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We studied the sapphire and germanium fibers to determine which optical fiber best transmits 
Erbium:YAG laser for intracorporeal lithotripsy. Human calculi were ablated with an Erbium:YAG 
laser in contact mode using two fibers. Optical outputs at the distal end of fibers were measured 
before and after laser lithotripsy. Upon the irradiation on the calculus with the 50 mJ and 100 
mJ pulse energy, the output energy at the distal end of germanium fiber declined to approximately 
50% of the input energy. For the sapphire fiber, the output energy at the distal end remained 
unchanged with 100 mJ input energy; however the output energy had dropped to 50% for 200 
mJ input energy. In order to examine how the types of target tissue affect the fiber damage, the 
sapphire fiber was tested for the irradiation on soft tissue and water as well. No energy decline 
was observed during soft tissue and water irradiation. We also characterized ablation craters with 
both optical fibers. Both fibers produced similar craters on calculi in terms of depth and diameter. 
Sapphire fibers are better suited than germanium fibers for Erbium:YAG lithotripsy in terms of 
the fiber damage.
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I. INTRODUCTION

Intracorporeal laser lithotripsy has been established 
as one of the standard treatment modalities for human 

calculi fragmentation since the first development of the 
CO2 laser lithotripsy [1-6]. Due to its strong absorption 
by calculi of multiple compositions, the Erbium:YAG 
laser has been tested for the next generation lithotripter 
recently [7-9]. The Erbium:YAG laser operates at a 
wavelength of 2.94 μm and a pulse duration of 250-300 
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FIG. 1. The schematic diagram of the experimental 
setup. A free running Erbium:YAG laser was coupled into 
sapphire and germanium fibers, and human calculus was 
irradiated with both fibers in contact mode.

FIG. 2. Output pulse energy at the distal end of the 
fiber vs. the number of irradiation pulses. Input pulse 
energy to the proximal end was set to about 100 mJ. The 
irradiation was made on the struvite calculus in contact 
mode. A total of five measurements were made and the 
error bar indicates the standard deviation of the 
measurements.

μsec. Erbium:YAG lithotripsy fragments calculi by a 
photothermal mechanism [10]. Although this lithotripsy 
mechanism is similar to Holmium:YAG lithotripsy, 
Erbium:YAG is more efficient than Holmium:YAG 
lithotripsy [7-9]. Erbium:YAG wavelength is highly 
absorbed by water [11]. Thus, the flexible low-OH silica 
fibers used in Holmium:YAG applications absorb Erbium: 
YAG energy when used for Erbium:YAG transmission, 
causing reduced optical energy output. Currently, the 
optical fibers available for transmission of Erbium:YAG 
energy are composed of sapphire, germanium, zirconium 
fluoride, or hollow waveguide. To be employed as an 
endoscopic delivery system, the fiber needs to be biocom-
patible, flexible, and robust to tolerate the strong laser- 
tissue interaction at the distal end of the fiber.

Hybrid fibers have been proposed as an endoscopic 
delivery system for the laser lithotripsy. Fried et al. 
employed a hybrid germanium-silica/germanium-sapphire 
fiber to protect the germanium fiber tip from a damage 
induced by the strong pulse tissue interaction [12-14]. 
A similar approach is being pursued using a hollow 
waveguide with a sealing cap [15]. Although these hybrid 
techniques still do not deliver pulse energy high enough 
for the efficient lithotripsy, further improvement is 
expected from an advanced assembly and protective cap.

In spite of the extensive studies on the hybrid–fiber 
system, the performance of the bare sapphire and ger-
manium fibers for the Erbium:YAG lithotripsy has 
received a paucity of study [16]. In order to provide the 
reference for the hybrid fiber systems, we studied the 
sapphire and germanium fibers to determine how well 
they transmit Erbium:YAG optical energy for lithotripsy 
applications.

II. EXPERIMENTAL RESULTS

Human struvite calculi (>95% pure magnesium ammo-
nium phosphate hexohydrate) were cut with a dental 
diamond band saw to create a flat surface for laser irradi-
ation. Calculi were hydrated in deionized water for a 
minimum of 24 hours. A experimental Erbium:YAG laser 
(Schwartz 1-2-3, Orlando, FL, wavelength: =2.94 μm, 
pulse duration=275 μsec) was coupled into either a 425 
μm diameter sapphire(Photran, Amherst, NH, USA, 
core diameter : 425 μm, no cladding, Transmission per 
meter : 80%, effective NA : 0.12) or 450 μm diameter 
germanium optical fibers(Infrared Fiber Systems, Silver 
Spring, MD, USA, core diameter : 450 μm, Transmission 
Loss at 2.94 : 0.70 dB/m, Max acceptance NA : 0.25) 
using a CaF2 lens as shown in Fig. 1. Erbium:YAG laser 
was operated in the free running mode with the pulse 
repetition rate of 2 Hz. The unstable initial ten pulses 
were blocked using a mechanical shutter in conjunction 
with a shutter controller. The laser and shutter controller 
were synchronized using a pulse generator. Fibers were 

polished prior to use and the fiber tip verified by micro-
scopy to be smooth and free of visible defects. Stones 
were placed in a water cuvette and optical fibers were 
placed in contact with the stone surface. Irradiation 
was performed at a right angle orientation (0° laser inci-
dence) between the fiber and stone surface. The energy 
output from the tip of the optical fibers was measured 
using an energy detector (Molectron, Portland, OR) at 
various intervals before and after lithotripsy to assess 
the damage at the distal end of the fiber damage. 

The initial output energy at the distal end of the fiber 
was set to about 100 mJ then we ablated stone with both 
fibers. The output pulse energy after the irradiation of 
10, 30, 50, 100, 200, 400, 600, 800, 1000, 1500 pulses 
was measured with the energy detector. The measurement 
has been repeated five times for both fibers. In case of 
the Germanium fiber, the pulse energy had declined to 
50%~60% of the initial pulse energy during the first 
50-100 pulses and then relatively stable thereafter as 
shown in Fig. 2. In contrast, there was no significant 
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FIG. 3. Output pulse energy at the distal end of the 
Germanium fiber vs. the number of irradiation pulses. 
Input pulse energy to the proximal end was set to about 
50 mJ. The irradiation was made on the struvite calculus 
in contact mode. A total of five measurements were made 
and the error bar indicates the standard deviation of the 
measurements.

FIG. 4. Output pulse energy at the distal end of the 
Sapphire fiber vs. the number of irradiation pulses. Input 
pulse energy to the proximal end was set to about 200 
mJ. The irradiation was made on the struvite calculus 
in contact mode. A total of five measurements were made 
and the error bar indicates the standard deviation of the 
measurements.

FIG. 5. Output pulse energy at the distal end of the 
Sapphire fiber vs. the number of irradiation pulses. Input 
pulse energy to the proximal end was set to about 200 
mJ. The irradiation was made on the struvite calculus, 
into the distilled water and on chicken thigh in contact 
mode. A total of five measurements were made and the 
error bar indicates the standard deviation of the 
measurements.

FIG. 6. Caparison of the crater depth and width. 
Craters were produced upon the irradiation of 
Erbium:YAG laser through either the Sapphire or 
Germanium fiber.

decline in the measured pulse energy outputs for the 
sapphire fiber using 100 mJ pulse energy. The pulse 
energy had been maintained above 90 mJ regardless of 
the number of pulses. At all measures (other than at 
0 pulses), the measured optical energy outputs were 
greater for sapphire vs. germanium fibers.

Based on the preliminary experiments showing damage 
to the germanium fiber at 100 mJ pulse energy, we 
repeated the calculus irradiation with the germanium 

fiber using 50 mJ pulse energy for 1500 pulses. The 
measurement has been repeated five times. As we observed 
with the 100 mJ input energy, the pulse energy had 
drop to 50%~60% during the first 50-100 pulses and 
then relatively stable thereafter as shown in Fig. 3.

As the preliminary experiments showed the minimal 
damage to the sapphire fiber, we repeated calculus 
irradiation with the sapphire fiber using 200 mJ pulse 
energy and measured energy outputs. The output pulse 
energy after the irradiation of 10 and 50 pulses was 
measured with the energy detector. The measurement 
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has been repeated five times. At this energy level, the 
sapphire fiber damaged easily, the output energy dropped 
to 50~60% of initial energy within the first 50 pulses.

In order to compare the hard and soft tissue interaction 
with sapphire fiber, we irradiated 200 mJ laser energy 
to the deionized water and the muscle tissue of chicken 
thigh which was placed in the deionized water. We 
irradiated up to 500 pulses to both target and energy 
was measured using the energy meter after 100 and 500 
pulses. A total of five measurements were made. In 
contrast to the hard tissue interaction, no significant 
energy decline was observed during the laser interaction 
with water and soft tissue. In case of the irradiation 
in still water, the measured energy outputs pre-irradiation 
versus after 500 pulses were 204±3 mJ vs. 205±4 mJ, 
p=0.680. In case of the chicken breast irradiation, the 
measured energy outputs were pre-irradiation 205±4 
mJ, after 100 pulses 203±3 mJ, versus after 500 pulses 
198±5 mJ.

The ablation craters produced with both optical fibers 
were characterized. We irradiated single craters with 
pulse energy of 50 mJ at multiple locations on the stone 
surface. Crater width and depth were assessed by optical 
coherence tomography. We used two-tailed unpaired 
t-test and analysis of variance for analyses. The widths 
of ablation craters for sapphire were smaller than ger-
manium fibers, 448±28 μm vs. 504±80 μm, p=0.056, 
and the depths were not statistically different 136±15 
μm vs. 132±16 μm, p=0.509, respectively.

III. DISCUSSION AND CONCLUSION

The sapphire fiber is better than the germanium 
fiber for Erbium:YAG transmission. During laser 
lithotripsy, the damage threshold of sapphire fiber was 
measured between 100 mJ and 200 mJ, while the 
damage threshold of germanium fiber was measured 
below 50 mJ. Sapphire has a higher damage threshold, 
with less diminution of optical energy output during 
lithotripsy compared to germanium. Both fibers appear 
to produce roughly equivalent ablation craters on 
struvite calculi. However, neither fiber is ideal and 
both still fall short of clinical utility.

The damage that occurs to optical fibers appears to 
be from the laser-stone interaction and not from 
Erbium transmission. There was no diminution of 
energy transmission using sapphire fibers in still water 
at 200 mJ pulse energy after 500 pulses. However, with 
stone irradiation, there was a dramatic and rapid 
diminution. We infer that rapid ejection of stone debris 
is a possible cause of fiber degradation[5,18]. The 
diminution in energy output cannot be attributed to 
cavitation bubbles or pressure transients, as irradiation 
in still water would have caused the greatest damage. 
With the irradiation of chicken breast, there was a 

trend of minimal energy diminution. Erbium:YAG 
irradiation may be useful for soft tissue applications 
where maximal ablation and minimal coagulation is 
desired, such as for ureteral or urethral strictures. However, 
both bare sapphire and germanium fibers appear to have 
limited clinical lithotripsy practical utility.
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