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HYBRID OR AND EP/CATH LABORATORY 
VIBRATION ASSESSMENT 

EXECUTIVE SUMMARY 

A hospital is converting two existing non-surgical spaces to serve as a Hybrid 
Operating Room (Hybrid OR) and an Electrophysiology and Cardiac 
Catheterization Lab (EP/Cath Lab). A site vibration survey is performed on 
October 29, 2014 to determine whether the existing floor and ceiling structure 
are suitable for surgical activities and the ceiling-mounted equipment planned 
for those rooms. The measured floor vibration for the poured-in-place 
reinforced concrete skip-joist structural system is very low and satisfies the 
surgical theatre vibration requirement with significant margin. The roof vibration 
above the EP/Cath Lab is less than 10% of the Siemens vibration requirement. 
The roof/ceiling structure above the Hybrid OR supports rooftop mechanical 
systems on an elevated platform and therefore experiences higher vibration. The 
measured vibration is about 50% of the level permitted by the Philips criterion; 
however, the addition of the unistrut track and equipment mass may lead to a 
combined configuration that could fail the Philips criterion. The survey results 
indicate that the Hospital proceed with the planned renovation and, if 
performance issues are encountered with the Philips equipment, the unistrut 
track can be stiffened or vibration isolation can be incorporated into the rooftop 
platform that will significantly reduce the vibration transmitted to the structure. 
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1. INTRODUCTION 

A hospital is re-purposing existing non-critical spaces on the third floor to accommodate a Hybrid 
Operating Room (Hybrid OR) and an Electrophysiology and Cardiac Catheterization Lab (EP/Cath Lab). Both spaces 
must accommodate ceiling-mounted equipment that can be sensitive to vibration and an on-site vibration 
measurement and site evaluation of the two spaces is performed before proceeding with the renovation effort. The 
site visit was performed on October 29, 2014 between 11:00 AM and 3:00 PM. The Hybrid OR suite currently serves 
as the surgeon’s dressing room and the EP/Cath Lab presently serves as an anesthesiologist’s lounge. The structure 
above both rooms is the roof. Both locations are shown in the Google Earth image of the hospital provided in Figure 
1 for reference. The three roof top units visible in the figure above the Hybrid OR have since been replaced with air 
handling units placed on a raised structural steel platform. 

 

Figure 1 Location of Future Operating Rooms at the Hospital 

The original structural contract documents are dated June 22, 1992. The primary structure of the 
hospital is a poured-in-place reinforced concrete structure with 16”-deep, 66”-wide pan joist floor and roof systems. 
The joist ribs are typically spaced at 6’-0” on center and have 6” wide ribs. The slab is 4 5/8” thick. Columns are 
spaced at 30’ on center each way with 3’-wide beams spanning between the columns in the east/west direction. 
There are 2’-8” wide beams or joist ribs that span between columns in the north/south direction. The floor-to-floor 
height is 16’, except that the ground floor height is 15’-4”. 

 The layout of the EP/Cath Lab and the Hybrid OR suite are shown in Figure 2. The EP/Cath Lab will 
contain a ceiling-mounted Siemens Artis Zee/Q/Q.Zen system which has a peak admissible steady-state vibration 
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level of 0.1 g over the 10 to 200-Hz frequency range1. The admissible transient shock events are limited to 10 g with 
a 16 ms pulse width. The Hybrid OR will be fitted out with a Philips ceiling-mounted imaging system. The Philips 
model number/designation was not provided; however, the vibration requirements are adequately documented2. 
The vibration requirements for the Philips system are expressed as displacement limits of 2×10-4 in. between 2 to 
20 Hz and 4×10-4 in. between 20 and 100 Hz. In addition to these equipment-specific requirements, the floor 
vibration in both spaces is assessed using the traditional human perception limit for vibration and the vibration limits 
for generic sensitive equipment.  

 

Figure 2 Layout of the EP/Cath Lab (Left) and the Hybrid OR Suite (Right) 

The vibration requirements for operating rooms (human threshold of perception) and the 
Vibration Criteria (VC) curves for generic sensitive equipment are plotted in Figure 3. These vibration limits are 

expressed in terms of root-mean-square (RMS) g (1×10-6 g) as a function of frequency. The RMS acceleration levels 
are computed in a “sliding” one-third-octave bandwidth. The VC-C level is typically associated with environments 
suitable for Magnetic Resonance Imager operation. The VC-A and VC-B levels are acceptable for 400× and 1000× 
power microscopes, respectively. 

All of the vibration requirements used to evaluate the two spaces (floor and ceiling) are applied to 
vibration measured in three orthogonal directions (two directions parallel to the floor/ceiling and one direction 
normal to the floor/ceiling). Finally, both ceiling-mounted systems will ultimately be supported off of a unistrut track 

                                                 
1 Artis Zee/Q/Q.Zen Ceiling, Siemens Healthcare, Sheet M-101, October 15, 2013. 
2  Site Realization Validation Measurements, A.H. Koevoets and J Dries, XDX040-069295, Koninklijke Philips Electronics N.V., 

2004. 
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that does not presently exist in either of the two spaces. The unistrut frame and the mass of the equipment it 
supports is a dynamic system unto itself that can magnify the vibration levels reported here. 

 

Figure 3 Operating Room and Generic Sensitive Equipment Vibration Requirements 
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2. VIBRATION MEASUREMENT 

Raw acceleration time series data are acquired simultaneously in the three orthogonal directions 
at a sampling rate of 1000 Hz for a period of 5 minutes at each measurement location. The data are recorded and 
saved to the PC hard disk in a four-column text file format with time in seconds and three columns of acceleration 
in g’s (1 g = 386.1 in/sec2). Vibration measurements are obtained on the roof above each space to characterize the 
vibration level in each area for the ceiling-mounted equipment. Additional measurements are obtained from the 
bottom of a centrally-located joist rib in the Hybrid OR, which should match very closely with the roof (top surface 
of the joist) vibration. The vibration level for operating room staff and floor-mounted equipment are evaluated with 
data obtained from floor measurements in each space. 

The portable data acquisition (DAQ) system consists of a Windows-based laptop, a USB-powered 
four-channel 24-bit DAQ module (Data Translation DT9837A), and the four single-axis accelerometers identified in 
Table 1. The four accelerometers are attached to three orthogonal sides of a heavy steel cube to facilitate measuring 
vibration in three orthogonal directions as shown in Figure 4. The numbers shown next to each accelerometer 
correspond to the DAQ channel assignments. The two horizontally-oriented accelerometers (PCB 393B04) are 
attached to the block with threaded studs. The two vertically-mounted accelerometers (PCB 333B52) are attached 
to the steel block with double-sided tape. 

 

Figure 4 Accelerometer Orientations 

The measurement locations are shown in the partial plan provided in Figure 5. The two red squares 
shown in each location correspond approximately to the actual locations where the data are recorded. The “Roof” 
label shown adjacent to two of the red squares identify the two measurement locations on the roof above each 
space. The two arrows in the yellow boxes define the x- and y-axis directions. The x-direction is parallel to the joist 
ribs and the y-direction is normal to the joist ribs. The z-axis is normal to floor (or ceiling). The orientation of the 
accelerometer block relative to the x-y-z axes is indicated with the arrows pointing out of the red squares. The data 
channels are arranged in x-y-z order for each measurement location before performing the assessment. 
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Table 1 Accelerometers and Channel Assignments 

Channel Accelerometer S/N Sensitivity 

1 PCB 333B52 46982 1.044 V/g 

2 PCB 333B52 46983 1.040 V/g 

3 PCB 393B04 32502 1.003 V/g 

4 PCB 393B04 32503 1.009 V/g 

 

 

Figure 5 Vibration Measurement Locations 

The roof top measurement locations are pictured in Figure 6. The three roof-mounted air handling 
units visible at the Hybrid OR location in Figure 1 have since been replaced with larger units supported on the 
elevated platform shown in the left side of Figure 6. The current arrangement works to the advantage of the future 
Hybrid OR because the vibration generated by the mechanical units is transmitted through the steel structure to the 
concrete columns. The raised platform also provides some shielding from the wind. The measurement equipment is 
barely visible under the raised platform.  

The portable measurement system is shown most clearly in the right-hand side of Figure 6 at the 
EP/Cath Lab location. The Windows laptop is placed on a wheeled cart to facilitate re-location of the system from 
location to location at the facility. The DAQ module is the small black box visible to right of the laptop and the 
accelerometer block is barely visible in the shadow to the right of the cart on the gravel roof surface. The rooftop 
measurements are made with the system operating off of the PC battery. Measurements acquired on the third floor 
are made with the system operating on AC power. 
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Figure 6 Roof Top Measurement Locations Over the Hybrid OR (Left) and EP/Cath Lab (Right) 

 

3. DATA ANALYSIS AND EVALUATION 

The acceleration data acquired on the roof and floor in the EP/Cath Lab and the Hybrid OR are 
processed and evaluated according to the requirements of the specific ceiling-mounted equipment scheduled for 
each space and vibration criteria for generic sensitive equipment placed on the floor in each space. The overall 
vibration environment on the roof is presented in the form an acceleration power spectrum. Also, a heel-drop test 
is performed at each location to determine the dominant roof vibration mode(s) that can be excited by rooftop 
activity above each location.  

3.1 ELECTROPHYSIOLOGY AND CARDIAC CATHETERIZATION LAB ASSESSMENT 

The heel-drop test is performed to incite a transient vibration of the roof structure. The 
characteristic period of the oscillation corresponds to the most easily excited vibration mode of the roof structure 
for a single-point source excitation. The decay rate of the oscillation is related to the damping characteristics of that 
mode. The time history of the vertical motion obtained from one of the heel drop tests is plotted in the left-hand 
side of Figure 7 and shows a characteristic damped vibration at 15.7 Hz. A much higher frequency oscillation at 
120 Hz is superimposed on the damped vibration. 

The acceleration power spectrum is plotted in the right-hand side of Figure 7 as power spectral 
density (PSD) versus frequency. There is a very large number of narrowband peaks in the power spectrum which are 
produced by the rotating machinery. The narrowband peaks that happen to lie near 15.7 Hz are responsible for 
directly exciting the roof structure mode which results in amplified response around the 15.7-Hz mode. The very 
narrowband 120-Hz mechanical system vibration is also identified in the plot. 

The Siemens ceiling-mounted equipment scheduled for this location is evaluated based on a peak 
acceleration limit of 0.1 g between 10 and 200 Hz. The acceleration data obtained from the roof are filtered to 
exclude vibration below 10 Hz and above 200 Hz. A representative portion of the filtered time series is plotted in 
Figure 8 showing that the maximum vibration (in the vertical direction) is less than 0.01 g, which is less than 10% of 
the Siemens limit. The transient shock events that might occur on the roof (e.g., because of maintenance work) will 
be rare and are unlikely to exceed the allowable threshold. In any event, roof maintenance can be scheduled to not 
coincide with the surgery schedules. 



  

9 

 

 

Figure 7 EP/Cath Lab Roof Heel Drop Test (Left) and Power Spectrum (Right) 

A statistical approach using the acceleration PSD is also used to estimate the maximum 
acceleration. The area under the PSD (Figure 7) between 10 Hz and 200 Hz is the variance of the signal and the square 

root of the variance is the standard deviation, , of the acceleration signal. The ±3 acceleration represents practical 

upper bounds on the roof (ceiling) vibration with a 99.73% probability that the vibration will fall within the 3 limit. 

In this case, the 3 limits in the x, y, and z directions are 0.003 g, 0.002 g, and 0.008 g, respectively. The 3z level of 
0.008 g agrees with the filtered time series plotted in Figure 8. 

 

Figure 8 EP/Cath Lab Roof Vibration Between 10 and 200 Hz 

The floor and ceiling vibration in the EP/Cath Lab are also evaluated using the standard assessment 
criteria for human perception and generic sensitive equipment per Figure 3. The floor vibration assessment is 
presented in the left-hand side of Figure 9 and the ceiling (roof) vibration assessment is presented in right-hand side 
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of the same figure. The measured floor vibration is very low and should be capable of successfully supporting any 
sensitive equipment or precision human activity required for surgery. The ceiling (roof) vibration assessment utilizes 
the same data plotted in the power spectrum in Figure 7, but is re-processed according to these particular criteria. 
Higher vibration levels are measured on the ceiling than the floor; however, the vibration levels are consistent with 
the successful use of 1000× power microscopes supported by the ceiling. The ceiling assessment based on the 
generic sensitive equipment criterion is not particularly relevant in this case because manufacturer’s specification is 
available. 

 

Figure 9 EP/Cath Lab Vibration for the Floor (Left) and Roof (Right) 

 

3.2 HYBRID OPERATING ROOM ASSESSMENT 

The process used to evaluate the vibration in the Hybrid OR is very similar to that used to evaluate 
the EP/Cath Lab. The time history recorded from the heel-drop test performed on the roof above the Hybrid OR is 
shown in the left-hand side of Figure 10 and has a characteristic damped vibration at 12.4 Hz. The lower resonance 
frequency may result over the Hybrid OR because one end of the joists is discontinuous at this location, whereas 
both ends of the joists are continuous over the EP/Cath Lab. 

Acceleration data for the Hybrid OR were acquired on the roof and at the bottom of a joist stem 
accessible from the third floor. The data obtained from the joist stem are used for this assessment. The acceleration 
power spectrum for the Hybrid OR roof joist is provided in the right-hand side of Figure 10 and, like the EP/Cath Lab, 
shows the many narrowband peaks produced by the various mechanical systems. Once again, one of the many 
mechanically-generated narrowband tones falls very close to the measured roof mode resonance frequency at 12.4 
Hz and is responsible for the elevated vibration near that frequency. 

The vibration assessment for the ceiling-mounted Philips system requires that the measured 
vibration be converted from acceleration to displacement and then filtered to exclude vibration below 2 Hz and 
above 20 Hz. A representative filtered displacement time history is shown in the left-hand side of Figure 11 along 
with the displacement limit of 0.0002 in. for the 2-to-20-Hz band. Typical ceiling vibration is about 0.0001 in., which 
satisfies the Philips criterion assuming the unistrut frame that eventually will be installed does not cause the final 
motion to exceed the limit. The statistical approach is also applied. The acceleration power spectrum is converted 
to a displacement power spectrum and integrated between 2 and 20 Hz to obtain the displacement variance. The 
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3 displacement in the up/down direction is 8.6×10-5 in. At least half of the measured motion is caused by the roof 
top mechanical systems exciting the 12.4-Hz roof structural mode. 

 

Figure 10 Hybrid OR Heel Drop Test (Left) and Power Spectrum (Right) 

Philips also requires that the vibration displacement between 20 and 100 Hz; however, the 
permissible displacement increases to 0.0004 in. The filtered displacement time history is shown in the right-hand 
side of Figure 11. The measure displacement magnitude is less than 4×10-5 in., which is well below the allowed 

displacement. The statistical assessment method yields a 3 displacement of 5.2×10-5 in.  

 

Figure 11 Hybrid OR Roof Filtered Displacement Time History 

The floor and joist vibration assessment relative to the human perception and generic sensitive 
equipment criteria are provided in the left and right-hand side of Figure 12. The floor vibration is very low and is 
quite acceptable for a surgical theatre. In addition, the vibration levels are low enough to accommodate extremely 
sensitive equipment that may be required in the OR suite. The vibration level measured at the roof joist in the 
up/down direction is about four times higher than the floor because the source of the high vibration is located on 
the roof. The Philips vibration specification supersedes the generic equipment criteria for the ceiling-mounted 
equipment.   
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Figure 12 Hybrid OR Vibration for the Floor (Left) and Roof (Right) 

 

4. CONCLUSIONS AND RECOMMENDATIONS  

The floor vibration levels measured in the future locations of the EP/Cath Lab and the Hybrid OR 
are very low and perfectly acceptable for their intended role as surgical suites. Vibration levels in the two rooms are 
well below the perceptible level and can support a broad spectrum of vibration-sensitive equipment that might be 
used in those rooms.  

The EP/Cath Lab and Hybrid OR will be equipped with ceiling-mounted equipment that could be 
sensitive to vibration. Both spaces are located on the third floor and the ceiling structure is the roof. One advantage 
of this arrangement is that walking-induced vibration is not a major concern. Hospital facilities staff should 
coordinate any rooftop maintenance activities with the surgical schedules for these rooms to avoid causing high 
vibration during surgery that might adversely affect the performance of the ceiling-mounted equipment. The 
exposed roof is, however, subject to wind-induced vibration. Very little wind was present when the vibration site 
survey was performed, so the measured vibration levels reported herein do not account for high wind effects. Wind 
gusts will produce roof surface pressure fluctuations that will cause vibration. The Hybrid OR location along the 
southern edge of the building is more susceptible to wind-induced vibration than is the interior and more shielded 
EP/Cath Lab location. 

The ceiling vibration requirements for the Siemens Artis Zee/Q/Q.Zen system that is slated for 
installation in the EP/Cath Lab are not terribly restrictive. The vibration levels measured on the roof above the 
EP/Cath Lab only reach about 10% of the level permitted by Siemens; hence, there is very little concern that roof 
vibration levels will impair the performance of the Siemens equipment even when subjected to gusty wind 
conditions. 

The Philips system intended for the Hybrid OR has more demanding vibration requirements. 
Rooftop mechanical units are placed on an elevated steel platform over the Hybrid OR location. The elevated 
platform covers a full 30 ft by 30 ft bay and may provide some protection against wind-induced vibration; however, 
the measured mechanical vibration contains a large number of narrowband tones, some of which excite the 12.4-Hz 
roof structure vibration mode. The Philips specification considers vibration in the 2-to-20-Hz range and in the 20-to-
100-Hz range separately. The low frequency range is the most demanding and the measured vibration reaches about 
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50% of the permissible level. It is possible that the installation of the unistrut track and the Philips equipment can 
result in a vibration level that exceeds the Philips criterion. If performance issues are observed after the equipment 
is installed, there are two relatively simple remediation options that may be pursued. Additional vertical supports 
and/or lateral bracing can be added to stiffen the unistrut frame. A second approach is to integrate a vibration 
isolation feature into the rooftop elevated frame to minimize the mechanical vibration transmitted to the roof 
structure. 

The floor and ceiling vibration levels measured at the future locations of the EP/Cath Lab and the 
Hybrid OR satisfy the generally-accepted and manufacturer-specific vibration requirements for the two spaces. No 
post-renovation vibration issues are anticipated for the EP/Cath Lab. There is a slight possibility that the vibration 
characteristics of the unistrut support frame installed above the Hybrid OR could magnify the vibration above an 
acceptable level; however, the most economical remediation options can be implemented with minimal or no effect 
on the finished OR.  

 


