the new trajectory is the same as the conven-
tional trajectory, which means that the same ploughing force is intro-
duced, causing wear and deformation of the tooth tips. On the other
hand, as described in Fig. 3b, when using the straight edge blade, the
intermediate teeth only cut near the extreme. This means that the
ploughing force can be partially avoided by the proper arrangement of
the tooth tips when using the new trajectory.

As shown in Fig. 8, the trajectory of each tooth tip is related to the
arrangement of tooth tips, including the oscillating radius of the tooth
tip (Rr,) and the offset angle (w;), which denotes the angle between the
vertical line and the line connecting the pivot to the i-th tooth tip, and
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the positive and negative signs of this value represent the direction of
deviation (+: right; —: left) [29]. The corresponding trajectory equation
can be expressed as

Y(t) = (Ry, — AL)sin(w; + 6,)

Prvew. 1,(t) = {Z(t) = (Ry, — AL)cos(w; + 6;) + Vyeeat ©)

The proposed blade edge shape arranges the teeth except for the
outermost ones in a concave shape (Fig. 8a), which can effectively
reduce the “kicking” phenomenon in surgery [5] and has excellent chip
evacuation to avoid clogging [24]. On the contrary, it generates more
significant impact force than the straight edge shape due to the
considerable depth of the stopped corner when using the conventional
oscillating sawing (Fig. 8b). Specifically, this was achieved by adjusting
the lateral spacing between adjacent tooth tips, i.e., tooth pitch, and
their respective oscillation radii, allowing tooth tip with the smaller
oscillation radius to enter the machining area with the larger oscillating
radius before moving to point f, i.e., before completing the forward
motion, as shown in Fig. 8c. In addition, the positive rake face of the
outermost teeth (T} ; and T ;) needs to face outward to avoid the impact
force during stopped groove sawing. Since the tips of the two teeth (T ;
and T;,; Tr1 and Tg,) are oriented in opposite directions, in order to
avoid excessive ploughing force on the negative rake face during oscil-
lation, the oscillation radii of them need to be set to the same value in
order to minimize the depth of cut, as mentioned in Fig. 3a.

Overall, through the above theoretical analysis, the proposed tra-
jectory can effectively reduce the sawing force, especially the part of
impact force and ploughing force which is prone to cause damage to the
bone and the blade.

2.4. Mechanism of the proposed oscillating saw

To realize the designed trajectory motion, a new oscillating saw
mechanism was proposed and filed in a patent, as shown in Fig. 9. Shaft
1 drives the eccentric wheel, causing the oscillating shank to produce
oscillation (Fig. 9¢c, e). Simultaneously, through the gear pair, Shaft 2
drives the cam and roller mechanism, producing an up-and-down
movement (Fig. 9d, e). As a result, these two motions couple to ach-
ieve the design, creating an elliptical-like path trajectory on both sides of

the oscillation. Arcs AB and BC are the depression relative to the circular

profile, i.e., elliptical-like path generated when the roller contact cam

Blade edge shape

Impact force

_________

PNEW:TL,i—1 (te’) PNew,T,_‘i(ter)
Tooth pitch

Pew,ry,;(ta)
~

Prewr,(tr)

Fig. 8. Optimized saw tooth tip arrangement based on the proposed trajectory. (a) Saw tooth tip arrangement. (b) Conventional trajectory of the saw tooth tips. (c)

Proposed trajectory of the saw tooth tips. T;; and Tg;

denote the i-th tooth tip number from the left and right sides to center, respectively. To avoid ploughing force

generate at the i-th tooth tip, the distance AY (between point f and ¢’ in Y-direction) should be smaller than the tooth pitch, and the point Pyey, 1, , (tr) in Z-direction

should larger than that of Pyey, 1, (ty)-
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Fig. 9. Proposed oscillating saw mechanism: (a) Isometric view. (b) Side view. (c) Front view. Detail views of (d) cam and roller, and (e) oscillating shank and
eccentric wheel. Shaft 1, driven by the motor, drives Shaft 2 via a gear pair (Gear 1 and Gear 2). The eccentric wheel fixed on Shaft 1 drives the oscillating shank and
blade, causing them to oscillate around Shaft 2. The cam is fixed on Shaft 2, and the roller, fixed on the oscillating shank, makes contact with the cam profile. A slot,
as shown in detail view (d), on the oscillating shank allows Shaft 2 to move up and down, achieved by the roller-cam contact. Backward motion occurs when the cam

rotates into the depression relative to the circular profile (Arc A B), and forward motion occurs when the cam rotates out of the depression relative to the circular

profile (Arc B C). The elliptical-like path results from the combined oscillation and backward-forward motion. All the shafts are supported by bearings and base. A

detailed animation of this simulation is available in the supplementary material 1.

. . . path of the eccentric wheel (position on the eccentric path: Q, rotary
profile at the depression (Arc AC). On the contrary, when the cam is a

shaft center: O;, eccentric radius: r;). Therefore, the instantaneous
profile is circle, there is only oscillation but no up-down motion, the oscillating angle (6,) can be expressed as
trajectory is become to conventional oscillating sawing trajectory.
To clarify the blade motion trajectory of the newly proposed mech-
anism, it is essential to establish the relationship between the geometric
characteristics of the mechanism and the blade trajectory. As shown in
Fig. 10a, the oscillation of the saw blade around the oscillating shaft
center (O,) can be simplified to the O,Q in motion along the eccentric
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g Trajectory of saw blade
f\Q/
el

Fig. 10. Geometric characteristics of the proposed mechanism. (a) Relationship between rotary angle (a,) and oscillating angle (6;). (b) Relationship between cam-
roller contact and blade trajectory. A detailed animation of cam-roller contact is available in the supplementary material 1.

— =
0, — arccos| - 22012 0:Q
‘ [0204]] « [|02Q]|

lo,0, — r1Cosq,
= arccos 2 ‘ (10)

(rysina,)? + (rycosa, — lo,o, )2

where lo,0, is the distance between O, and Os; the rotary angle (a,) is
proportional to the rotational speed (n (rpm)), which can be expressed as

at:360><6—rt)t:6nt 11

As shown in Fig. 10b, the cam profile is separated into different arcs

with two different radii. Arcs C D and A F have a radius of r,, which is

smaller than the radius of arcs A C and D F (r},). When the compound

motion of cam rotation and roller oscillation causes the contact point of

the roller and the cam to be at C D and A F, the distance between the cam

and the roller (lp,0,) remains constant. While when the contact point

enters A C and D F, the distance (ly,0,) varies, leading to a variation in

the actual oscillating radius of point P on the blade (R — Al), which
causes the paths a—b—c and d—e—f in the proposed trajectory.
Therefore, Al, can be seen as

Al =13 +135 — lo,0, 12)

where r3 is the radius of the roller. The value of Al; is maximum when

the point of contact reaches the midpoint B of A C (or the midpoint E of

D F), i.e., Alt = lBB” = IEE = Cz.
According to the cosine theorem of a triangle, l,, can be expressed
as

’ 2 o
B, = (Fy+715)" =B o, + 1,0, — 2lo,0,l,0,c0s(|0,] + (180° — f5,) )
(13)

where O, is the center of A C; 8z, is the angle required to rotate point B

to the top of the cam, which can be expressed as

/BB,I = Pro *% 14

where G is the gear ratio; S, is the initial angle required to rotate
point B to the top of the cam. Eqs. (13) and (14) describe the path a—b—
c generated when the blade oscillates on the left side, while the path d—
e—f can be generated by the same manner when it oscillating on the
right side, e.g., setting the initial angle required to rotate point E to the
top of the cam (S ).

Finally, by substituting Eqs. (10), (11), and (12)-(14) into Eq. (9) and
adjusting the appropriate parameters, the desired tooth tips trajectory
can be obtained.

3. Experimental verification
3.1. Experimental setup

Comparison experiments were conducted using a setup based on a
machining center (AJV-18, Yamazaki Mazak). A self-developed oscil-
lating motion device was fixed on the X-axis table of the machining
center (Fig. 11a). This device was driven by a servo motor to oscillate at
speeds of 1-6000 CPM (cycles per minute), with an oscillating angle of
5.1° (£ 2.55°), achieved by setting the eccentric radius as 2 mm and
lo,0, (distance between upper and lower shaft) as 45 mm. The conven-
tional oscillating motion and the newly proposed oscillating motion can
be switched by assembling the cam of different shapes. The profile of
Cam 1 for achieving the conventional oscillating motion is a circle with a
radius of 15 mm. The gear pair with gear ratio of 2 to reduce the torque
on the upper rotary shaft. Therefore, the profile of Cam 2 for achieving
the proposed oscillating motion is combined with 8 arcs as shown in
(Fig. 11c).

The typical dimensions of commercial saw blades used in surgery for
large bone cutting are 110 mm in length from blade edge to oscillating
pivot; 25 mm in width of blade edge and 0.8-2 mm in thickness of blade;
1.3-3 mm of lateral spacing between adjacent teeth; 40-60° of lip angle
and —30°-10° of rake angle of saw tooth. Therefore, the saw blades were



H. Wang et al.

.'q_:l,.m;mw ]

Z T
‘%Yf"_'

Gear pair

£\%
Oscﬂlatlng\
motion device ® "

Ry, 110.6 mm

Driven gear

Journal of Materials Processing Tech. 332 (2024) 118563

Thickness |
1. 6 mm

\

4

Driver gear

Eccentric

path|

Gear ratio: 2

Fig. 11. Experimental setup. (a) Overview of the experimental setup. (b) Front view of the oscillating motion device. (c) Detailed view of Cam1 and Cam 2 for
switching between conventional and proposed oscillating sawing mechanisms in the device. (d) Saw blade teeth shape. (e) Dimension of the proposed mechanism.
The difference between Blade A and Blade B is the rake angles (30° and 10°) in the teeth except the outermost teeth, i.e., T; 3 and Tr 3, Tr 4 and Tr 4, T 5 and Tg 5. The
outermost teeth tips of both blades have the same rake angle (20°) and oscillating radius (110.9 mm).

machined by wire EDM on a stainless steel (JIS SUS440C) plate with
dimensions of 77 mm in length to generate similar length from blade
edge to oscillating pivot (Shaft 2) with the commercial blade, 25 mm in
width, and 1.6 mm in thickness to keep high stiffness and avoid blade
bending. The outermost teeth have two tips (T;; and Ty 2; Tr1 and Tg2)
with different orientation but same oscillating radius (110.9 mm) and
rake angle of 20° (Fig. 11d). The oscillating radius of the remaining teeth
is 110.6 (TL,g and TR,3), 110.3 (TL,4 and TR,4); 110 mm (TL’5 and TR15) in
order of proximity to the outermost tooth with a lateral spacing of
2.7 mm to supply a larger spacing for chip evacuation. Those parameters
were selected based on the analyzation of tooth tips trajectories
mentioned in Section 2.3.2. To explore the effectiveness of using a large
positive rake angle in oscillating sawing, two types of blades (Blade A,
Blade B) were used with different rake angles for the tooth tips except
the outermost teeth, i.e., Ty 3 and Tr3s, T4 and Tra4, Tr5 and Tgrs: 30°
and 10°, respectively. The lip angle for each tooth tip was set as 40° to
reduce the value of the negative rake angle of each tooth tip. To identify
blade damage under the conventional and proposed mechanisms, two
sets of blades with those two types (Blade A, Blade B) were used sepa-
rately in each mechanism. The corresponding values of dimensional
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parameters of the device (reference Fig. 10 and Fig. 11e) are listed in
Table 1. The maximum value of Al; was 0.35 mm (lgg = r2 — Igo,),
which same as in Section 2.3. The consistency of the experimental setup
with the trajectories of saw tooth tips presented in Section 2.3 was
verified by a 3D model motion simulation using Autodesk Inventor
Professional 2024 software. A detailed animation of this simulation can
be found in the supplementary material 1.

To enhance the visibility of the sawing process, rabbeting (sawing a
groove along the edge of the bone) was utilized in this experiment
(Fig. 11a, right side). While this method may differ from actual sawing
processes in aspects such as heat dissipation and bone strength, it is still

Table 1
Dimensional parameters of the oscillating motion device.

Design parameters Values (Unit)

45 (mm), 5.35 (mm), 14.65 (mm)

ri, T2, Ty, T3 1 (mm), 15 (mm), 20 (mm), 8 (mm)

PB.os BEos Pe o> Br o 57 (deg), 145.3 (deg), 237 (deg), 325.3 (deg)
Pl 48.43 (deg)

lo,0,5 lo,0,> 5o,
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suitable for conducting comparative experiments. The cutting thickness
was set to 1.5 mm which was smaller than the thickness of the blades
(1.6 mm). During sawing, both the main edge and the side edge cut the
workpiece simultaneously [29], similar to metal parting, resulting in a
combined effect of orthogonal cutting in different directions [16]. The
effective cutting width for the main edge was 1.5 mm. The cutting width
for the side edge was considered as equal to the instantaneous depth of
cut [29], contributing only a small portion of the overall sawing force.
Therefore, the difference in sawing forces between different mechanisms
can be attributed primarily to the main cutting edge, while the
ploughing effect or friction on the machined surface generated by the
side edge were ignored for comparison.

A high-speed camera (HAS-EF, DITECT) was used to observe the
sawing processes. Cutting forces were measured with a 3-component
force sensor (9327 C, Kistler) and collected using a data logger (NR-
600, Keyence) with a sampling frequency of 10 kHz (Fig. 11).

3.2. Experimental procedure

The comparative experiments first involved side stopped groove
cutting (Fig. 12a), where the right outermost tooth was used to cut the
left side of a cortical bone (width: 20 mm), creating a stopped groove
with width of 4 mm and depth of 2.5 mm, to evaluate the effectiveness
of both the conventional and newly proposed oscillating sawing mech-
anisms in suppressing impact force and ploughing force during stopped
grooving. Secondly, the through groove cutting (Fig. 12b) was per-
formed on a cortical bone (width: 20 mm) to compare the differences
between the two mechanisms when using the middle teeth (Blade A and
Blade B) to cut the workpiece. A single feed of 3 mm (effective cutting
distance: 2.5 mm) was used in both experiments for cutting cortical
bone. The thickness of the cortical bone sample was 7.5 millimeters,
which means that after 3 feeding processes, the machined area was
through in the feed direction. Only the force data of the first feeding
process was used for comparison due to the relatively stable strength at a
shallow feed depth.

The workpieces of cortical bone were taken from the mid-diaphysis
of fresh bovine femurs, and the cutting direction was chosen across
the osteon direction to mimic the general sawing process.

Lastly, the stopped groove cutting (Fig. 12c) was performed on a
simulated cancellous bone (width: 40 mm, made from solid rigid poly-
urethane foam, SAW1522-27, Sawbones) to mimic the two mechanisms
cutting a stopped groove the cancellous bone with a large feed (20 mm).
The cutting conditions were listed in Table 2. The oscillating range is the
ideal maximum cutting width of the blade in the Y-axis and was calcu-
lated as 34.5 mm. The oscillation speed was set as 600 CPM to observe
the cutting process clearly and avoid large noise during force data
acquisition. In surgery, the surgeon adjusts the feed speed based on the
resistance, e.g., using a lower feed speed to cut the harder bone (e.g.,
cortical bone) to avoid the thin saw blade be bent, and a higher feed
speed to cut softer bone (e.g., cancellous bone) to reduce operating time.
Therefore, the feed speed was set at 6 mm/min for cortical bone cutting

20 mm

20 mm
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Table 2
Cutting conditions.

Workpieces Bovine cortical bone, width: 20 mm, thickness: 7.5 mm

Simulated cancellous bone, width: 40 mm, thickness:
30 mm

Blade width, thickness

Oscillating range

Oscillation speed

Cutting distance

Blade feed speed

Depth per oscillating
cycle

24.8 mm, 1.6 mm

34.5 mm

600 CPM

3 mm (cortical); 20 mm (cancellous)

6 mm/min (cortical); 12 mm/min (cancellous)
10 um (cortical); 20 um (cancellous)

to achieve a depth of 10 um per oscillating cycle and 12 mm/min for
cancellous bone cutting to achieve a depth of 20 um per oscillating
cycle, mimicking the cutting depth used in bone cutting surgery.

To distinguish between machined and unmachined areas, the side
surface of the workpieces, viewed by the camera, was blackened with a
black marker in advance.

4. Results and discussion
4.1. Sawing force and machined area

4.1.1. Side stopped groove cut

The use of outermost tooth for the side groove cutting experiment
represents the most direct method of comparing the conventional and
newly proposed oscillating sawing mechanisms in terms of reducing
impact forces. The performance of the newly proposed mechanism can
be demonstrated by the cutting force (Fig. 13) and the resulting corner
profile after cutting (Fig. 14), showing significant differences compared
to the conventional mechanism. In addition, a video recording of the
side stopped groove cutting process using both the conventional and
proposed mechanisms has been uploaded as supplementary material 2.

Since the raw force data oscillates with the cutting cycle, the peak
values of the cutting forces for each oscillating cycle were used for
comparison (Fig. 13). With the conventional oscillating sawing mecha-
nism, although the thrust force remains relatively stable with a mean
value of 35 N, the cutting force gradually increases during feed, peaking
at a maximum of 213 N (Fig. 13a). The large cutting force was due to the
large portion of the impact force. The negative cutting force was caused
by the ploughing force when the flank of the tooth tip contacted the
workpiece during oscillation from right to left, with a mean value of
13 N.

In contrast, the proposed oscillating sawing mechanism significantly
reduces the cutting force, stabilizing at a mean value of 34 N throughout
the feed (Fig. 13b). The mean value of the negative cutting force was
9 N, which was lower than that generated by the conventional mecha-
nism. It indicates that the new oscillating sawing mechanism effectively
reduces the ploughing force of the outermost tooth as expected,
compared to the conventional oscillating sawing mechanism.

40 mm

Simulated cancellous bone

»l

Blade

Blade A Machined area

(@)

Cortical bone I 7.5 mm

1

Oscillating range

<

—

J
=

(b) (c)

Fig. 12. Oscillating sawing experiments. (a) Side stopped groove cut. (b) Through groove cut. (c) Stopped groove cut.
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Fig. 13. Comparison of sawing forces in the side groove cutting experiment. (a) Conventional mechanism. (b) Proposed mechanism. The peaks (P_Fc(+), P_Fc(—) and
P_Ft) were determined from the envelopes of the force data. The mean forces (mean +1 standard deviation) were computed within a stable range (10-30 s) for

analysis. Experimental conditions: 600 CPM, 6 mm/min, cortical bone.
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Fig. 14. Comparison of corner profiles after side groove cutting experiments. (a) Conventional mechanism. (b) Proposed mechanism.

CPM, 6 mm/min feed rate, cortical bone.

From the corner profile of the workpiece machined by the proposed
oscillating sawing mechanism (Fig. 14b), it was observed that the actual
shoulder profile of the machined side groove (represented by the red dot
line) exhibits a slight lateral offset of 0.32 mm from the ideal shoulder
position (represented by the white dot line) when using the proposed
oscillating mechanism. This small offset may arise from the assembly
clearance of the overall experimental system (e.g., the fixture that
clamps the bone and the oscillating mechanism). In addition, there was
no crack near the shoulder position due to the small impact force being
effectively avoided. In contrast, when machining with the conventional
oscillating sawing mechanism, a significant angular deviation of the
shoulder position occurred (17°), leading to a serious offset of 1.35 mm
between the final corner position and the ideal position. This issue
caused by the inefficiency of cutting off the workpiece near the extreme
of oscillation by the conventional sawing mechanism, resulting in a
gradual reduction in the oscillation range of the cutting tip and thereby
increasing a remaining area on the workpiece that was supposed to be
cut off (excludes the part caused solely by the assembly clearance of the
experimental system) (Fig. 14a). This remaining area continuously ab-
sorbs impacts from the oscillating saw blade tip, resulting in elastic
deformation and inducing crack propagation near the shoulder, espe-
cially at the weaker edge positions of the workpiece, which are more
prone to fracture.

4.1.2. Through groove cut
In the through groove cutting experiment, the cutting force

12

. Experimental conditions: 600

generated by the conventional oscillating sawing mechanism gradually
increases with the feed and stabilizes after a certain period (increasing
from 5 s and stabilizing from 15 s), as shown in Fig. 15a, b. Although a
larger positive rake angle setting can reduce the sawing force, a signif-
icant amount of impact force still occurs when using the conventional
oscillating sawing mechanism. In addition, obvious defects were present
on the edge of the machined surface due to fractures caused by the high
impact force and the low strength of the outer layer of the bone
(Fig. 16a,b).

On the contrary, as shown in Fig. 15¢, d, the proposed oscillating
sawing mechanism achieves stability in cutting force more rapidly
(increasing from 5 s and stabilizing from 10 s), with the cutting forces
consistently lower than those of conventional mechanism. Furthermore,
the larger rake angle further contributes to reduced cutting forces. The
proposed mechanism caused large sawing force reductions compared
with the conventional results: cutting force: 66 % (Rake angle: 10°),
61 % (Rake angle: 30°); thrust force: 57 % (Rake angle: 10°), 39 % (Rake
angle: 30°). Therefore, it results in a very smaller proportion of defects
compared to the conventional oscillating sawing mechanism (Fig. 16c,
d). On the other hand, the ploughing effect has been observed in the
machined surface machined by both mechanisms (Fig. 16c,d). The
machined surfaces were machined by the side cutting edge of the saw
teeth (Fig. 11a, right side). Due to the flat shape of the saw tooth, the
rake angle of the side cutting edge can be considered a zero-rake, which
ploughs the machined surface while oscillating. Therefore, the differ-
ences in the machined surface, except for defects on the bone edges,
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Fig. 15. Comparison of sawing forces in the through groove cutting experiment. (a) Conventional mechanism, rake angle: 10°. (b) Conventional mechanism, rake

angle: 30°. (c) Proposed mechanism, rake angle: 10°. (d) Proposed mechanism,

were not discussed. Through groove cutting process using both the
conventional and proposed mechanisms was recorded in a video, which
is provided as supplementary material 3.

4.1.3. Stopped groove cut

In experiments involving stopped groove cutting, when the cancel-
lous bone was used, the thrust force was very small but significant
cutting force was still generated by the conventional oscillating sawing
mechanism, with most part of these forces being stemmed from impact
between workpiece and blade (Fig. 17a). This impact force resulted in
curved shoulder profiles after sawing. The oscillation range was mini-
mized at a feed rate of 5 mm (30.4 mm) and then gradually recovered
(Fig. 17b). This was because during the feeding process, the point of
impact was shifted part from the tooth tips to the blade shank upon
contact with the curved shoulder, altering the point of impact and
thereby reducing the elastic deformation of the saw blade.

In contrast, as shown in Fig. 17c, the proposed oscillating sawing
mechanism rapidly stabilizes the cutting force at a low value, achieving
an 85 % reduction in cutting force and a 23 % reduction in thrust force
compared to the conventional mechanism. The vertical shoulder profile
as shown in Fig. 17d further illustrated that the proposed mechanism
effectively avoided the impact force generated by the contact between

rake angle: 30°. Experimental conditions: 600 CPM, 6 mm/min, cortical bone.

the tooth tip and shoulder.

Looking at the conventional oscillating sawing mechanism from
another perspective, even with just one tooth cutting (in Section 4.1.1)
or when cutting softer, cancellous bone, such significant forces were still
generated. This can well explain why kicking out or grabbing phe-
nomena often occur during actual surgical procedures.

In the side stopped groove cutting, where only one side of the saw
blade experiences impact force, it becomes challenging for surgeons to
maintain rigidity similar to machine and avoid deviations, leading to the
blade being kicked out from the bone. In stopped groove cutting, where
both sides of the saw blade are impacted simultaneously, the actual
cutting force was substantial but with minimal variation in thrust di-
rection. This can lead to incorrect judgments by surgeons or robotic
systems based on thrust force, resulting in grabbing phenomena where
the oscillation range gradually decreases or even causing the drive
motor to stall.

Currently, most bone cutting studies often use robust young bovine
cortical bones aiming to maintain consistent cutting condition, which
may significantly differ from the actual surgical scenario. Patients un-
dergoing orthopedic surgeries, e.g., TKA, are typically in elderly patients
above 65 years of age [38]. Elderly patients often have bones that are
more brittle and susceptible to cracking or fracturing, and they may
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(d) Proposed, Front view
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Fig. 16. Defects on the machined surface after the through groove cutting. (a, b) Conventional mechanism. (c, d) Proposed mechanism. Experimental conditions: 600
CPM, 6 mm/min, Blade A, cortical bone (30 mm width). Defects on the bone edge are observed in the supplementary material 3.

experience slower bone recovery post-fracture [39]. Therefore, the
impact forces generated during surgeries may be less than those
measured in current experiments. However, on the other hand, the de-
fects and fractures caused by impact forces produced by conventional
oscillating sawing mechanisms could be more significant than observed
in experiments, greatly hindering postoperative recovery for patients.
The development of robot-assisted techniques in bone cutting surgeries
is rapidly advancing, with major surgical systems still relying on the
conventional oscillating saw mechanism [40]. To ensure high blade ri-
gidity, thicker blades are often used, accompanied by the expectation of
reduced sawing forces to minimize blade width. However, this setting is
more prone to forming stopped groove cutting scenarios, and expo-
nentially increasing the blade thickness will likewise exponentially in-
crease the impact force.

4.2. Saw tooth deformation and wear

Medical saw blades are typically disposable, meaning they are
designed for single use. However, there are also reusable saw blades that
have stricter requirements for suppressing deformation and wear of the
tooth tips. On the other hand, even if the saw blade is single use, this still
poses a risk to the patient if the saw teeth is deformed at shorter feed
distances, especially when multiple planes of resection are performed
during TKA. Therefore, it is necessary to evaluate the deformation and
wear of the saw teeth at short feed distances and the effect on the sawing
force.
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Fig. 18 shows the worn distance of each tooth tip after performing
the cortical bone cutting experiments, including one time for the side
stopped groove cutting experiments by using the right outermost tooth
(only Blade A) as described in Section 4.1.1 (total feed distance: 2.5 mm)
and four times of through groove cutting experiments as described in
Section 4.1.2 (total feed distance: 30 mm (4 x 7.5 mm)).

The worst deformation of Tg; in Blade A by using the conventional
mechanism (worn distance: 0.72 mm, as shown in Fig. 18a) was due to
the excessive impact force in the side stopped groove cut. On the con-
trary, the proposed mechanism caused a smaller deformation at the
same tip position (worn distance: 0.08 mm), caused by ploughing force
rather than impact.

For all other parts of the tooth, severe deformation occurred under
the conventional mechanism, including ploughing force-induced flip-
ping of the tooth tip to the positive rake face, and impact force-induced
flipping of the tooth tip to the negative rake face. When discussing the
effects of different rake angles (ignoring the deformation of the outer-
most teeth), although a larger rake angle has a smaller worn distance, it
causes more deformation due to ploughing. Specifically, the total worn
distance ratio between impact-induced and ploughing-induced defor-
mation increased from 0.2 (Blade B) to 1.67 (Blade A). This suggests that
a larger rake angle in the conventional mechanism is not effective in
reducing saw tooth deformation.

On the other hand, small tooth deformation and wear occurred under
the proposed mechanism, which mainly included dulling of the edge by
wear and ploughing force-induced deformation, especially when using
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Fig. 17. Comparison of sawing forces during the stopped groove cutting experiment. (a, b) Conventional mechanism. (c, d) Proposed mechanism. Force reduction
ratio: 85 % (cutting force); 23 % (thrust force). Experimental conditions: 600 CPM, 12 mm/min, rake angle: 30°, simulated cancellous bone (40 mm width), feed

distance: 20 mm.

Blade A, which has a large rake angle (30°) in the teeth except the
outermost ones. These wear and deformations may be caused by de-
viations from the ideal trajectory due to the assembly clearance of the
whole system, as mentioned in Section 4.1.1. Additionally, defects in the
tooth tips resulting from machining with wire EDM may also promote
wear and deformation at small worn distances. The average worn dis-
tance in both Blade A and Blade B caused by the proposed mechanism
was around one-tenth of that produced by the conventional mechanism.

Fig. 19 shows that severe deformation when using the conventional
mechanism caused the cutting force to increase significantly with the
feed distance. Although a large rake angle can reduce the wear distance
of the saw teeth and consequently reduce the increased sawing force due
to teeth deformation, the force increase was still much higher compared
to using the proposed mechanism. In contrast, the blades used with the
proposed oscillating sawing mechanism consistently generated similar
cutting forces during each experimental time, especially when using
Blade A with the larger rake angle.

The experimental results indicate that using the proposed oscillating
sawing mechanism can effectively improve saw teeth wear conditions
and enable the setting of a large positive rake angle on the saw blade
teeth. By effectively avoiding contact with negative rake angles, setting
a larger lip angle increases the strength of the tooth tips. This approach
helps reduce the risk of tooth tip deformation and fracture, ensuring that
during the surgical process, the tooth tips can efficiently cut bone with
smaller, more stable forces, thereby reducing the risk of metal residues
caused complications.

4.3. Evaluation and outlook of the proposed oscillating sawing mechanism

4.3.1. Discussion with elliptical vibration cutting path

The proposed oscillating sawing mechanism employs an elliptical-
like trajectory at the extremes of oscillation, which exhibits similar-
ities and differences compared to paths used in elliptical vibration cut-
ting techniques. Elliptical vibration cutting techniques have been widely
utilized in precision machining [41], and their typical cutting path is
illustrated in Fig. 20a [42]. The combination of elliptical motion and the
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feed motion in cutting direction involves the tool first removing the
workpiece material and then separating from it within each vibration
cycle. This intermittent cutting process, accompanied by the reversal of
friction between the rake face and the workpiece, leads to a significant
reduction in cutting forces [42,43]. Similarly, the intermittent contact
with the workpiece during the oscillating sawing process reduces sawing
forces by avoiding contact with the workpiece at a negative rake angle in
the proposed trajectory (Fig. 20b). In a single oscillating sawing cycle,
the direction of its elliptical-like trajectory aligns with that of elliptical
vibration cutting technology. However, when viewed from the overall
feed direction, it is opposite to the direction used in elliptical vibration
cutting technology. This design aims to achieve smaller cutting depths at
the point of contact with the workpiece and avoid negative rake angle,
thereby facilitating chip separation from the workpiece. On the other
hand, the amplitude of the elliptical trajectory component in the pro-
posed trajectory is much larger than that used in elliptical vibration
cutting. Although vibration cutting technology can promote chip sepa-
ration from the workpiece through crack propagation [7], the effec-
tiveness of this process in separating chips from the workpiece at the
extremes of oscillation during stopped groove cutting remains uncertain,
especially considering the elastic recovery of cortical bone at small
depths of cut [25] and assembly clearance (as mentioned in Section
4.1.1).

4.3.2. Temperature rise

Although this study did not measure temperature rise, the temper-
ature rise in orthogonal cutting and oscillating sawing experiments in
this research can be discussed through previous studies.

The temperature increase from conventional bone sawing can reach
100 °C in the localized cutting region [9], potentially causing thermal
and mechanical damage to the bone [11]. While clinical conditions may
vary due to interstitial fluid in natural bone, particularly cancellous
bone [44], the rise in temperature during the sawing process remains a
significant concern, which includes risks such as chip clogging [24] and
the absence or less effectiveness of a cooling process as depth increase of
the stopped groove.
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2.5 mm (side stopped groove), 30 mm (through groove).

The temperature rise is primarily determined by the difference be-
tween the heat generated and dissipated within the system per unit of
time. In orthogonal cutting experiments, heat is generated from the
shear cracks on the chip shear plane, friction between the chips and the
rake face, and friction between the workpiece and the cutting edge and
flank [19,27]. Feldmann et al. [19] observed that during orthogonal
cutting experiments on cortical bone with a positive rake angle, the
primary heat concentration occurs on the chips, followed by the rake
face of the cutting tool, and lastly on the workpiece surface. This result
indicates that the temperature rise is minimal if the chips are promptly
removed.
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When using a negative rake angle for cutting, a significant amount of
frictional heat generated during the ploughing process transfers to the
workpiece surface and the rake face [45], as only a small amount of
chips is produced [25]. Therefore, larger negative rake angles often
result in more significant heat accumulation in the machining area if it is
not promptly dissipated. On the other hand, impact forces can also
generate substantial heat. Repeated impact forces during oscillation can
be considered cyclic loading, which induces microcracks in the bone
[46] (Fig. 14, supplementary material 2). These microcracks absorb
energy through sliding mechanisms within and between fibrils [47],
potentially resulting in frictional heat [48]. The heat is not dissipated
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Fig. 20. Elliptical paths in elliptical vibration and proposed sawing. (a) Elliptical vibration cutting path [42]. (b) Elliptical-like path near the extremes of oscillation

of the proposed trajectory design (described in Section 2.2).

through chip removal but spreads within the bone, causing a tempera-
ture rise in the machining area. Similarly, the temperature rise due to
repeated impacts is evident in ultrasonic vibration cutting processes,
including heat generated by flank face crushing during drilling [49] and
bone tissue burns due to large thrust forces in sawing [34].

As shown in Fig. 21a, even using the positive rake angle, it was
difficult for the conventional sawing mechanism to separate the chips
from the stopped corner, which caused the chips to accumulate in the
corner and the heat within the chips to accumulate in the machining
area. In addition, it will spread to the saw teeth and workpiece during
oscillation, resulting in a significant temperature rise. Furthermore, the
accumulated chips may prevent new chip formation and evacuation,
thus increasing the risk of chip clogging, which further increases the
temperature rise and sawing force.

In contrast, the proposed mechanism effectively separates chips from
the workpiece, enhancing heat dissipation capability (Fig. 21b).
Furthermore, the proposed mechanism also reduces heat generation by
effectively avoiding impact forces and reducing ploughing forces—two
force components that do not contribute to chip removal. Although the
actual rake angle of the teeth changes to negative during backward
motion, the decreased cutting depth avoids large heat generation. These
combined improvements indicate that the proposed mechanism should
produce a lower temperature rise than the conventional one. Addition-
ally, considering that conventional sawing mechanisms often lead to
increased blade tooth wear and deformation during the sawing process,
the new mechanism’s ability to minimize these issues further highlights
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its effectiveness in mitigating temperature rise.

From a single-chip formation perspective, the difference in the
morphology of the chips produced by these two mechanisms was pri-
mary the thickness of the end of the chips, as shown in Fig. 22. The end
of the chip produced by the conventional mechanism was thicker
because the instantaneous depth of cut was maximized (Fig. 22a). In
contrast, the end of the chip produced by the proposed mechanism was
as thin as expected, thus facilitating separation from the workpiece
(Fig. 22b). It should be mentioned that the end of the chip produced by
the conventional mechanism should be less than the ideal thickness
because a portion of the chip was not removed, resulting in an inclined
shoulder as described Fig. 14a.

The chips generated through the proposed mechanism are consistent
with the general cortical bone chip formation mechanism in orthogonal
cutting experiments, i.e., continuous serrated chips at a small cutting
depth [18,25,50]. However, the end part of the chips shows an increased
tendency for local separation (Fig. 22b). This was due to the reduction in
the depth of cut and the variation of the rake angle from positive to
negative. The continuous chip may increase the risk of chip clogging
during evacuation, particularly with larger cutting depths per cycle,
necessitating additional blade design considerations for chip evacuation
in the future. In addition, recent studies have shown that during ultra-
sonic vibration-assisted cutting of cortical bone, chips become
semi-continuous or discontinuous chips due to more fractures inside the
chips caused by high-speed vibration, which may also promote the
further decomposition of chips and thus facilitate chip evacuation [51].
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4.3.3. Challenges and future directions for surgical prototype and saw teeth deformation, particularly addressing impact and
The proposed mechanical structure validates the effectiveness of ploughing forces. It also allows for utilizing saw teeth with larger rake
trajectory and blade edge designs in reducing oscillating sawing forces angles to increase cutting efficiency. However, it is important to
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acknowledge that further considerations and validations are necessary
before clinical application.

During surgical procedures, the oscillating saw operates at high
oscillating speeds with a compact mechanical structure for handheld
control. Incorporating additional forward/backward motion may
require enhanced design considerations to effectively accommodate
these high oscillation speeds and handheld control requirements.

Furthermore, the current parameters have not been fully optimized,
necessitating future optimization to achieve the best clinical cutting
outcomes. This includes exploring optimal parameters for rake angles
and other design features to enhance performance in varying surgical
conditions.

Moreover, while the design with larger rake angles has shown
promise at the small cutting depths, the potential risks associated with
larger cutting depths, such as tooth tip fractures or deformations,
necessitate more comprehensive comparative experiments for thorough
exploration. Effective strategies should be proposed to mitigate these
risks effectively.

4.3.4. Potential field for exploitation of the proposed cutting mechanism
Although oscillating sawing technology has been widely used in
bone cutting surgery and extensively in the home improvement industry
as a versatile handheld tool (known as an oscillating multi-tool), its
application in precision machining has been limited. However, this
sawing technique holds potential as a method for processing thin deep
groove cuts if its sawing forces and blade wear can be significantly
reduced. Currently, machining thin and deep grooves often requires
drilling multiple holes using micro-drills or employing processes such as
electrical discharge machining (EDM), for instance, when machining
seal slots for turbomachinery [52]. However, these methods present
challenges in terms of tool wear and processing time due to the narrow
and deep nature of the grooves. The proposed oscillating sawing
mechanism, when used for cutting bone in stopped groove operations,
essentially performs thin deep groove cutting. Given these capabilities,
there is potential for oscillating saw technology to inspire new ap-
proaches in precision machining. By reducing sawing forces and blade
wear, oscillating saws could offer an efficient alternative for machining
thin and deep grooves, potentially overcoming the limitations associated
with existing methods such as micro-drilling and EDM. In summary,
while oscillating saw technology has not traditionally been associated
with precision machining, the proposed oscillating sawing mechanism
demonstrated effectiveness in bone cutting surgeries suggests promising
applications in this field. Further research and development are needed
to optimize this technology for precision machining tasks, potentially
enabling faster and more efficient processing of thin deep grooves.

5. Conclusions

In this study, an innovative oscillating saw mechanism was proposed
based on a comprehensive analysis of tooth tip trajectories to reduce
sawing forces, particularly impact force and ploughing force that did not
contribute to chip formation. A method was introduced to incorporate a
reverse feed motion near the extremes of oscillation, altering the cutting
depth and rake angle of the tooth tip to break off continuous chips from
the workpiece, thereby avoiding the accumulation of impact force.
Additionally, saw blade tooth tip positions aligned according to the
proposed motion trajectory to avoid contact between the negative rake
face of the tooth tips and the workpiece, reducing ploughing force. The
bone cutting comparison experiment with conventional oscillating
sawing mechanisms demonstrated the excellent performance of the
newly designed oscillating sawing mechanism, showing significant re-
ductions in impact and ploughing forces, thus avoidance of cracks on the
machined surface on workpieces and saw teeth damages, which further
enables the use of large positive rake angles for efficient cutting. The
proposed mechanism will significantly advance current oscillating
sawing techniques in bone cutting surgery and inspire tailored
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oscillating saw techniques for specific machining needs, such as thin
deep groove cutting.
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