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Using water jets in orthopedic surgery to drill holes in bones can be beneficial due to the absence of
thermal damage and the always sharp cut. To minimize operating time and the volume of water that is used, the
efficiency (volume of removed bone per added volume of water) of the water jet should be maximized. The goal
was to study the effect of the open trabecular bone structure on the efficiency for different water jet diameters.
86 holes were drilled in porcine tali and femora submerged in water with nozzles of 0.3, 0.4, 0.5 and 0.6 mm
at 70 MPa during 5 s and a standoff distance of 8 mm. MicroCT scans were made to measure the removed bone
volume and the bone structural properties Trabecular Spacing (Th.Sp.), Trabecular Thickness (Th.Sp.) and Bone
Volume Fraction (BV/TV). Pearson’s correlation tesis< 0.05, 95% confidence interval) were performed
for each water jet diameter using the bone structural property as an independent factor and the efficiency as a
dependent factor. No significant differences were found between the nozzle diameters in the material removal
rates per added volume of water. The efficiency decreased for an increase in Th.Th. and BV/TV for nozzles of
0.3, 0.4 and 0.5mm. The 0.6 mm nozzle showed less influence of the Th.Th. and BV/TV. The Th.Sp. has no
influence on the efficiency of a water jet.

The total volume of added water combined with the Th.Th. or BV/TV is a leading measure for the volume of
bone material that is removed, which provides freedom in the development of water jet instruments as the nozzle
diameter, pressure and jet time can be chosen in accordance to the maximum operating time requirements or
dimensional limitations of a design.

and clean due to the absence of contact between the tissue

and the water jet instrument.
Water jet technology can provide a valuable contribution for The water volume flow during surgery should be mini-
drilling of bone in orthopedic surgery due to its potential ad- mized to allow the irrigation system to remove the superflu-
vantages over existing bone cutting or drilling instruments.ous water when water jetting. Commercially available irri-
Conventional drill bits used for bone drilling increase the gation systems such as the HydroFlex AD (Davol, Warwick,
temperature of the surrounding bone tissue (Eriksson et alRI, USA) are able to pump out up to 2500 mL min This is
1984a; Matthews and Hirsch, 1972), which can lead to un-equivalent to the flow rate of a nozzle diameter of 0.37 mm
wanted cell damage or cell death, causing poor bone healat 70 MPa. When the volume flow of the water jet instru-
ing (Eriksson and Albrektsson, 1984, Eriksson et al., 1984b;ment exceeds the maximum capacity of the irrigation pump,
lyer et al., 1997). Using water jets to machine bone barely in-only a small amount of water can be temporarily stored in
creases the temperature of the surrounding tissue (Schmolkée tight spaces of the intra-acrticular joint before an uncon-
et al., 2004), causing no thermal damage to the cells. Besidetsolled outflow occurs and superfluous extravasation into the
the thermal advantage, the cut of a water jet is always shargurrounding caspule takes place. To decrease the volume flow
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homogeneous materials (Summers, 1995). The velocity of a
water jetvjiguid (M s~1) can be determined by a simplification
of Bernoulli's equation:

2P
Viiquid =,/ — (1)
0

in which P is the water pressure (NTR) andp is the fluid
density (kgnt3). The volume of wateVyater (M) can be
determined by Equatior):

1
Viwater= ZTf -D?. Vliquid - ¢ 2

in which D (m) is the water jet diameter ands) is the jet
time.

Using a traditional dimensionless energy equation to de-
scribe the efficiency has limited value, since a percentage

The potential cause for a change in efficiency of a water cannot be used for determining the water jet machine set-

jets with a smaller diameter than the Th.Th. or Th.Sp. The watertings to remove a predetermined volume of bone. Instead,
takes the path of the least resistance in the spacing between the trehe measure to describe the efficiency is defined as the vol-
beculae without breaking the struts. ume of removed bone tissue per added volume of water VRR
(mm®L~1) in accordance to:

of a water jet, intermittent water jetting can be performed or a _ Vrembonetissue: Vrembonetissue 3)
smaller water jet diameter can be chosen. The latter can influ- 1000- Viater 250.7-D2. /2P ¢
ence theefficiencyof the water jet, which is the removed vol- P

ume of (bone) material per added volume of water. The effi-;., \vhich Viembonetissudmm?) is the volume of removed bone

ciency can be influenced as follows. Bone consists of a charjigg e Using the VRR shows how much water is required to
acteristic open structure of trabeculae with a certain thick-,- hine a certain volume of bone tissue allowing Eds. (

ness (TbTh), Spacing (TbSp) and denSity (BV/TV) (Hllde' and Q) to be used for determinin@, D andt.

brand et al., 1999) (Fig. 1). Water jets having a sr_n_aller di- 14 investigate the influence of the trabecular structures on
ameter than the Th.Sp. can pass through the cavities of thg . \\ater jet efficiency of various water jet diameters, noz-

bone without removing the bone itself, and trabecular struts,|q giameters were chosen that were smaller than, larger than
with a larger Th.Th. than the water jet diameter might not . equal to the mean Th.Th.(0.5mm) and Tb.Sp. (0.3 mm)

break (Fig. 1). These aspects can result in a decreased effi ;04 in porcine bone specimens (den Dunnen et al., 2013b).
ciency for water jet diameters with a smaller diameter thanths reguited in the following nozzle diameters that were

the Th.Sp. or Th.Th. In that case, increased jet times and as @qted- 0.3. 0.4. 0.5 and 0.6 mm. The experiment layout is
result larger water volumes are required to remove the Samgummarize’d in ',I'ablez.
quantity of bone tissue. For application in surgery, this would  \yqter jet drilling of bony tissue was performed with a

imply an increased operating time or an increased total VOl'custom-made setup that used a MTS model 311.21 ten-
ume _Of added_water_. . . . sile tester (HTS, Eden Prairie, Minnesota, Unites States
This study investigates the efficiency of water jets with ¢ America) to compress a water filled cylinder (Holmatro

various diameters for drilling in bone tissue by comparing yac30s15 Glen Burnie Maryland, USA) with a force of
the bone tissue removal rates per added volume of water. Tgg |\ res,ulting in a water pressur’e of 70 MPa at the noz-

investigate whether the bone tissue structure affects the ef;)o (den Dunnen et al., 2013b). Via a hose the cylinder was
ficiency, the BV/TV, Tb.Th. en Tb.Sp. are analyzed. The ré-,nnected to a holder that allowed nozzles with various di-
sults of this study can be used for future design of orthopedic, 1 aters to be connected.

water jets instruments by providing the optimal water jet di- 1o, fresh porcine tali and ten femoral condyles (3—

ameter for.minimizing the total volume of added water or 4 months, approximately 40 kg) obtained from an animal ex-
operating time. periment were used. The distance between the specimen and
the nozzle (stand-off distance) was 8 mm and the jet time
5s. During the experiment, both the nozzle and the specimen
were situated underwater to mimic arthroscopic surgery. 86
The volume of water and its velocity provide a good indi- holes were drilled in a random order of sequence perpendic-
cation of the effectiveness of a water jet when machiningularly in the articular surface of the tali and femora: 13, 26,
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Table 1. The experiment variables and factors.

Nozzle diameter (mm) 0.3 04 05 0.6

Independent variable  Bone structural properties BV/TV Th.Th. Th.Sp.

Dependent variable Water jet efficiency VRR

Pre uCT scan Post uCT scan

Figure 3. Drilled holes in porcine femora using water jets with var-
ious nozzle diameters.

o

§1 Table 2. Statistical outcomes of the experiment of the VRR by dif-

ferent nozzle diameterg?: coefficient of determinatiorp: signif-

BVpre - BVpost = Vrembonetissue icance of the regression analysis.
BV/TV
Tb.Th. BV/TV Tb.Th. Tb.Sp.
Th.Sp.
Nozzle R2 p R? p p
Figure 2. Method of measuring the bone structural properties and 0.3mm 0.47 001 051 0.01 0.78
bone volumes. 0.4mm 0.64 <0001 055 <0001  0.35
0.5mm 0.57 <0.001 0.55 <0.001 0.80
0.6 mm 0.17 0.05 0.19 0.04 0.45

26 and 22 holes with nozzle diameters of 0.3, 0.4, 0.5 and Allnozzles 0.47 <0.001 0.36 <0.001 0.64
0.6 mm, respectively.
Pre- and post-experimental microCT scans of each

bone specimen were used to measure the BV/TV, Tb.Th.for each water jet diameter using the bone structural property
Th.Sp. andVionetissueby Using a Scanco microCT80 scan- as an independent factor and the VRR as a dependent factor.
ner (Scanco Medical AG, Brittisellen, Switzerland) at a spa-if no difference in efficiency is found, the same test is used
tial resolution of 37 micron. The scans were registered usingo create a model that predicts the removed bone tissue for a
Amira version 5.3.3 (Visualization Sciences Group, Burling- given bone structural property. The tests were performed in
ton, Miami, USA). Regions of interest of each drilled hole |BM SPSS Statistics version 20 (Armok, New York, USA)
were identified in the post-experimental scan and copied tayith a confidence interval of 95 % & 0.05).

the pre-experimental scan using ImageJ version 1.46 m. Seg- This study is a continuation of a published experiment that
mentations were made from the regions of interest. Afterdetermined a correlation between the drilling depth, nozzle
applying a global threshold to the segmentations, the meagiameter and bone structural properties (den Dunnen et al.,
BV/TV, Tb.Th., Tb.Sp. and the total bone volume of the seg-2013b) and has therefore overlap regarding the actual per-

mentation (B\pre) were determined in the pre-experimental formed experiment. The data presented in this article is new.
scan. In the segmentation of the post-scan, the total bone vol-

ume was measured (B¥s). Viembonetissugvas determined
by subtracting BYostfrom BVpre (Fig. 2).

To determine whether there is a difference in efficiency be-
tween the nozzles, Pearson’s correlation tests are performed
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All water jet diameters resulted in holes in bone tissue

(Fig. 3). Significant predictive models were determined to BV/TV vs Bone removal rate
calculate the VRR for each nozzle diameter when using the _+ + 0.3mm nozzle
BV/TV or Th.Th. as a dependent factor (Table 2 and Fig. 4). £, = ggm 22;32
The area covered by the 95 % confidence interval overlappec § ol 0 0.6mm nozzle
for all nozzles. For the 0.6 mm nozzle model, the signifi- ij ~=-0.3mm lin. regr.
cance andk? was lower and the slope less steep than for the %= ° T s regr.
other three nozzle diameters (Table 2). No significant models é " "__. Vs --- 0.6mmlin. regr.
where found using the Tbh.Sp. as a predictor. % 6;‘-‘-_(5?@ ,_“A__f o o]
A linear regression analysis with the BV/TV, Th.Th. or £" BN s:""_ ------- -
Tb.Sp. combined with the added volume of water as predic- A N ¢ B e L # ————
tors showed the following three significant models to calcu- £ . - e
late the removed bone tissue: g
BV 00,7 03 04 03 0‘6 07 0.8 09
Vrembonetissue= 18.4 - Vivater— 8.4 - v +3.3 Bonevolume fraction
2 Tb.Th. vs Bone removal rate
(p <0.001 R“=0.78 4) 0
Viembonetissue= 20.4 - Vwater— 20.4- Th.Th. + 2.6 £,
(p =0.001 R? = 0.77) G £, "
Vrembonetissue= 16.5 - Vivater+ 16.6- Tb.Sp. — 4.4 % 2s o
(p <0.001 R? = 0.70) ® £,*. o "
£ 30 "G"*--e-;-__(?_“?_ o o
% -t E- S (@] WOl T
T | * e B i =iy 7#%7
No evidence was found that the nozzle diameter affects the§ 5 - E. .lh"‘ .
efficiency when water jet drilling in bone tissue. The individ- 2 i

ual measurements as well as the predictive models overlag %02 03 04 05 06 07 08 09 1

for all nozzle diameters (Fig. 4). Hence, the VRR and thus MeanTrabecular Thickness (mm)

the efficiency is not influenced by the nozzle diameter. Con- Th.Sp. vs Bone removal rate

sequently, the total volume of added water appears to be ¢ _+

leading factor for the drilling capacity. For nozzles smaller £,

than 0.6 mm, a clear decline in VRR is present for an in- £ [ | o

crease in BV/TV or Th.Th. An explanation for this trend can g”

be that the BV/TV and the Tb.Th. determine to a large extend £ 2

the mechanical properties of the bone (Day, 2005). A higher EZU ¢ ot ®

BV/TV or Th.Th. results in an increased maximum tensile z o, e ® 0 o

strength, compressive strength and modulus of elasticity of £ —,’—\L'Z%G—O—L
= Oat e

the tissue (Cory et al., 2010; Nazarian et al., 2011). Thein- v & =

creased strength has a negative effect on the machinability £ ; u :l'. u

of bone with pure water jets (Tikhomirov et al., 1992). Thus, £

it is not the efficiency of the water jet that changes, but the °;; 015 0z 023 03 03 04 045
mechanical properties of the material that is drilled in, which Mean Trabecular Spacing (mm)

m?:res tr:ﬁ rerr;ﬁval of tlhe li(r)]neongore dlfﬂcullt' tobel The influence of the nozzle diameter, BV/TV, Th.Th. and
egardiess the overiap, the U.b mm nozzie seems (o be e%‘cb.Sp. on the VRR. The dashed lines represent the outcomes of

affected by .the Tb'Th' and BV/TV than_ the other nozzlt.es. linear regression analyses for the individual nozzle diameters. The
An explanation of this can be that the width of the water jet gyerlap in VRR and regression trend lines indicate an absence of
exceeds the average width of a trabecular strut, which wagfluence of the nozzle diameter on the VRR. No trend lines were
0.48 mm in the experiment. This causes the water jet to fullydepicted in the Tb.Sp. graph due to the lack of significance of the
enclose the strut in its devastating stream of water, washingegression analysis for the individual nozzle diameters (Table 2).

it away entirely instead of nibbling bone material away at

the sides of the strut, which is the case for smaller nozzle

diameters.



The experiment supports previous research (Summers;
1995; Tikhomirov et al., 1992; Hashish and Duplessis, 1978)
that the velocity (Eql) and the volume of water (E@) that For the development of surgical instruments for bone surgery
is directed towards an object is leading for the total volumethat rely on water jet technology, a water jet diameter can be
of material removal. By keepindwater constant,D, ¢ and chosen in accordance to the specific requirements of the sur-
P can be chosen arbitrarily to remove a certain volume ofgical procedure without affecting the total volume of water
material. However, the results cannot be extrapolated for althat is required to remove the specific volume of bone tissue.
machine settings. Especially extreme low or high settings oflf an irrigation system is required for the removal of super-
D, t and P the model will be inaccurate. EquatioB) (sug- ~ fluous water, a smaller nozzle is advised to stay within the
gests a linear influence of jet time pn the material removal.  limits of the maximum capacity of the pump. For 70 MPa,
Previous studies showed that the drilling depth increase ighis would mean a nozzle diameter smaller than 0.37 mm. For
maximum after initiating the water jet (Akkurt, 2009; Bach developments in minimally invasive surgery where the space
et al., 2007; Orbanic and Junkar, 2004; Pandey and Pandé) @ joint is limited, the instrument should be equipped with
2013; Matthujak et al., 2013), and, after the first few tenthsa small nozzle, which allows thinner tubing but leads to an
of a second, increases almost linearly until a maximum depttincreased jet time. For time critical surgery, a larger nozzle is
is reached. The linear phase is therefore limited to a specifi@dvised.
range ofr. The same holds foP and D in their respective The total volume of added water combined with the
ranges. For?, a minimal threshold needs to be met before TP-Th., BV/TV or Tb.Sp. is a leading measure for the
bone material is removed, which lies between 30 and 45 Mp&°lume of bone material that is removed, which can be
depending on the bone tissue ahd(Honl et al., 2000a, b; described by linear models described in this paper. The

) . models can be used to determine the water jet machine
den Dunnen et al., 2013a). The pressure range in which thgettings for procedures where a predetermined volume of

pressure can be considered to have a linear influence is up {gone material needs to be removed, such as osteotomies and
120 MPa (Mohamed, 2004; Orbanic and Junkar, 2004). Thuspgone tumor removal.

the volume of and velocity of the water is a good measure for
the total volume of material removal, but only when no ex- Edited by: J. van den Dobbelsteen
treme values foD, r and P are used to achieve this volume Reviewed by: S. Hloch and J. Foldyna
and velocity of the water.
Limiting factors could have influenced the results. In the
experiment, the VRR was used to normalize for the differ-
ences inVyaterthat is caused by differences in nozzle diame- Akkurt, A.: The effect of material type and plate thickness on
ter. KeepingVwaterconstant by adjusting(Eq. 2) might have drilling time of abrasive Wgter jet drilling process, Mater Design,
resulted in different outcomes, as no compensation per unit 30+ 810-815, do0.1016/j. matdes.2008.05.Q42009. _
volume of water would have been required. A drawback of 3ach. F.-W., Biskup, C., Kremer, G., and Schmolke, S.. Investiga-
adiustinas would have been the increased influence of the tion of the AWIJ-D.rllllng Process in Cortical Bone, Proceedings
J .g L . . . of the 2007 American WJTA Conference and Expo, Houston,
attack time, which is the time required to build up the water USA, 1-D, 2007.
pressure. In this experiment, the attack time was 0.3 s, Whicltory £ Nazarian, A., Entezari, V., Vartanians, V., Muller, R.,
consistently increased the jet time by 6 % for all holes that  and Snyder, B. D.: Compressive axial mechanical properties of
were drilled. When various jet times would have been used, rat bone as functions of bone volume fraction, apparent density
the influence of the attack time would not have been con- and micro-ct based mineral density, J. Biomechan., 43, 953-960,
stant. Therefore, the results were normalized using the VRR doi:10.1016/j.jbiomech.2009.10.042010.
instead of adjusting. Day, J. S.: Bone Quality: The Mechanical Effects of Microarchitec-
The predictive models (Egs. 4, 5 and 6) can be used for ture and matrix properties, Optima Grafische Publicatie, Rotter-
procedures where a predetermined volume of bone material dam, 2005. . )
needs to be removed, such as osteotomies and bone tumg?n Dunnen, S., Kra_a”’ G., B'SKU.p’ C. KerkhOﬁs’.G‘ M. M. ‘]'_’ and
removal. For these procedures, using the BV/TV to predict .Tu“.thOf’ G. J. M.: Pure waterjet drilling of a.rt!cu.lar bor?e' an
. . . in vitro feasibility study, J. Mech. Eng. — Strojniski Vestnik, 59,
the volume of removed material (Eq. 4) is favorable since the 425-432, 2013a.
BT/TV can be measured in conventional CT scanners thaljen punnen, S., Mulder, L., Kerkhoffs, G. M. M. J., Dankelman,
are available in hospitals. Additionally, the BV/TV model 3. and Tuijthof, G. J. M.: Waterjet drilling in porcine bone: The
provides the highest accuracy of the three equations. Using effect of the nozzle diameter and bone architecture on the hole
Egs. (1) and @), P and D can be determined for a given dimensions, J. Mechan. Behavior Biomed. Materials, 27, 84-93,
For time critical surgery, a low can be chosen. For delicate ~ doi:10.1016/j.jmbbm.2013.06.012013b.
procedures that require increased precision, a higgn be
used, causing” and D to be lower providing the surgeon
more control by the slow bone removal process.
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