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Abstract  

 

Loose paint, which occurs in Munch’s paintings after exhibitions caused by mechanical loads 

during transport, handling and storing in deposit or exhibitions, is a recurring challenge and 

a major concern. An essential feature of many of the Munch paintings in the MUNCH 

collection is the porous and brittle paint layers with weak cohesive and adhesive properties. 

In this paper, we present some initial measurements of the accelerations that cause 

mechanical loads that act upon such paint layers during handling in-house on trolleys. This 

study is a part of a larger project that aims to investigate the effect of vibrations on fragile 

paintings during in-house transport, storing on screens and the impact of sound in 

exhibitions. The main objective is to determine acceptable vibration levels, and develop 

methods to reduce the damaging vibration and shock loading. In doing so we will manage to 

optimize ROS-analyses and develop more reliable preventive strategies. 
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Introduction  

 

The MUNCH collection, like many other collections worldwide, experiences a large 

increase in requests for loans. Hence, the number of paintings at exhibitions outside the 

museum has increased significantly over the last years. In addition, with the new MUNCH 

building in Oslo, the number of exhibited paintings and other arrangements like concerts and 

museum nights has also increased. Consequently, the risk of damage to the paintings during 

transport, handling and storing in deposit or in exhibitions is higher. Therefore, the need to 

protect the museum’s collections from shock and vibrations that affect the paintings during 

preparing, handling, storing and transporting for exhibitions is a high priority.  

An essential feature of many of Munch´s paintings in the MUNCH collection is the 

porous and brittle paint layers with weak cohesive and adhesive properties. A great majority of 

the paintings are not varnished, but all the paintings are glazed and protected with stiff 

backboards before exhibitions. In addition, most of them are protected with cushioning foam, 

felt, or both, to protect them from the impact of shock and vibrations. The multi-layered system 

applied is chosen based on earlier research [1]. Nevertheless, loose paint observed on Munch’s 

paintings after exhibitions remains a concern.  

The damage in canvas paintings caused by shocks may be immediate and evident, like 

visible loose paint, while it may also be invisible to the conservators. Failure in the adhesive 

and cohesive bonds between paint layers can occur after repeated cycles of vibration leading to 

paint loss. Similar to vibrations, shocks can also be detrimental to the cohesion between the 
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paint layers. For example, if the painting is transferred on trolleys in-house with repeated bumps 

and thresholds on the ground, several cycles of shocks can be recorded within a single trip. 

Since the strength of the paint layers is weak in many of Munch’s paintings, even small shocks 

or a few repeated vibration cycles may cause damage. As such, damage to Munch’s paintings 

due to mechanical loads caused by vibrations and shocks is a common problem art conservators 

at the MUNCH face relatively often.  

Damage caused by mechanical loads has been investigated in several studies. Among 

these, several focused on damping systems for paintings in crates for transportation in trucks 

and by airplanes [2-9]. The effect of vibration from building constructions in exhibitions has 

also been introduced in some papers [10-11]. Kracht has compared two different suspension 

systems, steel hook and nylon rope, on paintings mounted for the exhibition where they were 

exposed to vibrations from visitors and car traffic [12]. She has also investigated three different 

grid walls and five different canvas mounting systems on paintings in storage. There has been 

some attempt to define acceptable vibrations limits [13-16], but as Saunders wrote in 1998: 

“Because of the lack of information on the effect on “real” paintings, it is not possible to define 

safe limits for shock and vibration.” [6]. There is little actual knowledge on which levels of 

vibrations cause damage to artworks, but The British Museum reported in a paper from 2000 

that damages to fragile artworks from vibrations are in the range of 0.2 to 0.6g. These damages, 

however, occurred in previously known weak areas of the artworks [13]. In addition, research 

focused on the vibration of the natural frequencies of canvas painting [2], and on the vibration 

behaviour of canvas dependent on weathering [19]. Investigations concentrated only on 

transferring paintings on trolleys are missing, but there is an example of simulated transport of 

crates on trolleys [20]. Finally, procedures to protect artworks from damage caused by 

vibrations induced by construction activities [21] were suggested. 

In an ongoing project, MUNCH and Oslo Metropolitan University aim to record the 

extent of shock and vibrations and investigate how shock and vibrations influence canvas 

paintings during in-house handling and transfer on trolleys. All exhibitions outside the MUNCH 

and, to an almost equal extent, exhibitions in-house, require that each painting is transferred on 

trolleys from the screens in the storage to the conservation areas then, after treatment, to photo 

areas and finally to the packing room. The same procedure happens when the painting returns to 

the museum, increasing the risk of damage to paintings due to repeated shocks and vibrations.  

The focus of this paper is to present the results of the initial measurements of shock and 

vibrations on trolleys in-house at the old Munch Museum as presented at the conference 

MUNCH2022 at MUNCH in Oslo. The article is structured as follows: First, the experimental 

study was conducted and summarized in detail, followed by an in-depth discussion of the 

results of the experimental campaign. The main conclusions drawn from the study and a 

summary of the open challenges remaining in the field of mechanical loads and their impacts on 

canvas paintings conclude the article.  

 

Experimental part 

 

Shock Measurements 

The paintings were transferred on five different trolleys (Table 1). These trolleys were 

transported on different routes in-house in the old Munch Museum. The routes had several 

thresholds and bumps in the floor. 

The initial shock measurements were performed using the instrument Testo 184 G1 as 

seen in figure 1, with triaxial acceleration sensors that have a measurement range from 0-27g 

and accuracy  (0.1g+5% of mV) 1/1m/s2, where g is the gravitational acceleration (1g = 

9.81m/s2) and mV is milivolts. Only shocks passing 4g could be read exactly in time while 

shocks below 4g were only recorded in number during the whole measurement time. The 

instrument was attached to the platform of the trolleys with and without foam.  
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Table 1. Summary of all the trolley transports 

 

Trolley 

 

Thresholds ranged from highest 

to lowest  

Number 

of trips 

Shocks 

recorded 

over 4g 

Small, 79cm length, 65cm width, 155 high from 

platform, 40kg, no foam, small wheels, 1.6cm 

rubber, Ø8 cm, no foam 

Thresholds storage, exhibition area, 

photo studio and into elevator. 

Elevator needed in all routes. 

7 26 

Small, 79cm length, 65cm width, 155 high from 

platform, 40kg, no foam, large wheels, Ø12, 2 cm 

thick rubber part. 

Thresholds storage, exhibition area, 

photo studio and into elevator. 

Elevator needed in all routes. 

9 16 

Small, 79cm length, 65cm width, 155 high from 

platform, 40 kg, blue foam (LD 33, 1cm), large 

wheels, Ø12, 2 cm thick rubber part. 

Thresholds storage, exhibition area, 

photo studio and into elevator. 

Elevator needed in all routes. 

9 13 

Large, 130cm length, 87cm width, 185 high from 

platform, 85kg, no foam, large wheel, Ø12, 2cm 

thick rubber part. 

Thresholds storage, exhibition area, 

photo studio and into elevator. 

Elevator needed in all routes. 

9 2 

Large, 130cm length, 87 cm width, 185 high from 

platform, 85kg, blue foam (LD 33, 1cm), large 

wheel, Ø12, 2cm thick rubber part. 

Thresholds storage, exhibition area, 

photo studio and into elevator. 

Elevator needed in all routes. 

4 0 

 

 
Fig. 1. From left: Small trolley, small wheels, without foam. Large trolley with foam, angle twin unit walls, large 

wheels,Ø12, 2 cm thick rubber part. Small trolley with foam, singe unit wall, large wheels, Ø12, 2 cm thick rubber part, 

Testo placed in corner on the width.Testo placed in the corner at the long side on small trolley. Small and large wheels. 

 

By using the same art technicians to handle the trolleys, we managed to control the speed 

of movements to similar levels for each transfer. During the shock measurements, the trolleys 

were lifted over the thresholds to reflect the general practice at the old Munch Museum. All the 

measurements were done when transferring the original paintings, and the routes covered all the 

usual transport stages on which the paintings are transported in the museum. Each route was 

measured from four to nine times, depending on the different floors and the obstacles on the 

route so that all the possible routes and obstacles were covered several times with the different 

trolleys.  

Vibration Measurements 

At the old MUNCH building, a series of experiments were conducted using the small 

trolley with large wheel and foam. The effects of trolleys crossing the bumps created by the 

door thresholds on the acceleration levels of the picture frames were measured. The 

measurements were repeated with two different frame sizes. The frames were carried without 

attaching them to the trolley, as this is the common practice employed in the museum. Three tri-

axial MEMS digital acceleration sensors and 20-bit low noise data acquisition systems were 

used in all experiments. Two sensors, one at the bottom and the other at the top, were placed on 

the outer frame of the paintings and one directly on the trolley, as shown in figure 2. The 

sampling frequency was configured to 500Hz and the acceleration time-histories were recorded 

throughout the experiments. A total of 16 trips were conducted on different routes by the same 

art technicians so that the speed of the travel, and the lift and push over the bumps were 

consistent. Ten of the 16 trips were made with the small frame, whereas the remaining ones 
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were with the large one. The routes were between the storage, conservation studio and 

exhibition area.  

 

 
 

Fig. 2. Small and large painting frames and the instrumentation setups on small trolley with large wheels 

 
Table. 2. Summary of the trips. 

 

ID Frame Route Notes Number 

of trips 

1 Small Conservation studio - Storage (round trip) Trolley lifted 3 

2 Small Conservation studio– Storage (round trip) Trolley not lifted 3 

3 Small Storage - Exhibition Trolley not lifted 3 

4 Small Storage - Exhibition Trolley is lifted 1 

5 Large Storage – Conservation studio Trolley not lifted 3 

6 Large Storage - Exhibition Trolley not lifted 3 
 

Here it should be noted, that, due to the high mass of the accelerometers available, it was 

not possible to measure the vibrations on the canvas directly. As Chiriboga writes in his thesis  

“Vibration data coming from the painting frame, packing case or wall provide little information 

about the actual behaviour of the canvas” [22]. While the most valuable data from vibration 

measurements come undoubtedly from the canvas itself, the vibrations recorded on the frame 

can reveal the magnitude of the shocks that are significantly higher than the magnitude of 

regular cyclic loading that causes fatigue, and they can further be used in future numerical 

simulations. They are also valuable for comparison should there be a benchmark.  

  

Results and discussion 

 

Shock Measurements 

Although the total results of the shock experienced with the different trolleys are in 

general as expected as seen in table 1, the results also showed some irregular and unexpected 

results. Comparison between the small trolley with small wheels and the trolley with larger 

wheels without foam depicted in figure 3 shows that the larger wheels consistently reduce the 
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amplitude of the shocks recorded on the trolley. As seen in figure 3, in some cases, the 

amplitude of the shocks for the small trolley with small wheels was close to 10g or higher. The 

highest levels of shocks were recorded at the thresholds although the trolleys were lifted while 

crossing these thresholds.  

In order to investigate the effectiveness of the protective foam in reducing the shocks, 

the measurements were repeated with the large trolley with and without the foam. 

Unfortunately, as the results shown in figure 4 (right) demonstrate, due to the limitation of the 

measurement equipment, and the relatively low amplitude of the shocks for the large trolley, it 

is not possible to make an evaluation of the effectiveness of the protective foam. Furthermore, 

the measurements were also repeated for the small trolley with and without the foam but the 

results were again inconclusive mainly due to the human factors that impact the amplitudes of 

the shocks.  

The difference between the large and small trolleys is however obvious as shown in 

figure 4. The measurements show huge differences between small and large trolleys passing the 

thresholds and bumps in the floor although both have the same wheels and the protective foam. 

While no shocks were recorded with the largest trolley with cushioning foam on platform, the 

shock levels on the small trolley in the same route reached 10g passing the highest threshold 

into the storage (Fig. 4). In this example of the small trolleys as demonstrated in figure 4, we 

also recorded 4 shocks beneath 4g in addition to those above 4g. The example shown in this 

figure is comparable to all the other monitored routes with small and large trolleys as 

summarized in Table 1. This may be caused by both the weight of the trolley in itself, and the 

fact that the art technicians did not lift the larger trolleys as high as the smaller trolleys, and 

they also lifted the large trolley smoother because of its greater weight.   

Some of the shock levels recorded in these tests, especially for the small trolleys, are very 

high, even higher than earlier research has shown when crates are loaded into airplanes and in 

cargo halls [17]. It is not straightforward to compare these levels with earlier research, because 

the materials involved and the measurement methods used are different.  

 
Fig. 3. Transfer from Photo studio to storage. Left: Small trolley, small wheels, no foam, from left in graph, threshold 

out of studio, into elevator, and  out of elevator (two thresholds) 

 

       
 

Fig. 4. These graps are from the same route: Conservation studio to storage. Left: Small trolley with foam, large 

wheels.Right: Large trolley with foam, large wheels 
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Vibration Measurements 

The results of the acceleration measurements are presented separately for the small and 

large picture frames. The ID numbers given in Table 2 are used to indicate the routes in the 

figures, which correspond to the numbers given in color-coded squares. For example, the trips 

included in figure 5 are for the routes ID#1 to ID#4 as indicated by the color-coded squares. 

Note that only the accelerations in the vertical direction are presented as they represent the 

focus of this study. Figure 5 represents the maximum absolute accelerations recorded during the 

first ten trips, i.e., for the small frame. It is observed that when the trolley was lifted (trips one 

and four), the max accelerations were much lower compared to those when the trolley was not 

lifted, especially for the route between the storage and exhibition. The highest accelerations 

were observed during Trip 6 while the trolley was traveling between the storage and the 

exhibition room, a route that had several thresholds at the entrance of the rooms as well as at the 

elevator.  

 

 
Fig. 5. Maximum values observed in the time-history of accelerations for the small frame 

 

Figure 6 presents the variation of the acceleration with time on trip #6. The entire trip 

lasted approximately six minutes and, as can be seen from figure 6, the trolley traveled over 

several obstacles or rough surfaces, but the vibrations stayed below 1g, except an instantenous 

shock when the trolley was traversing one of the obstacles on the route where the acceleration 

levels reach 6g. Another observation from figures 5 and 6 is that, in general, for the small 

frame, the accelerations on the trolley were higher than those on the frame. However, for trip#6, 

the vibrations on the frame were higher than those recorded on the trolley.  

To be able to understand why the accelerations on the trolley are consistently higher than 

those on the frame, the Fourier Amplitude Spectrum (FAS) of the vibrations recorded during 

trip #8, which produced the highest accelerations along with trip 6, is plotted in figure 6. The 

FAS of a vibration record indicates the frequency content of the vibrations (Fig. 7). 

Accordingly, the vibrations recorded on the trolley can be associated with higher vibration 

frequencies (above 25Hz) compared to the vibrations measured on the frames. This is most 

likely due to the way the frames were placed on the trolleys. More specifically, since the frames 

were placed on the trolleys without any rigid connection and mounting, they are less rigid 

compared to the trolley resulting in higher frequency vibrations on the trolley. Further, high-

frequency vibrations are generally characterized by higher accelerations leading to the higher 

accelerations on the trolley compared to those measured on the frame. 
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Fig. 6. Time-history of the vertical accelerations recorded during trip #6 

 

 

 
Fig. 7. Fourier amplitude spectra of the acceleration recordings during Trip 8 

 

The absolute maximum vertical accelerations recorded for the large frame are presented 

in figure 8.  

 

 
Fig. 8. Maximum values observed in the time-history of accelerations for the large frame 
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Notice that the trolley was not lifted during the trips for the large frame to account for 

the most unfavorable conditions. Again, route number six, which traveled between storage and 

exhibition, produced the highest accelerations. As in the case of the smaller frame, the 

accelerations on the trolley were consistently higher than on the frame during these trips. 

Furthermore, comparing the maximum accelerations recorded on the small and large frames 

(Figs. 6 and 7) show that those recorded on the large frame are consistently lower. This can be 

explained with the higher mass of the frame, which, when all other parameters are constant as in 

these experiments, leads to lower vibration frequencies and, hence, lower accelerations.  

The overall results show that the route between storage and exhibition halls seems to be 

more prone to greater shocks. Lifting the trolley carefully at the bumps reduces the shocks, but 

this behavior cannot be guaranteed during the handling of the paintings by different art 

technicians. At least in some cases the accelerations on the trolley and the frame were very 

different. This is especially true for trip #16, i.e., route six of the large frame, from storage to 

the exhibition. The accelerations measured directly on the trolley were above 3g for each of the 

three trips, with one approaching 6g. However, during the same trip, the maximum 

accelerations at the top of the frame were less than 1g. The measurements on the trolley may 

not be very indicative of what was happening to the frame and the painting.  

By and large, the limits for the shocks and repeated accelerations of the paintings are 

unknown. A limit to ensure the paintings are not damaged could only be achieved by mapping 

the acceleration levels for various types of frames, trolleys, and paintings. 

 

Concluding Remarks and Open Challenges 

  

In this study, the results of an experimental campaign to measure the vibrations 

occurring on paintings during their in-house transportation are reported. The campaign was 

divided into two phases. In the first one only the amplitudes of the highest shocks during the 

transportation were measured, while in the second phase the entire vibration histories were 

recorded. The initial mapping shock measurements using Testo 184 1G indicate that the trolley 

size has a significant effect on the number and amplitude of the shocks experienced by the 

paintings. The larger the trolley, the lower and fewer shocks recorded. This is most likely due to 

the higher mass and lower stiffness of the larger trolley leading to a lower natural frequency, 

which further leads to lower acceleration amplitudes. In addition, large rubber wheels also 

reduced the shocks recorded owing to their damping characteristics. Thus, it can be stated that 

larger trolleys with large rubber wheels and covered with foam on the platform and on the 

trolley’s wall can be the best alternative in terms of reducting the shocks the paintings 

experience during their transportation.  

The shock measurements were useful to map the main risk areas of the old Munch 

Museum during the transfer of the paintings but were limited in the information they provided 

as only the amplitude of the shocks could be recorded with the Testo 184 1G. To be able to 

understand the vibrations experienced by the paintings during their in-house transportation, the 

measurements were repeated using three tri-axial accelerometers that can record the entire time 

history of the vibrations at a sampling frequency of 500Hz. Analysis of the vibration data 

showed that the frequency content of the vibrations recorded on the trolley and frame varied, 

resulting in a significant discrepancy in the amplitude of the vibrations recorded at these two 

locations. As expected, the vibrations with the higher frequency content have higher amplitudes 

while the lower frequency motions recorded, e.g. on the larger frames, tend to have much lower 

amplitudes. As such, it can be concluded that the vibration on the trolley may not be indicative 

of the vibrations on the frame. Similarly, the vibrations measured on the frame may not be a 

clear indication of the vibrations on the canvas due to their different natural frequencies, 

indicating the need for more detailed measurements including the vibrations on the canvas. In 
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the next phase of the collaboration project, vibrations on the canvas itself will be measured 

using low-mass accelerometers and strain gauges.  

There are several open challenges on the topic of mechanical loads and their impacts on 

paintings. To be able to objectively evaluate the impact of vibrations on canvas paintings, a 

method to quantify their direct effect on the bonding forces needs to be developed. Most of the 

literature that studies the effect of vibrations on paintings so far focuses only on the amplitude 

of vibrations and the acceptable vibration levels are based on expert opinion without any 

experimental or theoretical basis. A new approach that objectively quantifies the reduction in 

bonding forces and loss of paint mass is urgently needed for more reliable and consistent 

evaluation of the effects of vibration on fragile canvas paintings. Finally, there are several other 

vibration sources that have the potential to adversely impact canvas paintings. These sources 

include, but are not limited to, vibrations due to traffic close by, footfall of the visitors and 

music played during the exhibition halls but also vibrations caused when the paintings are 

stored on moveable screens. Potential impacts of such vibration sources on canvas paintings 

remain largely unknown to date and need to be investigated in detail.  
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