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A Laparoscopic Morcellator
Redesign to Constrain Tissue
Using Integrated Gripping Teeth
Laparoscopic hysterectomy is a procedure that involves the removal of the uterus through
an abdominal keyhole incision. Morcellators have been specifically designed for this
task, but their use has been discouraged by the food and drug administration (FDA) since
November 2014 because of risks of cancerous tissue spread. The use of laparoscopic
bags to catch and contain tissue debris has been suggested, but this does not solve the
root cause of tissue spread. The fundamental problem lies in the tendency of the tissue
mass outside the morcellation tube to rotate along with the cutting blade, causing tissue
to be spread through the abdomen. This paper presents a bio-inspired concept that con-
strains the tissue mass in the advent of its rotation in order to improve the overall morcel-
lation efficacy and reduce tissue spread. A design of gripping teeth integrated into the
inner diameter of the morcellation tube is proposed. Various tooth geometries were
developed and evaluated through an iterative process in order to maximize the gripping
forces of these teeth. The maximum gripping force was determined through the measure-
ment of force–displacement curves during the gripping of gelatin and bovine tissue sam-
ples. The results indicate that a tooth ring with a diameter of 15 mm can provide a torque
resistance of 1.9 Ncm. Finally, a full morcellation instrument concept design is provided.
[DOI: 10.1115/1.4034882]

Keywords: laparoscopic devices, minimally invasive surgery, morcellation, tissue spread,
tissue constraining
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1 Introduction

In laparoscopic hysterectomy and myomectomy, tissue needs to
be removed without compromising the integrity of the minimally
invasive procedure. The power morcellator is an instrument
designed for this purpose, having a fast rotating cylindrical blade
that allows for the division and removal of tissue.

The food and drug administration (FDA) issued a press release
in November 2014, discouraging the use of power morcellators
because of their risk of spreading cancerous tissue within the
abdomen and pelvis in women with unsuspected uterine sarcoma
[1]. It has been estimated by the FDA that 1 in 350 women under-
going hysterectomy or myomectomy for myomas will have unsus-
pected uterine sarcoma [1,2]. Although this statement has been
refuted and is believed to be closer to 1 in 1550 [3], these FDA
statements nonetheless led to the restriction of morcellation,
thereby limiting many women with symptomatic leiomyomas to
total abdominal hysterectomies. Over the eight months following
the FDA safety communication, a decrease of laparoscopic hyster-
ectomies was observed together with an increase in abdominal
and vaginal hysterectomies, as well as an increase in major surgi-
cal complications and hospital readmissions [3,4]. Concerns have
been raised with respect to potentially higher patient morbidity
and the long-term outcome of surgical techniques that are adopted
as alternatives to standard power morcellation, such as the use of
containment bags, vaginal incisions, and intraoperative biopsies
[5]. Although complications of morcellation are rare, both the
development of parasitic fibroids and the spread of sarcoma cells
in the abdominal cavity have been reported [6–8]. Clearly, the
issue of tissue spread caused by current power morcellators is one
that requires solving.

1.1 Cause of Tissue Spread. Tissue spread is the result of a
fundamental problem in morcellators that rely on the “motor peel-
ing” mechanism [9]. The morcellation process constitutes the
repetitive grasping, cutting, and disposing of tissue strips sliced
from the main tissue mass. Initially, relatively long tissue strips
are created. With progression of the morcellation process, that is,
after the first few tissue strips have been cut and removed, the cre-
ated tissue strips become shorter [10]. An explanation for this phe-
nomenon is that the tissue mass decreases in size and weight and
becomes increasingly distorted in shape. Consequently, the tissue
mass itself becomes prone to being dragged along with the fast
rotating cutting blade because of friction between the two. Even-
tually, the entire tissue mass may start rotating along with the cut-
ting blade, thereby scattering tissue fragments throughout the
intraperitoneal area.

In Fig. 1, the tissue spread problem is depicted in detail in three
separate instances from left to right: (1) initiation of tissue morcel-
lation, (2) during morcellation, and (3) morcellation failure. When
initiating a morcellation action (Fig. 1, left), the tissue mass is
grabbed and pulled into the morcellation tube. In the beginning,
the length of the tissue strip sliced thus far (through application of
force Fpull) is short and unable to twist significantly. Accordingly,
the surgeon has proper control through force Fpull. However, as
the slicing of the tissue strip continues, the length of the strip
increases and friction between the cutting blade and the main tis-
sue mass outside the tube can induce spinning of the mass
(through force FT), with twisting of the tissue strip as a result (Fig.
1, middle). Spinning of the main tissue mass is especially promi-
nent when the cutting blade has dulled during its use, for example,
due to having morcellated calcified myomas or unintentional

Fig. 1 Representation of the tissue mass spinning problem underlying power morcellators. (a) Initiation of
morcellation where tissue is pulled into the morcellation tube (Fpull) and a tissue strip is being cut properly. (b)
Midway through morcellating a tissue strip, where the strip has come to be of such length that twisting of the
strip inside the tube occurs. This results in a (possible) torque (FT) of the tissue mass, induced by the rotating
cutting blade, spinning the tissue. (c) Morcellation failure due to rupturing of the (twisted) tissue strip inside the
tube. The tissue mass is free to follow the torque FT as well as disconnect from the morcellation tube (Fz), result-
ing in a combined force vector Fc, indicating the direction to where the tissue mass falls or is flung. Note: force
vectors not to scale.
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grasper–blade contact. Literature shows that a high force level is
required to achieve steady-state cutting when the blade sharpness
is low [11–16]. Thus, when morcellating with a dulled cutting
blade, a high force Fpull is required to cut the tissue. A low Fpull

will maintain tissue–blade contact but not initiate cutting, result-
ing in the tissue mass rotating along with the blade.

The shape of the mass, which is initially roughly spherical, is
deformed due to the excision of tissue strips, increasing the likeli-
hood of tissue scatter during tissue mass spinning. Rotation of the
mass may lead to rupturing of the tissue strip (Fig. 1, right), after
which the tissue mass is free to rotate with the cutting blade (FT)
and disconnect from the distal end of the morcellation tube (e.g.,
through gravitational force Fz). The combination of forces results
in a force vector Fc, in which direction the tissue mass either falls
(at low FT) or is flung away (at high FT).

1.2 State of the Art. In order to provide a brief overview of
the state of the art with respect to morcellators, a patent search
was performed in the Espacenet database using the search terms
morce* AND (instr* OR tool* OR device*), providing 84 results.
Filtering these results on title and abstract on relevance with
respect to laparoscopic uterine tissue morcellation (excluding
intra-uterine shavers), and removing duplicate patents from the
same applicants that describe different or updated facets of the
same instrument design, yielded a list of 45 relevant patents. Note
that this patent search is not all inclusive as morcellator patents
may exist that does not contain the string morce*.

Standard morcellators that rely on the motor peeling working
principle are abundant, where the differences between patents
mostly relate to aspects such as reusability versus disposability,
instrument dimensions, and cutting blade drive mechanisms
[17–25]. Patents of existing morcellators include the LiNA Xcise
(LiNA Medical, Glostrup, Denmark) [23], Gynecare Morcellex
(Ethicon, Inc., Somerville, NJ) [17,21], and Storz Rotocut G1
(Karl Storz GmbH & Co, Tuttlingen, Germany) [26]. For a full
list of current morcellators used in clinical practice, one may refer
to Driessen et al. [9]. Alternative cutting mechanisms include
oscillating or vibrating cutting blades [27,28], electrosurgical cut-
ting [29–36], waterjet cutting [37], grinding [38], or the use of a
wire mesh to slice tissue [39–41]. Each of these alternative cutting
methods has its own strengths and weaknesses. An instrument
having an oscillating cutting blade is the MOREsolution Tissue

Morcellator (AxtroCare/BlueEndo, Lenexa, KS), which alter-
nately turns four times clockwise and four times counterclock-
wise. Although this instrument has shown to provide less tissue
spread when in oscillation mode as compared to rotation mode
[42], the oscillating mode still uses full blade rotations. Electro-
surgical cutting speed is dependent on power settings [43], and
smoke may obscure the surgeon’s vision [44] and contain carcino-
genic agents [45]. Using waterjet cutting as a morcellation method
macerates the tissue, potentially creating tissue spill in the pro-
cess, and making histological evaluation no longer possible [46].
Finally, wire mesh cutting is a method that encapsulates the tissue
mass and subdivides it into multiple smaller pieces by drawing the
wire mesh through the tissue [39–41]. This method may be time-
consuming, as the time required to manipulate a tissue mass into
the encapsulating bag has been reported to range from 1 to 13 min
[47,48].

To catch and contain tissue spread, a number of laparoscopic
tissue entrapment bags have been proposed, each with their own
material properties with respect to robustness against perforations
and number of openings [49–58]. Following the FDA safety com-
munication, several studies have been performed to evaluate the
safety and applicability of such bags in combination with current
morcellators [47,59–61]. Alternatively, several patents describe
the bag as inherent parts of the morcellation mechanism
[29,32,62–65].

Finally, the transport of tissue through the morcellation tube
can either be done manually, as is current standard practice using
a laparoscopic grasper, or automatically, either through suction
[29,32,64,66], an internal auger [38], or screw thread [67]. The
method of tissue transport strongly relates to the way the surgeon
is able to control the uterine tissue mass. The standard morcellator
with a laparoscopic grasper may cause tissue scatter problems as
described above, whereas automated transport mechanisms usu-
ally have some additional way of constraining the tissue. Three
patents specifically describe mechanisms that provide improved
tissue control [68–70]. The first patent describes an additional
instrument that constrains the tissue mass and allows it to be pre-
sented to the morcellator in the best way possible [68] (Fig. 2(a)).
The remaining patents describe a morcellator with grasping jaws
at their distal end to confine the tissue at the time of cutting (Figs
2(b) and 2(c)). The use of such components is beneficial to close
the force loop near the cutting mechanism.

Fig. 2 Patent morcellator designs that engage and constrain the main tissue mass during morcellation. (a) Pat-
ent US20150073224A1 [68], (b) patent US20130090642A1 [70], and (c) EP0706781A2 [54]. Images cropped and
component numbers removed from original patents.
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1.3 Proposed Solution. Solutions identified in the literature
to solve the issue of tissue spread are to introduce an alternative
cutting method, to encapsulate the specimen being morcellated, or
to enhance the efficacy of the rotational cutting mechanism itself.
The use of an alternative cutting method has already been
explored extensively, but the rotating cutting blade method has
remained the standard. The use of a bag is feasible but does not
address the source of the problem that causes tissue spread. Fur-
thermore, studies have shown that up to 30% of bags used to con-
tain morcellation spillage may exhibit leakage [71–73], and
contained morcellation may not prevent metastasis of high-grade
tumors, despite having used a bag [74,75]. The current research
focuses on enhancing the efficacy of the current motor peeling
principle to reduce tissue scatter, an approach that may be com-
plementary to the use of bags. Our approach locally confines the
tissue mass during morcellation, such as shown in the patents pre-
sented in Figs. 2(b) and 2(c), thereby preventing the tissue mass
from spinning with the rotating blade. Our design differs from
those shown in Fig. 2 in that the method of tissue confinement is
integrated in the standard morcellation instrument, rather than
using an external fixation method such as the jaws shown in
Figs. 2(b) and 2(c). Moreover, our design does not require a
change in the standard tissue cutting method.

2 Concept Design

Many animals can be found that make clever use of tooth geo-
metries and configurations. For example, a method seen in nature
for holding and swallowing (slippery or struggling) prey, are large
and backward facing pointed papillae. These cover the tongue and
roof of the mouth of the penguin for eating arrow squids [76], and
the upper and lower jaws of the leatherback sea turtle, to aid in
the consumption of jellyfish [77,78]. Examples of animals that
prey on fish or mammals larger than themselves are the cookie
cutter shark (Isistius brasiliensis) and the lamprey (Petromyzonti-
formes, Fig. 3(a)), which both behave much like a morcellator.
Using a mouth and saw teeth that are adapted for sucking, the
small shark maintains an attachment to its prey, and is able to slice
and scoop out chunks of tissue by using its lower band of saw
teeth while rotating its entire body [79,80]. Similarly, using suc-
tion and a vast array of teeth arranged in whorls around the mouth
opening, the lamprey attaches itself to other fish. The tongue, also
having teeth, is subsequently used to rasp away flesh from the
host.

Taking cues from nature, a viable solution to improving the
efficacy of morcellators may be through the integration of teeth to
provide grip on the tissue mass. In specific, these teeth should
compensate for forces FT and FZ. An example of a morcellator
design we have created with this principle in mind is provided in
Fig. 3(b), where teeth have been integrated into the instrument tip.
In order to investigate the potential of this solution, a proof-of-
principle design has been made of a single ring of teeth. These
teeth are required to generate a reaction force close to the location
where force FT is generated by the blade, thereby locally closing
the force loop in the event of spinning of the tissue mass. The
teeth should engage the tissue mass only when it starts to rotate
with the blade, and not hinder the normal tissue debulking process
of the morcellator.

The design of the ring of teeth (Fig. 3(c)) is such that it can be
placed coaxially on the inside of the circular rotating blade, at the
distal end of a standard morcellation tube. The geometry and ori-
entation of the teeth ensure that they hook into the tissue mass
when it starts to rotate with the blade. The teeth are angled
inward, into the morcellation tube, freely allowing the tissue to be
pulled up the tube, but blocking it from sliding back into the peri-
toneal area.

This paper presents research into the dimensions and number of
teeth to achieve an optimal gripping force on the tissue mass,
while still allowing the pulling of the debulked tissue strip through
the morcellation tube. Test-bench trials have moreover been

performed to assess the grip strength of the teeth on animal mus-
cle tissue.

3 Method

The measurements and validation of the proposed design were
performed in two stages together comprising six measurement
sessions. First, through porcine gelatin tests (measurement ses-
sions 1–4), teeth of various dimensions were assessed in order to
motivate the design choices made in prototyping a single teeth
ring. The second stage of tests (measurement sessions 5 and 6)
provided the quantification of this ring in terms of gripping
strength when using bovine muscle tissue. For all measurements,
a force–displacement curve was obtained by drawing a sample of
gelatin or animal tissue past the teeth. The sequence in which the
six measurements sessions were performed is shown in Fig. 4.
The selection process of tooth geometries based on measured
forces is described in the subsequent Methods sections (see also
Fig. 4, “selection” boxes); the actual force values are provided in
the Results section.

3.1 Teeth Optimization for Tissue Grip—Gelatin Tests.
To study the tooth geometry and measure their maximum gripping
force, a test setup was created as shown in Fig. 5. A 1.0 mm thick
metal plate, containing sets of teeth, could be placed under an

Fig. 3 (a) Lamprey. Image edited to only show the mouth [93],
(b) lamprey inspired morcellation instrument tip, having inte-
grated teeth for tissue traction, and (c) design of a single teeth
ring. Dimensions are in millimeters.
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angle of 30 deg, 45 deg, or 60 deg with respect to the smooth hori-
zontal surface (see annotation in Fig. 5(b)) so that only the teeth
were protruding upward. A spring-loaded mechanism under the
metal plate was used to center the plate parallel and flush with
respect to the surface. Two metal plates of various sets of teeth
were created (Fig. 6). The three angles with respect to the horizon-
tal surface were chosen to span a range that is likely to show an
influence on the measured forces. Only three angles were assessed

to keep the number of measurements to a manageable size.
Assessing the fine-grained influence of the gripping angle is left
for future research.

Measurements involved placing a set of teeth in the middle of
the surface and a gelatin sample in front of them. The gelatin sam-
ple consisted of 15% gelatin and 85% water. A pulling wire (fish-
ing thread, 0.2 mm diameter) ran from a load cell (Futek LSB200,
10 lb), having a force measurement range of 0–45 N and resolu-
tion of 0.038 N, to the gelatin block and back. The wire was
placed around the sample with a small plate at the back, allowing
the pulling force to be distributed equally over the back surface of
the sample. The load cell was attached to a linear stage having a
movement step size of 1 lm and speed of 1.25 mm/s. By generat-
ing a force–displacement curve while drawing samples past the
teeth, the peak gripping force (i.e., the highest measured force,
Fmax) could be measured in different pulling directions (FZ, FT

and FC, Fig. 5). For each sample, the front-facing surface contact-
ing the teeth had dimensions 24� 17 mm. A roof plate was placed
closely above, but initially not contacting, the gelatin samples (not
shown in Fig. 5), vertically constraining them from (upward)
escaping the grasp of the teeth. The friction forces resulting from
contact between the sample and both the horizontal surface and
the roof plate were measured separately and subtracted from the
results. Not all teeth were measured in all force directions and
under all combinations of conditions in order to keep the amount
of measurements to a manageable number. A total of 194 meas-
urements were performed in measurement sessions 1 through 4,
with each measurement taking about 4 min.

3.1.1 Measurement Session (1): Gripping Force at Teeth of
Different Geometry. With the goal of finding a well-performing
tooth geometry, various teeth were assessed (Fig. 6, top). These
teeth had a constant height of 1.0 mm, and were varied in wedge
angle (range 20 deg and 60 deg, see teeth A, B, C, and I), curva-
ture (linear or radius of 1.0 or 2.0 mm, see teeth E, F, and H),
combinations of teeth (D and F), and blunt teeth (G). For this mea-
surement session, the teeth were kept under a 45 deg angle with
respect to the horizontal surface (Fig. 5(b)). This angle was the
midrange value around which a high gripping force was expected
to be measured. Force direction FZ was assessed. The total num-
ber of measurements performed was 54 (nine different tooth geo-
metries * six measurements per geometry).

3.1.2 Measurement Session (2): Gripping Force at Teeth of
Different Width and Height. The results of measurement session 1
showed that tooth geometry D (Fig. 6, top), having a combination
of two differently sized teeth, generated the highest maximum
gripping force (for full results, see Sec. 4.1). These teeth were
redesigned to function in force direction FT by curving them in a
45 deg angle sideways (Fig. 6, bottom), and were varied in height

Fig. 4 Flowchart of the sequence of measurements performed,
where at each measurement a force–displacement curve was
generated. In measurement sessions 1–4, porcine gelatin sam-
ples were pulled over the indicated teeth in the directions FT,
FC, or FZ (Fig. 1), using the test setup shown in Fig. 5. In mea-
surement sessions 5 and 6, animal tissue samples were pulled
in directions FZ and FT, in contact with the teeth ring, using the
test setup shown in Fig. 8.

Fig. 5 (a) Three-dimensional view of the gelatin and teeth test setup, (b) side view of the setup, and (c) example
of the teeth that have been evaluated. A gelatin sample (small block) was placed near the teeth, which were
placed under an angle. Pulling the sample in the force directions FZ, FT, and FC, (as also shown in Fig. 1) eval-
uated the gripping force the teeth had on the sample in that specific direction. Force–displacement measure-
ments were performed with a tensile tester.
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(1.0, 1.5, and 2.0 mm). The teeth also varied in width by equally
distributing their number (range 4–8) over a length of 10 mm.
Both “combined teeth” (e.g., Fig. 6, bottom, tooth geometry B)
and “singular teeth” (e.g., Fig. 6, bottom, tooth geometry A) were
designed. Measurements were performed in force direction FC,
while again keeping the teeth under a 45 deg angle with respect to
the horizontal surface. Total number of measurements performed
was 80 (ten types of tooth geometries * eight measurements per
geometry). Figure 6 (bottom) provides an overview of the ten
teeth that were tested in measurement session 2.

3.1.3 Measurement Session (3): Gripping Force in All Force
Directions. From measurement session 2, teeth F and J (Fig. 6,
bottom) were found to have the highest mean maximum gripping
force (Fmax) in force direction FC (for full results, see Sec. 4.1). These

teeth were further assessed in force directions FT and FZ, while still
keeping their angle with respect to the horizontal surface at 45 deg.
Total number of measurement performed was 24 (two types of tooth
geometries * six measurements per geometry * two force directions).

3.1.4 Measurement Session (4): Gripping Force for Different
Teeth Angles With Respect to the Horizontal Surface. Following
measurement session 3, tooth geometry J (Fig. 6, bottom) was
found to provide the highest gripping force (Fmax). Having already
quantified the teeth in all force directions at a 45 deg angle with
respect to the horizontal surface (Fig. 5(b)), this angle was varied
to 30 deg, 45 deg, and 60 deg. The maximum gripping force was
measured in force directions FC and the inverse direction of FZ

(i.e., �FZ). �FZ was used to quantify the force required to draw a
gelatin sample over the teeth in their nongripping direction, which

Fig. 6 First (top) and second (bottom) range of teeth evaluated in measurement session 1 and sessions 2–4, respectively
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is equivalent to drawing tissue into the morcellator tube in a clini-
cal scenario. Total number of measurement performed was 36 (six
measurements * two force directions * three angles with respect
to the horizontal surface).

3.2 Teeth Ring Assessment for Tissue Grip—Bovine
Tissue Tests. Through the design-oriented measurement sessions
1–4, tooth geometry J (teeth of 2.0 mm height and 1.4 mm width,
0.3 mm spacing between teeth, and a 45 deg angle with respect to
the horizontal surface) was selected to be developed into a teeth
ring (Fig. 7). This teeth ring was assessed in measurement ses-
sions 5 and 6, in force directions FT and FZ, respectively, using
the test setup shown in Fig. 8 and the same linear stage as used in
sessions 1–4. Here, the teeth ring was attached to the end of a tube
with outer diameter 12.5 mm and inner diameter 11.0 mm, which is
approximately equal to the size of most current morcellation instru-
ments. Bovine muscle tissue strips were collected from three larger
tissue samples. The strips, each with size 10� 10� 40 mm, were
cut in four different directions, assuring an equal distribution of
muscle striations among all tissue samples. Each sample was
clamped in the test setup by pulling it for a set distance into the fix-
ation tube and placing a pin all the way through the tissue sample.

The tissue strip was drawn into the morcellation tube and a 5 mm
distance was kept between the fixation and morcellation tube.

3.2.1 Measurement Session (5): Gripping Force at Tissue
Translation. Tissue placed inside the morcellation tube was pulled
out of the tube by translating the fixation tube backward over a
distance of 12 mm. First, nine measurements (i.e., three tissue
strips, each used three times) were used to measure the friction
resistance of the morcellation tube in the absence of gripping
teeth. Next, 45 measurements (15 tissue strips, each used three
times) were performed, measuring the maximum gripping force
(Fmax) of the ring of teeth.

3.2.2 Measurement Session (6): Gripping Force at Tissue
Rotation. Finally, tissue placed inside the morcellation tube was
rotated by rotating the fixation tube by approximately 2.7 turns
(by translating the linear stage over a distance of 107 mm). As in
measurement session 5, first nine measurements were performed
without involving the gripping teeth to ascertain the friction resist-
ance of the morcellation tube itself. Next, 60 measurements were
performed, divided over 15 tissue strips, where each strip was
measured four times. At each strip, the first three measurements
involved rotating the tissue against the pointing direction of the
teeth. During the fourth measurement, the tissue was rotated along
with the pointing direction of the teeth, to measure the force
required to rotate tissue free from the gripping teeth.

Differences between the tooth geometries were assessed using a
one-way analysis of variance (ANOVA) with the Tukey–Kramer
method and a significance level a of 0.05.

4 Results

4.1 Teeth Optimization for Tissue Grip—Gelatin Tests.
An example of a force–displacement curve of a measurement
where a block of gelatin was drawn into teeth D of teeth range
one is shown in Fig. 9(a). At a displacement of 0 mm, the gelatin
sample was right up against the teeth but not yet drawn into them.
At continued displacement, the teeth dug into the sample and elas-
tic deformation of the sample occurred while the measured force

Fig. 7 Prototyped steel teeth ring, using tooth geometry J (Fig.
10, bottom), 2.0 mm height, 1.4 mm width, 0.3 mm spacing
between teeth, and 45 deg inward angle. The ring has 21 teeth.

Fig. 8 (a) Three-dimensional view of the bovine tissue and teeth test setup, (b) close-up of tissue sample
clamped and subjected to forces FZ or FT while in contact with the teeth ring, and (c) top view of the setup. A
tissue sample is placed in contact with the teeth, which is mounted at the end of the morcellation tube. Pulling
or rotating the sample in the force directions FZ or FT, as also shown in Fig. 1, evaluates the grip the teeth
have on the sample in that specific direction. Force–displacement measurements were performed with a ten-
sile tester.
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sharply rose. At the force peak (Fmax), the sample material started
to rupture. As a result, the teeth lost grip and the measured force
dropped sharply. At continued displacement, the sample was
drawn over and through the teeth, where the second rise and drop
in grip force can be attributed to the teeth regaining their grip on
the gelatin sample.

4.1.1 Measurement Session (1): Gripping Force at Teeth of
Different Geometry. Means and standard deviations of Fmax at all
teeth of the first teeth range (Fig. 6, top), measured in force direc-
tion FZ, are presented in Fig. 9(b). The ANOVA revealed a signifi-
cant difference between tooth geometries, (F(8,45)¼ 3.56,

p¼ 0.003). Teeth type D provided the highest mean Fmax. This
difference is statistically significant compared to teeth types A, B,
G, H, and I (pA-D¼ 0.043, pB-D¼ 0.022, pG-D¼ 0.007, pH-

D¼ 0.001, pI-D¼ 0.015). A possible explanation why teeth type D
outperforms the other teeth types may be that it uses a combina-
tion of two different teeth types (A and C). The depth of the teeth
alternate among each other, which may have an effect on the loca-
tion from where the gelatin sample starts to rupture.

4.1.2 Measurement Session (2): Gripping Force at Teeth of
Different Width and Height. Means and standard deviations of
Fmax for all teeth of the second teeth range (Fig. 6, bottom),

Fig. 9 (a) Characteristic sample measurement (teeth range 1, teeth type D, measurement session 1). The maximum grip force
on the gelatin sample is indicated by Fmax. (b–e) Results of measurement sessions 1 through 4. All results are presented as
mean 6 SD gripping force. (b) Measurement session 1: force generated by various tooth geometries in force direction FZ. (c)
Measurement session 2: force generated by various geometry and size teeth in force direction FC. (d) Measurement session 3:
force generated by teeth types F and J in force directions FZ, FT and FC. (e) Measurement session 4: force generated by tooth
geometry J in force directions FC and inverse of FZ (i.e., 2FZ), each for three different angles of the teeth with respect to the
horizontal surface.
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measured in force direction FC, are presented in Fig. 9(c). Accord-
ing to the ANOVA, the tooth geometries were significantly differ-
ent from each other (F(9,70)¼ 2.30, p¼ 0.025). The two teeth
types with the highest mean Fmax were F and J, with 0.92 N
(SD¼ 0.13 N) and 0.97 N (SD¼ 0.11 N), respectively. Only
teeth J was statistically significantly different from teeth
D (pD-J¼ 0.021).

As the teeth height was varied between h¼ 1.0 mm, 1.5 mm,
and 2.0 mm, grouping those respective gripping forces together
gave 0.70 N (SD¼ 0.31 N), 0.82 (SD¼ 0.23 N), and 0.91 N
(SD¼ 0.12 N), respectively. According to the ANOVA, these three
means were significantly different from each other, F((2,77)¼ 5.19,
p¼ 0.008). The mean force for teeth with a height of 2.0 mm was
statistically significantly higher compared to the mean force of teeth
1.0 mm in height (p¼ 0.006). No statistically significant difference
was found for the teeth having a height of 1.5 mm as compared to
the other teeth. The teeth providing the highest mean gripping force
of both the 1.5 mm and 2.0 mm teeth height groups, being teeth F
and J, were selected to be further investigated.

4.1.3 Measurement Session (3): Gripping Force in all Force
Directions. Measuring the gripping force of teeth types F and J in
all force directions yielded the results as shown in Fig. 9(d). Teeth
type J outperformed F in all measurements, although this differ-
ence is only statistically significant in direction FT

(F(1,10)¼ 13.33, p¼ 0.004).

4.1.4 Measurement Session (4): Gripping Force for Different
Teeth Angles With Respect to the Horizontal Surface. Measuring
teeth type J (Fig. 6, bottom) while varying their angle with respect
to the horizontal surface (Fig. 5(b)) resulted in Fig. 9(e). Force
directions FC and the reverse of FZ (i.e., �FZ) had been assessed.
In the direction of �FZ, the force should have been as low as pos-
sible, as this represents the resistance of the sample when drawing
it along with the facing direction of the teeth, rather than opposing
them. No statistically significant differences were observed. For the
design of the teeth ring, the aim was to generate a gripping force in
the direction of FC as high as possible. Accordingly, the choice for
teeth type J under an angle of 45 deg was made.

4.2 Teeth Ring Assessment for Tissue Grip—Bovine
Tissue Tests

4.2.1 Measurement Sessions (5) and (6): Gripping Force at
Tissue Translation and Rotation. Measurements were performed
using bovine tissue, assessing the gripping force in force direc-
tions FZ and FT, by, respectively, translating and rotating tissue
while in contact with the teeth ring. The teeth ring was designed
using teeth type J (see Fig. 6) under an inward angulation of
45 deg with respect to the morcellation tube. All tissue strips had
been measured three times. Separating the measurements into
groups based on their trial number yielded the results shown in
Fig. 10(a). No significant differences were observed in the FZ

force direction. However, the ANOVA showed a significant dif-
ference between trials in the FT force direction (F(2,42)¼ 8.01,
p¼ 0.001) (see Fig. 10(b)). The gripping force for the first
trial was significantly higher compared to subsequent trials
(ptrial 1 –trial 2¼ 0.019, ptrial 1 – trial 3¼ 0.001), potentially a result
of tissue damage caused by the teeth. In the force direction FZ, all
the data were therefore grouped. However, in the direction FT, the
first time a tissue strip was measured was considered separately
from subsequent trials.

The results for both force directions, measured both against and
along with the teeth, are shown in Fig. 10(b).

4.3 Instrument Design. The tests performed in measurement
sessions 5 and 6 with the teeth ring yielded a maximum gripping
force of 1.67 N (SD¼ 0.93 N) in the FZ direction, and 2.32 N
(SD¼ 1.00 N) and 1.44 N (SD¼ 0.53 N) in the FT direction for
the first and subsequent trials, respectively. Because existing

morcellators vary in diameter, it is interesting to extrapolate these
results [9]. Considering that the teeth ring had 21 teeth that were
equally distributed along its inner diameter (øinner¼ 11.5 mm), a
teeth ring integrated into a morcellator with an outer diameter of
15 mm and wall thickness 0.5 mm (leading to øinner¼ 14 mm)
would have 25 teeth. Such a teeth ring would provide 2.76 N of
gripping force in the FT force direction the first time that grip is
generated (assuming that all teeth grip the tissue equally). Assum-
ing that the gripping force is a linear function of the number of
teeth, scaling up the diameter of the morcellation tube to 20 and
30 mm (thereby matching for example the 20 mm diameter of the
Morce Power Plus (Richard Wolf, Germany) [81] and the 30 mm
diameter of a proposed transvaginal morcellation design [82])
would provide 3.76 N and 5.74 N of grip force, respectively. The
function that relates torque to radius (s ¼ r � F) shows that for a
tube of 15 mm diameter, a single teeth ring can counteract a tor-
que up to 1.93 Ncm (¼ 0.7 cm * 2.76 N). For diameters of 20 and
30 mm, this would be 3.57 Ncm and 8.32 Ncm per teeth ring,
respectively.

Torques of cutting blades reported in literature range from 80 N
cm (TCM3000BL Morcellator, Nouvag [83]) to 1.5 Nm (MoreSo-
lution, Axtrocare [84]), whereas the RPM of morcellators ranges
from 50 to 2000 RPM (TCM3000BL Morcellator: 50–1000, Mor-
seSolution: 100–800). Torque is inversely related to RPM, and
thus morcellators that allow for higher RPM have a lower maxi-
mum torque. The optimal torque–RPM setting likely depends on
the tissue type, the diameter of the morcellation tube, and the pull-
ing force (Fpull) with which the tissue is presented to the blade.
Extrapolating the measured torque resistance for a single teeth
ring to a series of stacked rings yields an estimated torque resist-
ance of 38 Ncm, assuming 20 stacked rings over a length of
30 mm and a tube diameter of 15 mm (Fig. 3(b)). This torque
resistance accounts for approximately half of the possible maxi-
mum torque generated by for example for the TCM3000BL

Fig. 10 Results of measurement sessions 5 and 6. (a)
Mean 6 SD maximum teeth gripping force in force directions Fz
and Fc (translations and rotations plot, respectively). Three
measurement trials were performed per tissue strip, and results
are group per trial number. (b) Results of measurement ses-
sions 5 and 6. Mean 6 SD of the maximum teeth gripping force
pulled along with and against the pointing direction of the
teeth, respectively.
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Morcellator [83]. The gripping force generated by 20 stacked
rings in the direction along with the teeth is estimated to be 4.7 N
(0.2 N * (25 teeth/21 teeth) * 20 rings); hence, the required pulling
force (Fpull) to be supplied by the surgeon to the tissue mass only
increases slightly. Although this is an approximate calculation, it
does show that it is theoretically possible to use teeth to compen-
sate for force FT. A full concept design of a morcellator is pro-
vided in Fig. 11. Future research should be conducted to
experimentally validate the estimated torque resistances, and to
integrate the stacked rings into an existing morcellation
instrument.

5 Discussion

This paper presented the iterative design and evaluation of grip-
ping teeth for the purpose of constraining tissue mass in the
advent of its rotation along with the morcellation cutting blade.
The measurements suggest that a series of stacked teeth rings can
provide an adequate torque resistance for this purpose. Several
measurement and design limitation have to be considered,
however.

5.1 Measurement Limitations. Measurement sessions 1
through 4 used porcine gelatin samples to evaluate the gripping
strength of teeth of varying geometry, and empirically determine
which geometry performed the best. The use of gelatin was advan-
tageous as it allowed for a large number of measurements within a
short time frame, was readily available, and had an elasticity mod-
ulus comparable to that of actual tissue. Gelatin is frequently used
for needle–tissue interaction investigations and its force–position
curve is linear. In contrast, bovine tissue is nonlinear and has a
rupture toughness that differs from gelatin [85]. Therefore, the
results from measurement sessions 1 through 4 have to be
assessed relative to each other and should not be compared with
sessions 5 and 6 in absolute terms.

Bovine muscle tissue is striated by nature, whereas the female
uterus consists of smooth muscle tissue. Human uterine tissue or

smooth muscle tissue that resembles the human uterus is not read-
ily available for testing. For this reason, measured gripping force
levels may be different from a true clinical scenario. In our
research, the tissue strips were cut in various directions to obtain a
roughly equal distribution in striation directions, thereby compen-
sating for the influence of striations. An additional limitation of
the measurements was that the tissue strips were precut. There-
fore, the shape of morcellated tissue strips created during clinical
procedures was not a factor that influenced our results. Finally,
the measurement results represent a quasi-static scenario because
the tissue was slowly drawn through the teeth. The speed of tissue
translation or rotation was not varied.

Not all observed differences in teeth gripping forces were statis-
tically significant at each individual measurement session. How-
ever, through the successive design process (Fig. 4), this research
iterated toward a single teeth design. This process was an efficient
alternative to testing all teeth across all possible variations, angles,
and force directions. The current design, however, may represent
a local optimum in the design solution space, and further refine-
ments may be possible.

5.2 Teeth Design. The measurement results in this research
were used to come to a teeth design that provided the largest grip-
ping force in specific force directions. These teeth were subse-
quently integrated into a proof-of-principle design for future
validation and quantification.

The measurements were not intended to provide a deep under-
standing of the relation between tooth parameters (e.g., geometry
and sharpness), tissue properties (e.g., elasticity and viscosity), or
crack formation. Although the ability to grasp tissues (e.g., the
gall bladder or colon) with laparoscopic graspers without causing
tissue damage is important for clinical practice [86], the amount
of published research into the design of gripping teeth with
respect to pinching force, tissue damage, and tissue slippage is
limited [86–91]. One factor of importance is the curvature of indi-
vidual teeth, where an increase of radius results in reduced tissue

Fig. 11 Concept design of a generic morcellator combined with an add-on module providing a passive inner
morcellation tube with teeth rings that hook into the tissue strip at the occurrence of tissue mass spinning. (a)
The add-on module connects to the morcellator through a clamping mechanism at the back-end. (a) Three-
dimensional zoom-in on instrument tip, (b) full 3D model, (c) back view of model and (d) front view and side view
with cross section of instrument tip.
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damage at the expense of gripping strength [87–90]. During mor-
cellation, the degree of tissue damage is not important; hence, in
this research, only aggressive teeth were assessed. In the litera-
ture, both 1.0 mm and 2.0 mm sized teeth have been tested, result-
ing in no clear differences in gripping forces between these two
designs [88,89]. This is in agreement with the present results
(Fig. 9(c)). However, the results in the literature have been
obtained for straight symmetrical teeth, comparable to the teeth
tested in measurement session 1 (Fig. 6, top). To the best of our
knowledge, no results are available in the literature with respect to
angled teeth such as those used in measurement sessions 2, 3, and
4 (Fig. 6, bottom).

An interesting finding was that the best-performing tooth geom-
etry consisted of two different sized teeth (teeth D, Fig. 6, top).
Compared to a single teeth design (e.g., teeth A, Fig. 6, top), there
may be a difference in crack formation and propagation because
the depths with which the tissue can sink in between the teeth
alternate between 0.85 mm and 0.65 mm. However, teeth F
(Fig. 6, top) also consisted of two differently sized teeth, yet did
not exhibit the same performance as teeth D. The underlying
mechanism behind the effects of alternating teeth requires further
investigation.

The design of the teeth is a trade-off between gripping forces in
the FT and FZ force directions and the obstruction force �FZ.
These forces are a function of teeth size, tooth geometry, number
of teeth, and their angle with respect to the horizontal surface.
When stacking multiple teeth rings in a row, the relative spacing
between the rings will be another factor that determines the
amount of tissue grip generated. One can make a comparison in
this regards to fenestrations (i.e., openings) in laparoscopic grasp-
ers, where it has been theorized that fenestrations allow the tissue
to bulge into them, thereby achieving a form-fit between tissue
and grasper. Literature provides contradicting evidence regarding
the effects of fenestrations for creating tissue grip [89,91], thus
providing no indication regarding the distance that teeth need be
apart.

Finally, the structural integrity of the tissue strip is of impor-
tance for the level of gripping force that can be obtained with the
teeth. This is evidenced by the difference that was observed in the
FT force direction between the first and subsequent trials. This
finding suggests that the initial gripping force generated on tissue
mass at the onset of tissue mass rotation should directly be of
adequate level to prevent the mass from spinning.

5.3 Instrument Design and Optimization. In essence, by
using teeth to prevent the tissue mass from spinning, one is
removing the surgeon from the “force loop” near the cutting
blade. In the standard morcellator design, the influence of the sur-
geon is limited to applying a pulling force Fpull, whereas in order
to prevent the tissue mass from spinning, the surgeon should also
be able to rotationally constrain the tissue mass. It is possible, but
impractical, to leave this to an assisting surgeon who makes use of
a laparoscopic grasper disposed through a different trocar. By
integrating gripping teeth designed to compensate for force FT

while not hindering tissue strip cutting and transport, the tissue
mass is controlled without actually having to change the standard
morcellation process. Moreover, by preventing the tissue mass
from spinning, the amount of tissue spread generated should be
reduced. The degree in which tissue spread decreases and poten-
tial influences of this method on the human–machine interaction
(e.g., the influence of increased pull force) are subjects for future
research.

Integrating the teeth into an existing morcellator introduces cer-
tain design complexities considering that stacked teeth rings need
to be integrated into the morcellation tube (Fig. 3(b)). A poten-
tially simple fabrication method is to punch press the teeth into a
single piece of sheet metal and bend this sheet metal into a tube
shape. To be considered is that the addition of a teeth-bearing
tube placed into an existing morcellation tube reduces that

instrument’s inner diameter. Preferably, the cutting tube should
flare open to a larger diameter, allowing for the insertion of a tube
with an inner diameter equal to the effective cutting blade diame-
ter. The LiNA Xcise for example has this feature [92].

The presented instrument design (Fig. 11) may be extended to
further improve tissue mass control. Going back to both the
cookie cutter shark and the lamprey, their use of a suctorial mouth
may inspire continued morcellator development. As suggested in
several patents [29,32,64], the use of suction to draw tissue into
contact with the morcellation instrument, combined with a fluid
environment, may be an effective strategy. In light of the recent
implementation of laparoscopic containment bags that catch the
tissue spread [47,59–61], adding integrated teeth and suction may
be a complementary solution to improve morcellation efficacy
and safety.

6 Conclusions

Through an iterative design and measurement process, a teeth
ring was designed, prototyped, and evaluated with respect to its
potential gripping strength on tissue. The evaluation showed that
the teeth ring generated grip in the advent of tissue translation and
rotation. Stacked teeth rings over a length of 30 mm and having an
inner tube diameter of 15 mm provide a theoretical 38 Ncm of tor-
que resistance to prevent the tissue mass from rotating along with
the morcellation cutting blade. Future research may implement
the proposed design into an already existing morcellator and
assess it through an in vitro benchtop evaluation.
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